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 Abstract: This research is concerned with the synthesis and characterization of a 
composite material that may be used as a battery electrode. Bismuth oxide (Bi2O3) was 
synthesized from Bi(NO3)3·5H2O, Na2SO4, and NaOH mixed with commercial activated 
carbon and graphite. The composite formation process was carried out using the 
hydrothermal method at 110 °C for 5 h. The characterization data indicated the 
composites produced contained Bi2O3 with a monoclinic crystal system, and Bi2O3 
particles were evenly distributed in the composite. The composites were characterized to 
be mesoporous, with the electrical conductivity reaching 10−1 S m−1. The development of 
this composite material has potential applications in the field of energy storage, 
particularly in the development of battery anode. 
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■ INTRODUCTION 

Batteries are widely regarded as the most efficient 
and convenient power source for electronic devices, 
thanks to their adaptable structure and extended 
operational duration. They operate by transforming 
chemical energy from their active components into 
electrical energy through electrochemical reactions [1]. A 
good indicator of a working battery is the electrochemical 
cycle performance, which depends on the materials 
comprising the anode. Materials that are used as anodes 
must have good charge or ionic conductivity 
characteristics (> 103 S cm−1), large energy capacity, high 
coulomb output (A h g−1), high effectiveness as a reducing 
agent, excellent stability, straightforward manufacturing, 
and affordability [1]. 

Bismuth oxide (Bi2O3) is a promising candidate for 
utilization as a battery anode due to its favorable 
electrochemical stability, strong redox reversibility, and 
substantial capacity, as demonstrated in recent research 
[2-4]. Notably, Bi2O3 boasts a volumetric capacity of 
3765 mA h cm−3, a potential difference of 2.8 V, and it 
offers the additional advantages of being non-toxic and 

cost-effective [5]. However, in using Bi2O3 as an anode, 
an issue of low electrical conductivity value [6-7] that 
inhibits the conductivity of electrons in the battery needs 
to be overcome. This can be done through the addition 
of other materials, namely commercial activated carbon 
and graphite, which can increase electrical conductivity. 

Utilizing commercially produced activated carbon 
sourced from coconut shells results in the creation of 
carbon materials characterized by minimal internal 
resistance and excellent electrical conductivity, as 
evidenced in reference [8]. These carbons offer 
substantial volumetric capacity and a significant 
potential difference, as indicated in reference [9]. In 
contrast, graphite exhibits remarkable electrical 
conductivity, a high energy density (implying a high 
specific capacity), and an exceptionally long cycle life 
[10]. Some researchers reported the electrical 
conductivity of graphite depends on the humidity [11] 
and grain composition [12]. Said characteristics of 
activated carbon and graphite are expected to be able to 
promote Bi2O3 ability as a battery anode. 

Astuti et al. [13] conducted research on the 
synthesis and characterization of Bi2O3/activated carbon 
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composite for battery anode. They employed the 
hydrothermal method with varying weight ratios of 
activated carbon to bismuth nitrate pentahydrate, 
specifically 2:1, 1:1, and 1:2. In their findings, the electrical 
conductivities were measured at 0.59 × 10−5, 1.24 × 10−5, 
and 0.51 × 10−5 Sm−1 for the respective ratios. These 
conductivity values are relatively low. It is plausible that 
the composite had not yet achieved optimal Bi2O3 
formation, and carbon distribution appeared to be more 
dominant than Bi2O3 within the material. 

Hence, there is a need to refine the synthesis process 
to create an improved Bi2O3/activated carbon composite 
with a more precise composition. To date, no prior 
research has explored the synthesis of a composite 
consisting of Bi2O3, activated carbon, and graphite. This 
current study aims to fill this research gap and hopes to 
offer valuable insights into the potential applications of 
metal oxide and carbon-based composites in electrode 
technology. 

■ EXPERIMENTAL SECTION 

Materials 

The substances employed in this investigation 
encompassed Bi(NO3)3·5H2O from Sigma Aldrich, 
distilled water, 60% H3PO4 (v/v), Na2SO4 powder, NaOH 
crystal sourced from Merck, as well as commercially 
available activated carbon (AC) and graphite. 

Instrumentation 

The instrumentations used in this research were 
Fourier transform infrared (Shimadzu IRAffinity-1), X-
ray diffraction (XRD, Shimadzu 7000), scanning electron 
microscope (SEM, Jeol JED 6510LA model), 
thermogravimetric analysis (TGA, Mettler Toledo 
TGA/DSC 3+), gas sorption analysis (GSA, Tristar II 
3020) and LCR meter (HIOKI 3532-50). 

Procedure 

Synthesis of Bi2O3/AC/graphite composite 
A total of 8 mmol of Bi(NO3)3·5H2O was combined 

with 12 mmol of Na2SO4, which were then dissolved in 
40 mL of distilled water and stirred using a magnetic 
stirrer (IKA RH Basic KT/C) at 1500 rpm for 45 min. The 
solution was agitated using a magnetic stirrer (IKA RH 

Basic KT/C) at 1500 rpm for 45 min. Subsequently, 
40 mL of a 72 mmol NaOH solution [14] was added to 
the mixture. To this blend, 0.5 g of commercially 
available AC and 0.1 g of graphite were introduced. The 
resulting mixture was then introduced into a 
hydrothermal reactor and subjected to a temperature of 
110 °C for a duration of 5 h. During this process, the 
reactants within the sealed container were heated by 
rapidly increasing temperature and pressure generated 
by water [6,15]. The temperature and pressure exerted 
by the water played a crucial role in facilitating the 
formation of the composite. Following the hydrothermal 
treatment, the mixture was cooled and subsequently 
filtered. The precipitate obtained from the filtration was 
dried in an oven (Fisher Scientific) at 110 °C for 60 min 
and subsequently sieved to a 100-mesh size. The same 
procedure was replicated for the synthesis of composites 
with varying amounts of Bi(NO3)3·5H2O, specifically 24 
and 32 mmol. Accordingly, the composites synthesized 
with 8, 24, and 32 mmol of Bi2O3 in conjunction with 
commercial AC and graphite were designated as BCG1, 
BCG2, and BCG3, respectively. 

Characterization of the Bi2O3/AC/graphite composite 
material 

The resultant composite materials of Bi2O3, AC, 
and graphite underwent a series of characterization 
processes. FTIR analysis was conducted to elucidate the 
functional groups present in the composites. FTIR 
measurements were carried out in the spectral range of 
4000 to 400 cm−1, with a scanning rate of 0.25 cm−1, all at 
room temperature. Furthermore, the composites 
underwent XRD analysis to identify their crystalline 
structures. This analysis was performed by measuring 2θ 
angles with Cu-Kα radiation (λ = 0.15406 nm). The 
surface morphology and the spatial distribution of Bi2O3 
and AC within the composite were assessed using a 
SEM. This analysis was conducted at magnifications of 
100× and 5000× and was complemented by mapping 
and energy dispersive X-ray (EDX) analysis. Thermal 
decomposition and stability of the composite materials 
were investigated through TGA and differential 
thermogravimetric analysis (DTG). The samples were 
subjected to a temperature range of 40–800 °C at a 
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heating rate of 4 °C/min under a nitrogen (N2) 
atmosphere. To assess the size and distribution of pores 
within the composites, GSA was conducted. This analysis 
involved the use of N2 gas. Lastly, the conductivity of the 
composites was determined through LCR 
characterization. The samples were prepared in pellet 
form, with a diameter of 1.5 cm and a thickness ranging 
from 2 to 5 mm. 

■ RESULTS AND DISCUSSION 

Preparation of Graphite Doped Bi2O3/AC Composite 

The synthesis of the composite consisting of Bi2O3, 
commercial AC, and graphite, with varying mole ratios of 
bismuth nitrate pentahydrate, was initiated by carrying 
out a reaction involving the precursor compounds 
Bi(NO3)3·5H2O, Na2SO4, and NaOH. This procedure 
closely followed the protocol outlined by Wu et al. [14]. 
Subsequently, commercial AC and graphite were 
introduced into the solution, followed by thorough 
homogenization, before subjecting the mixture to 
hydrothermal heating. The formation mechanism of 
Bi2O3, as proposed by Wu et al. [14] underpinned Eq. (1). 

 3 2 2 4 2 2 4 33

3 2

2 2 4 2 3 2 4

3 2 3 2

2Bi NO 5H O Na SO Bi O(OH) SO 2NaNO
                                                        4HNO 7H O
Bi O(OH) SO 2NaOH H O 2Bi(OH) Na SO
2Bi(OH) Bi O 3H O

   

 
   

 

 (1) 

The BCG1 composite product had grayish-black 
powder form, while the BCG2 and BCG3 composites 
showed gray color. The BCG3 had an agglomerated 
appearance, as shown in Fig. 1. The resulting coloration 
of the material exhibited a gray hue, which emerged as a 
result of the combination of the pale-yellow tint 
contributed by Bi2O3 [16] and the black color imparted by 
the presence of AC and graphite. 

Material Characterization 

Functional group structure 
FTIR characterization was conducted to determine 

the functional groups present in the composite sample. 
The FTIR spectra of the composite samples, along with 
pure Bi2O3, commercial AC, and graphite, are shown in 
Fig. 2. Fig. 2 presents the FTIR spectra of commercial 
AC, having absorption at wavenumbers of 1600–
1475 cm−1, denoting the C=C group [18] and 1320–
1000 cm−1, denoting C–O group [19]. In the absorption 
spectra for graphite, the presence of a C=C group is 
indicated at wavenumber 1633 cm−1 [20]. Similar 
absorptions were also shown by each composite sample, 
with the C=C group in the absorption area of about 1626 
and 1642 cm−1 and the C–O group in the absorption area 
of about 1103 cm−1. 

The above data present that the three composite 
samples have almost the same pattern of absorptions 
with the presence of a fairly sharp absorption in the area  
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Fig 2. FTIR spectra of composite products, pure bismuth 
oxide [17], commercial AC [15], and graphite [15] 

 
Fig 1. Composite products (a) BCG1, (b) BCG2, and (c) BCG3 
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around 820–842 cm−1, indicating the Bi–O–Bi group and 
the absorption in the area around 1383 cm−1, which 
indicates the Bi–O group. The same absorption was also 
shown by the pure Bi2O3 samples [13], i.e., the absorption 
of Bi–O–Bi groups in the 829 cm−1 area [21], and at the 
wavenumber of about 1380 cm−1, showing the presence of 
a Bi–O group [13,22]. This implies that Bi2O3 was formed 
in each composite sample. Additionally, the three 
composite samples contain O–H groups observed at the 
wavenumber of about 3400 cm−1 [23]. It is expected due 
to the by-product and imperfect reaction as presented in 
Eq. (1). The three composite samples had the same group 
absorption, however, with different intensities. The 
comprehensive data pertaining to the functional groups 
present in the three composite products, namely pure 

Bi2O3, commercial AC, and graphite, as determined 
through FTIR testing, are detailed in Table 1. 

Crystal structure 
Characterization of composite samples using XRD 

was carried out to determine the success of the formation 
of Bi2O3 in the composite and to determine the crystal 
structure of Bi2O3 in the composite. The results of the 
XRD diffractograms of all the composites made and the 
comprising components can be seen in Fig. 3. The XRD 
characterization results (Fig. 3) show that the diffractogram 
of the BCG1 composite has a notable match with the α-
Bi2O3 diffractogram. The BCG1 composite has high peak 
2θ values at 27.386°, 33.248°, and 46.309°. The 2θ values 
are almost similar to the 2θ values of α-Bi2O3 peaks at 
27.377°, 33.039°, and 46.305° (JCPDS no. 41-1449). 

Table 1. Functional groups identification from the FTIR analysis 

Functional 
group 

Wavenumber (cm−1) 
Sample Bismuth 

oxide 
Commercial 

activated carbon 
Graphite 

BCG1 BCG2 BCG3 
Bi–O 1383.54 1383.61 1383.07 1400–1300 - - 
Bi–O–Bi 842.50 841.60 820.60 900–700 - - 
C–O 1103.39 1104.09 1108.28 - 1032.86 - 
C=C 1626.10 1637.36 1630.14 - 1570.01 1642.90 
–OH 3399.10 3433.74 3464.66 - - - 
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Fig 3. Diffractograms of composite products, Bi2O3 (JCPDS), bismuth nitrate pentahydrate [6], commercial AC [15], 
and graphite [15] 
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The BCG2 composite diffractogram shows that 
there are sharp peaks that are almost similar to the cubic 
crystal system (γ-Bi2O3), though at low intensity, namely 
at 2θ values of 30.159°, 32.746°, and 51.788° (JCPDS no. 
27-0052). The sharp but low-intensity peaks indicate that 
Bi2O3 with a cubic crystal system (γ-Bi2O3) may have been 
formed but to a small degree. Wu et al. [14] on the XRD 
diffractogram of the by-product (Eq. (1)) in the form of 
Bi2(OH)2SO4 presented sharp peaks at the value of 2θ 
around 30.159° to 32.746°, similar to the composite. The 
diffractogram results indicate that the BCG2 composite 
still has residual reaction by-products in the form of 
Bi2(OH)2SO4, meaning that less Bi2O3 was produced. 

The BCG3 composite diffractogram shows the 
presence of sharp peaks with considerable intensity at the 
2θ values of 21.941°, 29.099°, 32.904°, and 33.425°, which 
matched the bismuth nitrate pentahydrate diffractogram 
peaks. These peaks are also thought to be the peaks of the 
by-product Bi2(OH)2SO4 + Bi(OH)3 [14] formed during 
the reaction (Eq. (1)). The BCG3 composite diffractogram 
also displays small peaks at 27.651°, 33.425°, and 36.824° 
having a good match with the α-Bi2O3 diffractogram 
(JCPDS no. 41-1449), indicating that the BCG3 composite 
contained more Bi(NO3)3·5H2O (BNP) precursor and 
reaction by-products compared to Bi2O3. 

Morphology and particle distribution 
In Fig. 4, it can be observed that the BCG1 

composite exhibited a morphology characterized by 
rod-shaped particles, with lengths ranging from 6.6 to 
11.2 μm and widths spanning 1.4 to 2.4 μm. This rod-
like particle structure is indicative of the presence of 
Bi2O3 within the composite, consistent with findings 
reported by Wu et al. [14]. Meanwhile, the BCG2 
composite showed irregular particle shapes, with few 
that were shaped like rods with a length ranging from 
14–35 μm and a width between 4–9 μm. Alternatively, 
the BCG3 composite showed particles having irregular 
shapes and agglomeration, with a length between 2–
5.4 μm and a width of about 1–4 μm. Furthermore, Fig. 
5 presents the SEM mapping images of the three 
composite samples. 

In Fig. 5, the distribution of elements, including 
bismuth (Bi), carbon (C), oxygen (O), and silicon (Si), 
within the BCG1, BCG2, and BCG3 composites is 
depicted. These elements are denoted by the colors red, 
green, yellowish green, and blue, respectively. It is evident 
that in the BCG1 composite, the distribution of Bi and C 
appears relatively balanced and evenly spread across the 
material's surface. In the case of BCG2, the surface is 
noticeably dominated by the presence of the Bi element. 

 
Fig 4. SEM images of composites (a) BCG1, (b) BCG2, and (c) BCG3 
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Fig 5. Mapping images of composites (a) BCG1, (b) BCG2, and (c) BCG3 

 
Conversely, in BCG3, both Bi and O elements are 
prevalent on the sample surface, making the presence of 
C less conspicuous. The EDX data presented in Fig. 6 
corroborates the distribution patterns of these elements. 

Based on the EDX results shown in Fig. 6, the three 
composite samples contained elements such as C, Bi, O, 
and a small amount of Na and Si. The C element indicated 
the presence of carbon in the composite. The Bi and O 
elements in BCG1 originated from Bi2O3 formed, as 
suggested by the XRD results (Fig. 3). The presence of a 
small amount of Na is thought to have come from the 
remaining precursor (NaOH), whereas the Si element is 
assumed to have come from the activated carbon. The 
elements in the BCG2 composite are thought to have 
originated from the precursor materials and reaction by-
products, as per the XRD data where the Bi2O3 formed in 
BCG2 was very small. Furthermore, in the EDX results of 
the BCG3 composite, in addition to the C, Bi, O, Na, and 
Si elements, the elements of N, P, and S were also present. 
Elements such as Bi, O, N, Na, and S are thought to have 
come from Eq. (1) by-product or the left-over precursors 
as indicated by the XRD results (Fig. 3). Overall, the C 
element decreased in amount with increasing mole 
variation of BNP, causing the distribution of the C 
element to be increasingly invisible on the surface of the 
material in the mapping results shown in Fig. 5. 

 
Fig 6. EDX spectra of composites (a) BCG1, (b) BCG2, 
and (c) BCG3 
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TGA-DTG composite characterization 
TGA-DSC analysis was employed to assess the 

decomposition mechanism and thermal stability of the 
composite materials. The TGA-DTG results for these 
composites are presented in Fig. 7. Based on the results, 
the composite BCG1 and BCG2 underwent five stages of 
the decomposition process, while the BCG3 composite 
experienced four stages of decomposition. Stage I of the 
three composites occurred at a temperature of 200–
310 °C, denoting the removal process of several functional 
groups such as –COO–, –CO–, and –OH– from graphite 
[24] as well as materials other than carbon such as 
cellulose and hemicellulose from AC [25]. 

In the second stage, which occurred within the 
temperature range of 250 to 380 °C, it is presumed that 
the process involved the removal of amorphous residues 

[26], including substances such as NaNO3, NaOH, and 
SO4

−2. Notably, in BCG3, there was a more substantial 
weight loss during this stage in comparison to BCG1 and 
BCG2. This suggests that the BCG3 composite 
experienced a greater decomposition of amorphous 
residues, possibly due to the presence of reaction by-
products such as Bi2O(OH)2SO4 and the BNP precursor, 
as indicated by the XRD results (Fig. 3). 

Stage III occurred at a temperature range of 300–
400 °C, denoting the mass transformation process of the 
precursors to form Bi2O3 [27]. In stage IV, composites 
undergo a transformation from a monoclinic structure 
(α-Bi2O3) into a body-centered cubic structure (γ-Bi2O3) 
at a temperature of about 500 °C. Stage V indicates the 
retransformation of the body-centered cubic (γ-Bi2O3) 
structure into the monoclinic structure (α-Bi2O3) [28] at  
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Fig 7. TGA-DTG results of composites (a) BCG1, (b) BCG2, and (c) BCG3 
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a temperature of about 600 °C. The TG-DTG curves of the 
three composite samples show that thermal stability was 
obtained at  700 °C. 

Surface area and pore size 
Fig. 8 presented the evidence that the three 

composite samples exhibit similar isotherm patterns, 
specifically of type IV, which is characterized by the 
presence of a hysteresis loop. The presence of this 
hysteresis pattern signifies that the samples possess a 
porous nature. The results obtained from GSA analysis 
for the BCG1, BCG2, and BCG3 composites are 
summarized in Table 2. 

Table 2 reveals that all three composite samples have 
mesoporous structures, featuring pore radii ranging from 
3 to 50 nm [29]. As reported in a study by Agrawal et al. 
[30] on the production and characterization of nitrogen-

doped hard carbon as a battery anode material, porosity 
plays a significant role in influencing a sample's 
conductivity. Samples with high porosity, meaning they 
contain numerous small-sized pores, tend to exhibit 
lower conductivity due to increased resistance caused by 
the abundance of small pores. This correlation is 
supported by the GSA and LCR characterization results 
for the BCG3 composite, which possesses the largest pore 
size at 15.168 nm. Interestingly, despite having a small 
pore volume and surface area (0.011 cm3/g and 2.792 m2/g,  

Table 2. Surface area and pore size 
Sample SBET (m2/g) Vpore (cm3/g) Pore size (nm) 
BCG1 2.311 0.007 12.822 
BCG2 5.594 0.016 11.664 
BCG3 2.792 0.011 15.168 
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Fig 8. N2 adsorption/desorption isotherm graphs of composites (a) BCG1, (b) BCG2, (c) BCG3 
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Table 3. LCR Meter conductivity measurement 
Sample Conductivity value (S m−1) 
BCG1 0.02 × 10−1 
BCG2 0.01 × 10−1 
BCG3 1.02 × 10−1 
Commercial AC 7.41 × 10−6 
Bi2O3 [7] 1.55 × 10−7 
Graphite 4.03 × 101 

respectively), the BCG3 composite exhibits low measured 
resistance and high sample conductivity. These findings 
suggest that the BCG3 composite has a relatively low 
porosity or a small number of pores, resulting in 
enhanced conductivity. 

Electrical conductivity 
The conductivity values of the BCG1, BCG2, and 

BCG3 composites, Bi2O3, commercial AC and graphite 
are shown in Table 3. As presented in Table 3, the 
conductivity values of commercial AC and graphite are 
higher than the conductivity values of pure Bi2O3. 
Correspondingly, the conductivity values of the 
synthesized products were higher compared to pure 
Bi2O3, implying that the addition of AC and graphite can 
increase conductivity. 

The composite conductivity values from the highest 
to the lowest were BCG3, BCG1, and BCG2. The 
conductivity value obtained can be related to the 
crystallinity of the composite produced based on the XRD 
results (Fig. 3). High level of composite crystallinity 
causes the resulting conductivity value to also be higher 
[31-32]. BCG2 composite has the lowest conductivity 
value because the crystal content of Bi2O3 contained in the 
composite was very small (see Fig. 3). The low crystallinity 
level of the composite caused the arrangement of the 
lattice between the atoms to be irregular, and the mobility 
of the electrons is, therefore, inhibited and the value of the 
electrical conductivity is low. 

The BCG1 composite has a higher conductivity 
value than BCG2, although not too significant. This is 
attributed to the balanced composition of precursor 
materials for Bi2O3 formation and the addition of AC in 
the BCG1 composite. Consequently, Bi2O3 formation (as 
observed in Fig. 2 and 3) is uniformly distributed across 
the material's surface (as depicted in Fig. 5). This uniform 

distribution of Bi2O3 enhances electron mobility within 
the material, resulting in an increased conductivity 
value. Conversely, the BCG3 composite exhibits notably 
high conductivity because of the impurities present in 
the composite, according to the XRD results shown in 
Fig. 3. 

■ CONCLUSION 

Bi2O3/AC/graphite composites have been 
successfully synthesized by the hydrothermal method. 
The composition of the precursors used affects the 
formation of composites and, thus, their characteristics 
which can be seen from the presence of functional 
groups, crystal structure, morphology, surface area, pore 
size, and particle distribution. Additionally, identification 
of the thermal stability of the products formed presented 
different stages of thermal decomposition, although, in 
the end, the electrical conductivity values of the three 
samples do not differ significantly. 
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 Abstract: The disposal of dye wastewater has become a major global concern. 
Meanwhile, microorganisms have shown high potential in the treatment of wastewater 
pollutants. In this study, the involvement of the Fenton reaction in the biodecolorization 
and biodegradation of methylene blue (MB) by the brown rot fungus Daedalea dickinsii 
was investigated. Subsequently, D. dickinsii is a fungus capable of producing hydroxyl 
radicals (•OH). This experiment was conducted with an initial MB concentration of 
75 mg/L, and different incubation times of 0, 7, 14, 21, and 28 d respectively. The result 
showed that the Fenton reaction played an important role, and this was demonstrated by 
the addition of FeSO4 as a Fe2+ source. The removal of MB by D. dickinsii with the 
addition of Fe2+ reached 91.454% at 28 d in a mineral salt medium. It was higher 
compared to D. dickinsii culture treatment without Fe2+ addition, 86.427%. Furthermore, 
the metabolic degradation product was analyzed using LC-TOF/MS and identified as 2-
amino-3-hydroxy-5-(methylamino) benzenesulfonic acid and N-(3,4-dihydroxy phenyl)-
N-methyl formamide. 

Keywords: decolorization; degradation; Daedalea dickinsii; methylene blue; Fenton 
reaction 

 
■ INTRODUCTION 

Synthetic dyes are widely used in various industrial 
sectors, such as textiles, paper, cosmetics, and leather, due 
to their long-term stability, low cost, and ability to 
produce derivative colors [1]. However, it is undeniable 
that these industries also generate dye wastewater, which 
can cause severe environmental problems. This dye 
wastewater is toxic and harmful to aquatic life when it is 
not properly treated, as it reduces light penetration and 
hinders the photosynthesis process in water bodies [2]. 
Moreover, the accumulation of toxic synthetic dyes in 
animals and human bodies can pose health risks [3], 
particularly as many dyes contain heavy metals and are 
carcinogenic [4]. 

Methylene blue (MB) is a synthetic dye with a stable 
molecular structure commonly used for coloring textiles 
such as wool and silk, as well as microorganisms [4]. To 
prevent its discharge into the environment, it is important 

to carry out pre-treatment for removing MB. Various 
physical and chemical methods can be used to eliminate 
dye effluents from the environment through adsorption, 
flocculation, filtration, and irradiation [5]. However, 
they have some drawbacks, such as high cost, limited 
efficiency, and potentially produced hazardous by-
products [5]. Meanwhile, the biological method using 
microorganisms or enzymes is categorized as an eco-
friendly and costs less method [6]. 

Brown rot fungi (BRF) are functional 
microorganisms that contribute to biomass recycling 
and soil fertility by breaking down wooden structures 
such as hemicellulose and cellulose. However, BRF 
cannot degrade lignin as they do not produce 
ligninolytic enzymes [7]. BRF produces hydrogen 
peroxide (H2O2) and utilizes Fe2+ from the media and 
substrate to carry out the Fenton reaction, leading to 
hydroxyl radical (•OH) production. These fungi were 
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reported using hydroxyl radicals produced through the 
Fenton reaction (Fe2+ + H2O2) to degrade xenobiotic 
compounds [8]. Previous studies have shown that BRF 
species such as Gloeophyllum trabeum, Fomitopsis 
pinicola, and Daedalea dickinsii can degrade 1,1,1-
trichloro-2,2-bis(4-chlorophenyl) ethane (DDT) by the 
involvement of Fenton reaction [9]. Moreover, G. 
trabeum also could improve lignocellulose degradation 
efficiency [10]. BRF isolated from sludge of textile 
industry effluent can also eliminate azo dyes acid red and 
orange II [11]. 

BRF D. dickinsii was also successfully decolorized 
and degraded MB [12]. However, the involvement of the 
Fenton reaction was not analyzed yet. Therefore, in this 
study, a further experiment involving MB removal by the 
Fenton reaction produced by D. dickinsii was observed. 
This was induced by adding Fe2+ to the treatment media 
(MSM), and there may be confirmation that the Fenton 
reaction plays a role in MB degradation. It was also 
supported by LC-TOF/MS for knowledge of its 
degradation product. Moreover, the degradation pathway 
was also proposed in this study. 

■ EXPERIMENTAL SECTION 

Materials 

In this experiment, MB and Potato dextrose agar 
(PDA) media were purchased from Merck. Potato 
dextrose broth (PDB) media was purchased from 
Himedia. Furthermore, all of the Merck chemicals 
including magnesium sulfate (MgSO4), calcium chloride 
dihydrate (CaCl2·2H2O), boric acid (H3BO3), cobalt 
sulfate (CoSO4·7H2O), copper sulfate pentahydrate 
(CuSO4·5H2O), ammonium molybdate tetrahydrate 
((NH4)6Mo7O24·4H2O), manganese sulfate monohydrate 
(MnSO4·H2O), zinc sulfate (ZnSO4), and ferrous sulfate 
heptahydrate (FeSO4·7H2O) were in analytical grade. 

Instrumentation 

Petri dish, inoculation loop, Erlenmeyer 100 mL, 
measuring glass, beaker glass, micropipette, UV-vis 
spectrophotometer (GENESYS 10S, Thermo scientific), 
time-of-flight liquid chromatography-mass spectrometry 
(LC-TOF/MS) spectroscopy (Model, manufacturer), and 

Fourier transform infra-red (FTIR) spectroscopy 
(Model, manufacturer) were used in this work. 

Procedure 

Microorganism and culture condition 
D. dickinsii NBRC 31163 (NITE Biological 

Resource Center, Japan) was obtained from the 
Microorganism Chemistry Laboratory, Department of 
Chemistry, ITS, Indonesia. D. dickinsii was cultivated on 
PDA media for 7 d and incubated at 30 °C [12]. Then, 
the mycelium was homogenized in 50 mL of sterile 
demineralized water by using the sterilized blender. 
Furthermore, 1 mL fungal culture (9.2 × 104 CFU/mL) 
was inoculated into 9 mL PDB for 7 d within static 
incubation at 30 °C. Then the culture media was 
removed from D. dickinsii after its pre-incubation, and 
the mycelium was washed three times with sterile 
demineralized water [12]. 

Decolorization and degradation of MB using D. 
dickinsii 

Biodecolorization and biodegradation of MB were 
performed on MSM, prepared according to modified 
Kirk’s medium [8], by dissolving 0.8 mM MgSO4, 
0.2 mM CaCl2·2H2O, 12 μM H3BO3, 0.4 μM CoSO4·7H2O, 
0.2 μM CuSO4·5H2O, 0.04 μM (NH4)6Mo7O24·4H2O, 
2 μM MnSO4·H2O, and 0.4 μM ZnSO4 in 1 L of 
demineralized water. Then it was sterilized at 121 °C for 
20 min. For Fe2+ source involvement, MSM was added to 
100 μM FeSO4·7H2O [8]. 

The mycelium culture of D. dickinsii was 
inoculated to MSM and supplemented with MB at its 
final concentration of 75 mg/L. It was incubated under 
the static condition at 30 °C for various times 7, 14, 21, 
and 28 d respectively. The involvement of the Fenton 
reaction on MB degradation was evaluated by comparing 
treatment within Fe2+ and without Fe2+ addition. The 
supernatant was obtained by centrifugation at 3000 rpm 
for 10 min. The decolorization percentage was 
calculated by using Eq. (1); 

0 1

0

A A
Decolorization(%) 100%

A


   (1) 

where A0 and A1 are the initial absorbances and the 
absorbance of the treatment culture, respectively. 
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Statistical analysis was conducted by the average 
measurement from triple analysis results. Significant 
differences between the discoloration and degradation 
process groups were determined using a t-test within a 
confidence level of 5% (P < 0.05). 

Identification of metabolite products 
Degradation metabolites of MB were detected by 

analysis of the supernatants by LC-TOF/MS. At a mass 
range of 50–350, the ionization source used the 
electrospray ionization (ESI) technique. A flow rate of 
0.2 mL/min was used for the first 3 min of the gradient 
elution procedure, followed by 0.4 mL/min for the next 
7 min. The mobile phase used was methanol and water in 
a volume ratio of 99:1 for the first 3 min and 61:39 for the 
next 7 min. Furthermore, an Acclaim TM RSC 120 C18 
type column (2.1 × 100 mm, 33 °C) was used [12]. 
Degradation analysis of MD using FTIR spectroscopy was 
also conducted to know its functional groups. 

■ RESULTS AND DISCUSSION 

Decolorization and Degradation of D. dickinsii 

Biodecolorization and biodegradation of MB by D. 
dickinsii were carried out throughout the incubation 
phase. The various incubation times for degrading MB 
were 0, 7, 14, and 28 d, respectively. Furthermore, the 
supernatant was examined using a UV-vis 
spectrophotometer at 200–800 nm after centrifugation at 
3000 rpm for 10 min. Fig. 1(a) shows MB decolorization 
by D. dickinsii without Fe2+ addition, while Fig. 1(b) shows 
MB decolorization with Fe2+ addition. Both absorbance 

profiles decreased since the increment of incubation 
time. The lowest absorbance at MB maximum 
wavelength 665 nm was obtained after 28 d of culture 
incubation [13]. Fe2+ was added to induce the 
involvement of the Fenton reaction in MB removal. 
Therefore, this can be a validation that MB decolorization 
was also supported by the Fenton reaction. 

Fig. 2 shows the percentage results of MB 
decolorization by D. dickinsii without Fe2+ addition and 
with Fe2+ addition. The ability of D. dickinsii to 
decolorize MB was increased throughout its incubation 
time. The highest results were 86.420% and 90.084% for 
28 d of incubation, respectively. The culture of D. 
dickinsii with Fe2+ addition showed the highest 
percentage of decolorization compared to treatment 
without Fe2+ addition, and the gap was approximately 
3.657%. The result indicates that Fe2+ addition supported 
D. dickinsii to enhance MB decolorization and 
degradation. On the first day of treatment (0 d), 
according to Tables 1 and 2, D. dickinsii decolorized MB 
by 5.041% and 20.062% for without and within the 
addition of Fe2+, respectively. Subsequently, D. dickinsii 
within Fe2+ addition showed the highest result from the 
beginning. Fungi have a special ability that can adsorb 
pollutants, including dye, through their cell interaction 
[14]. Therefore, biosorption was processed by the 
interaction between active and inactive cell surface 
microorganisms within the functional group of 
pollutants (e.g. electrostatic interaction and ion 
exchange) [15]. 

 
Fig 1. MB biodecolorization by D. dickinsii, (a) without Fe2+ addition and (b) within Fe2+ addition absorbance profiles 
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Fig 2. Percent removal (%) of MB biodecolorization by D. dickinsii 

Table 1. Percentage of MB bio decolorization by D. dickinsii without Fe2+ addition 
Incubation time 

(days) 
Control concentration 

(ppm) 
Treatment concentration 

(ppm) 
Decolorization 

(%) 
0 55.782  52.970 5.041 
7 55.782 36.801 33.962 

14 55.782 25.554 54.146 
21 55.782 15.596 72.014 
28 55.782 7.564 86.427 

Table 2. Percentage of MB bio decolorization by D. dickinsii with Fe2+ addition 
Incubation time 

(days) 
Control concentration 

(ppm) 
Treatment concentration 

(ppm) 
Decolorization 

(%) 
0 62.636 50.070 20.062 
7 62.636 31.441 49.803 

14 62.636 12.907 79.394 
21 62.636 9.866 84.249 
28 62.636 6.211 90.084 

 
A study found that D. dickinsii can produce 

extracellular hydroxyl radicals (•OH) caused by the 
Fenton reaction during the incubation process [16]. The 
Fenton reaction also influenced the biodegradation of 
DDT by the BRF D. dickinsii and Fomitopsis pinicola, 
which only produced very low levels of •OH (5.1 and 
1.2 M, respectively) [9]. In addition to the Fenton 
reaction, Singh discovered that some fungi could generate 
degradative enzymes such as laccase and peroxidase [17]. 

Based on the experiment carried out by Rizqi and 
Purnomo [12], it was reported that D. dickinsii decolorized 
MB on PDB media by approximately 53.55% after 14 d of 
incubation. However, this study was significantly 

different, which obtained about 79.394% by Fe2+ 
addition in MSM. These experiments proved that the 
Fenton reaction was involved in this MB decolorization. 
In addition, it can also happen because •OH was highly 
produced. Purnomo et al. [9] found that the addition of 
Fe2+ to the medium boosted •OH production. 

Identification of Metabolite Products 

LC-TOF/MS identified the MB biodegradation 
metabolite products. MB was found in a relative mass of 
284 g/mol with a retention time of 16.09 min (Fig. 3(a)), 
this is shown in the chromatogram Fig. 4(a). The 
intensity of the MB treatment peak was lower than the 
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control peak, indicating that it was degraded. 
Furthermore, at retention times of 7.80 and 8.67 min, two 
metabolites were found in the chromatogram treatment 
(Fig. 4(b) and 4(c)), respectively. Table 3 shows the 
proposed metabolites products of MB degradation. At a 
retention time of 7.80 min, the peak had m/z = 218 (Fig. 
3(b)), which was identified as 2-amino-3-hydroxy-5-
(methylamino)benzenesulfonic acid. Moreover, the peak 
with m/z = 167 (Fig. 3(c)) at a retention time of 8.67 min 
was identified as N-(3,4-dihydroxy phenyl)-N-
methylformamide. These metabolite results were 
reported previously by Houas et al. [18], who revealed the 
photocatalytic degradation pathway on MB in the water. 

The MB degradation product was also analyzed for 
its functional group by using FTIR spectroscopy analysis 
(Fig. 5). Compared with MB dye analysis, the result shows 
that broad peak spectra at around 3000 nm−1 were 
observed as –OH stretching vibration overlapping within 
the amine group (–NH). At the same time, peaks at 
2935 nm−1 were analyzed from the C–H symmetrical 
stretching band. However, there was a new peak on 
degraded MB result at 1725 nm−1 that was different within 
MB spectra, referring to the C=O group [19]. This result 
was consistent with the purpose of MB metabolite 

degradation above. Meanwhile, C=C from aromatic 
rings were identified at a wavenumber of 1600 nm−1 [20]. 

Based on the identification of metabolite products, 
the MB biodegradation pathway was proposed in 
Scheme 1. MB was transformed into two pathways, both  

 
Fig 4. Chromatogram profile of MB degradation by D. 
dickinsii with Fe2+ addition 

 
Fig 3. Images of mass spectra of (a) control MB, (b) peak at 7.80 min, and (c) peak at 8.67 min 
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Table 3. Metabolites of MB degradation by D. dickinsii with Fe2+ addition 
Retention time(min) Relative mass Chemical formula Molecular structure 

7.80 218 C7H10N2O4S 

 

8.67 167 C8H9NO3 
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Fig 5. FTIR analysis result of MB degradation 

paths have only one benzenic ring affected by •OH attack. 
In the first pathway, MB was oxidized by the formation of 
a sulfide group, followed by cleavage of the chromophore 
bond in NH2 because of •OH generated by the Fenton 
reaction. The amine group was demethylated, and one site 
on the benzenic ring was hydroxylated by continuous 
•OH attack from the Fenton reaction. The second 
pathway, amine (chromophore) and sulfide bonds MB 
were hydroxylated, dissociating another ring. Then the 
•OH attacked the methyl group, and the amine group 
became the amide (aldehyde) group. 

Wood rot fungus can be classified into three types 
based on the type of decay and their breakdown. There are 
BRF, white rot fungi (WRF), and soft rot fungi (SRF) [21]. 
Subsequently, WRF can degrade lignin and other 
compounds in particular when it ingests food [22]. The 
reason is WRF has a special ligninolytic enzyme system 
mechanism,  including  laccase,  lignin  peroxidase  (LiP),  

 
Scheme 1. A proposed route pathway of MB 
degradation by D. dickinsii with Fe2+ addition 

mangan peroxidase (MnP), and other extracellular 
enzymes, which are capable of synergistically degrading 
lignin even on mild media conditions [23]. According to 
a previous study reported by Zeng et al. [24], semi-solid-
state fermentation of agricultural waste rice straw mixed 
with Phanerochaete chrysosporium fungus can be 
degraded and decolorize MB by 84.8% at an initial 
concentration of 0.4 g/L. Furthermore, white rot fungi 
Pleurotus ostreatus also can degrade MB, proved by the 
increasing decolorization percentage at 25–700 mg/L 
concentration [25]. SRF typically attack higher moisture 
and degrade lower lignin cell wood. Although, there are 
still no studies that mention the enzymatic degradation 
system [26]. 

BRF are capable of breaking down wood substrate 
both enzymatically and non-enzymatically [7], resulting 
in a brownish discoloration of the cell wall. Naturally, 
BRF preferentially targets polysaccharides such as 
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cellulose and hemicellulose for nutritional purposes 
rather than lignin and possesses a cellulolytic enzyme 
system that can partially oxidize lignin without the need 
for ligninolytic enzymes [7]. However, the enzymes 
produced by BRF are unable to penetrate the cell wall's 
pores, which are larger than the enzymes themselves. 
Hence, BRF needs a low-molecular-weight-biochemical 
agent, which can penetrate cell-wall pores and 
degrade/depolymerize cellulose [27]. This mechanism is 
caused by extracellular oxidants (free radicals), which are 
small, diffusible, and could react on distance from hyphae 
[16]. 

BRF possess a unique non-enzymatic system that 
allows them to produce •OH through the Fenton reaction 
(Scheme 2), enabling them to decay wooden cells [27]. 
BRF can produce more H2O2 from glucose than WRF 
does. The Fenton reaction has been proven to be an 
effective technology, which uses a catalytic oxidation 
process by mixing H2O2 and Fe2+ to produce •OH. These 
•OH radicals could be used as the strongest oxidant 
currently available in biological systems to degrade a wide 
range of xenobiotic and organic contaminants [28]. 

According to Su et al. [29], Fenton-like catalysis 
using iron-containing minerals could be an alternative 
optimum method for eliminating refractory organic 
pollutants. The •OH radicals are non-selective robust 
species in water which could oxidize organic substrates, 
with an estimated oxidation potential of 2.8 and 1.9 V at 
pH 0 and 14, respectively [29]. The removal of one 
hydrogen atom from hydrocarbons and other organic 
substrates can be affected by •OH. This is possible because 
the hydrogen bond has a lower energy than the O–H 
bond, which has an energy of 109 kcal/mol [29]. 

Studies have suggested that •OH is particularly 
effective at breaking down wood components compared 
to other related oxygen species [30]. Due to its strong 
oxidizing agent capabilities, it can degrade raw material 
feedstock (complex organic chemical component). The 
•OH can react with complex organic compounds 
containing an aromatic ring in two ways: 1) by 
introducing an electrophile to the aromatic ring or 2) by 
abstracting a proton (H+) from aliphatic [21]. Under low 
pH conditions, •OH not only abstracts the H+ but also can 

eliminate H2O and produce an aryl cation. This is 
followed by carbon-carbon linkages cleavage and other 
degradation [21]. 

The Fenton chemical reaction requires Fe2+ and 
H2O2 as the main components to produce •OH. 
Naturally, BRF reduces Fe3+ to Fe2+ and produces H2O2 
through the extracellular hydroquinone-quinone redox 
cycle, as shown below [31] where Q is quinone, H2Q is 
hydroquinone, HQ• is semiquinone, and •OOH is 
perhydroxyl radical (Scheme 3). It further suggested that 
cellobiose dehydrogenase or iron-binding catechols 
reducing Fe3+ outside the BRF mycelium can initiate and 
generate Fenton chemistry [32]. The hypothesis that the 
Fenton reaction plays a role in the BRF mechanism can 
be supported by the addition of FeSO4, which can ionize 
Fe2+ as additional Fe2+ to aid the Fenton reaction in the 
decolorization of MB by D. dickinsii. Fe2+ oxidizes and 
then becomes Fe3+ [8]. Moreover, the concentration of 
H2O2 produced by D. dickinsii could be analyzed by 
using the ferrous ion oxidation-xylenol orange (FOX) 
method. Purnomo et al. [9] showed that by the FOX 
method, D. dickinsii could produce 21 mM H2O2 during 
14 d of incubation time. 

Another previous study reported by Purnomo et al. 
[33] showed that three species of BRF Gloephyllum 
trabeum, Fomitopsis pinicola, and D. dickinsii could 
degrade synthetic dye methyl orange. The proposed 
metabolite degradation pathway consists of three-step 
processes: (1) demethylation, (2) desulfonylation, and (3) 
hydroxylation. Furthermore, Alkas et al. [34] reported 
that D. dickinsii immobilized into sodium alginate-
polyvinyl alcohol supported by UiO-66 could adsorb and 
degrade MB within its maximum capacity of 0.329 mg/g. 
The metabolite products C16H20N3S (m/z = 286), 
C22H32N3O5S  (m/z = 450),  and  C12H13N3O7  (m/z = 311) 

 
Scheme 2. Fenton reaction 

 
Scheme 3. Scheme of regulation Fe2+ reaction on Fenton 
reaction 



Indones. J. Chem., 2023, 23 (6), 1490 - 1499    

 

Adi Setyo Purnomo et al. 
 

1497 

were also identified. Furthermore, another BRF species 
that can degrade Violet S3RL, Yellow Brown S2RFL, Red 
W4BS, Yellow SRLP and Red S3B was successfully 
analyzed [35]. 

To identify metabolite products in this recent study, 
LC-TOF/MS was used for the analysis. The MB peak is 
found at 16.09 min retention time with m/z 284 g/mol, as 
shown in the chromatogram (Fig. 4). The MB treatment 
was degraded because the peak intensity was generally 
lower than the MB’s control peak. The metabolites 
products were detected on two new peaks at retention 
times of 7.80 (m/z = 218) and 8.67 min (m/z = 167), which 
are proposed as 2-amino-3-hydroxy-5-(methylamino) 
benzenesulfonic acid and N-(3,4-dihydroxyphenyl)-N-
methyl formamide, respectively. These metabolites were 
discovered during a research project on the photocatalytic 
degradation of MB in water [18]. 

Rizqi and Purnomo [12] reported that D. dickinsii can 
degrade MB into three metabolites, namely 3-(dimethyl 
amino)-7-(methylamino)phenothiazine (C15H16N3S+, 
m/z = 280), 3,7-bis(dimethylamino)-4H-phenothiazine-
5-one (C16H19N3OS, m/z = 300), and 4-(dimethylamino)-
2-[m-(dimethylamino)phenylsulfinyl]benzene-amine 
(C16H21N3OS, m/z = 303). Meanwhile, Houas et al. [18] 
experiment also showed that MB can be degraded into 
C16H21N3OS with m/z = 303, by the attack of •OH. It also 
explained that MB was attacked by •OH on C–S+=C 
functional group, and to open the center ring, double 
bond conjugation conservation was required. The 
sulfoxide group of C16H21N3OS was attacked again by •OH 
and dissociated the two aromatic rings (not 
detected/reaction Scheme 4) [18]. 

Furthermore, the sulfone can be attacked by a third 
•OH, resulting in the formation of a sulfonic acid found in 
metabolites with m/z of 218 and 158. According to Houas 
et al. [18], sulfur has attained its maximum oxidation 
degree (+6) in reaction 8. Furthermore, SO4

2− ions could 
be attacked again by •OH until they become phenolic. 

 
Scheme 4. Two kinds of aromatic ring were dissociated by 
hydroxyl radical 

■ CONCLUSION 

This study showed that BRF D. dickinsii with the 
addition of Fe2+ has a greater capability to decolorize and 
degrade MB in MSM compared to D. dickinsii culture 
without Fe2+ addition. The highest results of 
decolorization were achieved at 90.084 and 86.427%, 
respectively, at 30 °C for 28 d of incubation, and a 
decolorization gap of 3.657%. These results suggest that 
the Fenton reaction is involved in MB removal by •OH 
production. The MB degradation metabolites by D. 
dickinsii were analyzed by LC-TOF/MS and FTIR 
spectroscopy and identified as 2-amino-3-hydroxy-5-
(methylamino) benzenesulfonic acid and N-(3,4-
dihydroxyphenyl)-N-dimethylformamide. 
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Fig S2. 1H-NMR spectrum of the synthesized heterocyclic compound D 
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Fig S3. FTIR spectrum of the synthesized heterocyclic-Gemini surfactant E 

 
Fig S4. 1H-NMR spectrum of the synthesized heterocyclic-Gemini surfactant E 
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Fig S5. FTIR spectrum of the synthesized heterocyclic-Gemini surfactant F 

 
Fig S6. 1H-NMR spectrum of the synthesized heterocyclic-Gemini surfactant F 
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 Abstract: Heterocyclic 1,4-di(1,3,5-dithiazinan-5-yl)benzene (D) and two heterocyclic-
cationic Gemini surfactant 5,5'-(1,4-phenylene)bis(5-decyl-1,3,5-dithiazinan-5-
ium)bromide (E) and 5,5'-(1,4-phenylene)bis(5-tetradecyl-1,3,5-dithiazinan-5-
ium)bromide (F) were prepared and identified by FTIR, 1H-NMR spectroscopies, and 
GC–MS. Then, they were tested as corrosion inhibitors against carbon steel corrosion in 
2.0 M aggressive HCl medium at 25 and 50 °C. They have different carbon chain tails, 
i.e., E (10 carbons), and F (14 carbons). These new heterocyclic and surfactant categories 
as corrosion inhibitors. The corrosion process has been studied electrochemically (Tafel 
Plot). The inhibition efficiency clarified that the decrease in IE(%) is in the order of F > E 
> D. The biological activity of compounds D and F was investigated using the 
aforementioned drilling procedure with a cork drill. At a dosage of 3000 mcg/mL, the 
biological action of compound D demonstrated effective resistance against the two types 
of negative bacteria. The cation has a diameter of 20 mm against E. coli and 19 mm 
against S. epidermis bacteria. At the same concentration, the chemical F is solely effective 
against E. coli with an inhibition diameter of 14 mm. 

Keywords: antibacterial; carbon steel alloy; cationic Gemini; cyclothiomethylation; 
Tafel plot 

 
■ INTRODUCTION 

The "green synthesis"  approach of useful chemicals 
with minimal material, power, effort, and time costs has 
attracted much attention in recent years. One of these 
techniques is multicomponent reactions (MCRs), which 
allow for one-pot multistep synthesis without the 
requirement for intermediate separation and purification, 
hence decreasing chemical waste. Thiomethylation 
(reagent atom efficiency of 100% by the C, N, and S 
atoms) is the most efficient reaction in a sequence of 
"green" MCRs, yielding water as the only side product in 
addition to the target products [1-2]. Because of their 
chemical composition, organic corrosion inhibitors 
performed particularly well against steel corrosion. Some 
functional groups, such as oxygen, nitrogen, sulfur, 
phosphorous, and double bonds, may act as electronic-

rich active sites for adsorption on the surface of corroded 
materials, thereby increasing steel protection [3-4]. 

The electronic-rich group can interact with the 
vacant d-orbital to form a protective layer, shielding the 
surface from the aggressive medium [5]. Surfactants 
have been shown to be promising corrosion inhibitors 
due to their unusual structure, which includes two 
opposing polarities: hydrophobic and hydrophilic 
portions at the same time. The hydrophilic heads, in 
particular, are electrically rich groups with a strong 
attraction to steel surfaces, whereas the hydrophobic 
surfactant tail acts as a protective coating [6-7]. 
Surfactants are used in various applications, including 
corrosion inhibitors, emulsifiers, drug technology, 
pharmaceutical formulation, nanotechnology, wetting 
agents, detergents, and catalyst technologies [8]. 
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Gemini surfactants are identified by two identical 
parts separated by a spacer, each with the hydrophilic and 
lipophilic moieties. Compared to standard monomeric 
surfactants, this unusual structure governs their surface 
performance in solution. Gemini is a more effective 
surfactant with a lower critical micelle concentration 
(CMC) [4,7,9]. As a result, there has been a greater 
emphasis on developing innovative Gemini surfactants. 
Some of the novel Gemini surfactants have been created 
including heterocyclic cationic Gemini surfactants [4,9]. 
Because the former Gemini species has two hydrophilic 
heads with various charges, it can be classified as cationic-
nonionic, anionic-nonionic, or anionic-cationic depending 
on its hydrophilic charges. Because of the changed 
charged ionic moiety, which lessens the repulsive force 
and allows for a closer distance, these unique categories 
result in a stronger adsorption tendency and a different 
aggregation structure than classic Gemini ones [10-11]. 

In this study, we prepared three inhibitors, named 
heterocyclic compounds and cationic heterocyclic 
Gemini surfactants with various carbon tails (D, E, and F). 
Electrochemical investigations were used to evaluate their 
corrosion resistance to steel corrosion. To our knowledge, 
these new heterocyclics and cationic heterocyclic Gemini 
surfactants were examined as corrosion inhibitors and 
antifungicidal agents for the first time. These new 
surfactants feature both positive and negative adsorption 
centers and several other electronic-rich function groups 
that may boost their adsorption capabilities. 
Electrochemical methods (Tafel plots) were used to study 
the steel surface, demonstrating the formation of a 
surfactant protective layer on the steel surface. 

■ EXPERIMENTAL SECTION 

Materials 

All chemicals for the synthesis were commercially 
available with a purity of at least 97%: diaminobenzene 

(C6H8N2, Sigma Aldrich), acetone ((CH3)2CO, Scharlau), 
37% hydrochloric acid (HCl, B.D.H), 37% aqueous 
formaldehyde solution (CH2O, Merck), 1-
bromotetradecane (C14H29Br, Scharlau), 1-bromodecane 
(C10H21Br, Scharlau), ethanol (C2H5OH, B.D.H), sodium 
sulfide (Na2S, Scharlau), dichloromethane (CH2Cl2, 
B.D.H), potassium hydroxide (KOH, B.D.H), and 
diethyl ether (C4H10O, Scharlau). 

Instrumentation 

The reaction products were identified using 1H 
NMR spectra acquired on spectrometers (Bruker 
Avance 400 MHz), using internal standard TMS and 
DMSO-d6 as the solvent. IR spectra were recorded on a 
Shimadzu, 84005 FTIR spectrometer, 400–4000 cm−1, 
using KBr pellets. The melting point was determined by 
Thermo Scientific. GC-MS spectra were recorded on 
5977 A MSD, Agilent 7890B GC device 70 eV, carrier gas 
helium, temperature program: rise from 40 to 300 °С at 
a rate of 10°/min. Individuality and purity of synthesized 
compounds were controlled using TLC on Silufol UV-
254 plates; I2 was used as a developer. Electrochemical 
measurements by Tafel polarization were carried out 
using Bank Elektronik-Intelligent Controls Type MLab 
200. 

Procedure 

Steel composition and aggressive solution 
The aggressive media was chosen to be 2 M HCl. 

It's made by diluting a concentrated HCl solution with 
doubly distilled water. The composition of the 
investigated steel specimen is shown in Table 1. 

The examined steel was utilized in the 
electrochemical tests, with dimensions of 5 × 2 × 0.3 cm 
for length, width, and thickness, respectively. The SiC 
(grade 140, 320) was used to polish the carbon steel, 
which was then cleaned with distilled water, acetone, 
and completely dried in a desiccator [12]. 

Table 1. Components of the carbon steel alloy (C-95) 
Element Fe C Mn P S Si Cr Ni Cu Mo V 

Percentage (%) 97.784 0.330 1.400 0.003 0.002 0.190 0.240 0.019 0.021 0.007 0.004 
 



Indones. J. Chem., 2023, 23 (6), 1500 - 1513    

 

Raneen Salim Al-Hilfi et al. 
 

1502 

Potentiodynamic polarization experiments 
This testing was performed using a three-electrode 

setup and an Auto lab. The polarization experiment was 
carried out by changing the inhibitor concentration 
(1 × 10−4, 5 × 10−4, 1 × 10−3, 5 × 10−3) at 25 and 50 °C. 

Synthesis of 1,4-di(1,3,5-dithiazinan-5-yl)benzene (D) 
The synthesis is carried out in two steps: First, 

formaldehyde (4.9 mL, 0.06 mol) and ethanol (50 mL) 
were added to a three-neck flask, followed by hydrogen 
sulfide (0.04 mol) bubbled with stirring for 30 min at 
room temperature [13-14]. The second step was 
dissolving diaminobenzene (1.08 g, 0.01 mol) in ethanol 
(50 mL) and dropwise addition to a water solution of 
formaldehyde (37%), saturating with H2S with the 
diaminobenzene:H2S:CH2O ratio of 1:4:6. The mixture 
was refluxed for 48 h at 75 °C. The precipitate was then 
filtered and recrystallized with hot dichloromethane to 
get the target product D: Yield (70.0%) as a yellow crystal, 
m.p. (215–220 °C), as shown in Scheme 1 [13-16]. 

Synthesis of 5,5'-(1,4-phenylene)bis(5-decyl-1,3,5-
dithiazinan-5-ium)bromide (E) 

Compound D (1.6 g, 0.005 mol) was dissolved in the 
beaker with dichloromethane (20 mL), and then followed 
by the addition of 1-bromodecane (2.14 mL, 0.01 mol). 
For 24 h, the mixture was agitated on a magnetic stirrer at 
room temperature. The precipitate was then filtered, 
washed twice with diethyl ether, and air-dried to get the 

target product E: Yield (80.0%) as a yellow crystal, m.p. 
(200–205 °C), as shown in Scheme 1 [13,17]. 

Synthesis of 5,5'-(1,4-phenylene)bis(5-tetradecyl-
1,3,5-dithiazinan-5-ium) bromide (F) 

Compound D (1.6 g, 0.005 mol) was dissolved in 
the beaker with dichloromethane (20 mL), and 1-
bromotetradecane (2.9 mL, 0.01 mol) was added to it. 
For 24 h, the mixture was stirred at room temperature. 
The precipitate was then filtered, washed twice with 
diethyl ether, and air-dried to get the target product E: 
Yield (87.5%) as a yellow crystal, m.p. (220–225 °C), as 
shown in Scheme 1 [13,17]. 

■ RESULTS AND DISCUSSION 

Characterization of the Synthesized Compounds 

Infrared spectrum of the compound D 
We notice in Fig. S1 and Table 2 of the compound 

D the appearance of a band at 3051.39 cm−1 when it 
returns to the C–H vibration of the stretching of the 
aromatic bond of the benzene ring, and the appearance 
of two strong bands at 2970.38 and 2881.65 cm−1 and 
absorption bands with limits at 1419.16 and 
1356.60 cm−1 due to shear vibration of the C–H aliphatic 
bond. The appearance of a weak bundle at 514.99 cm−1 
to the C–S bond, a bundle at 1215.15 cm−1 return to the 
vibration of the stretching of the C–N wrist, and a 
bundle at 1660.71 cm−1 returns to stretching the C=C 
bond in the benzene ring. 

14
29

10
21

 
Scheme 1. Synthesis of heterocyclic and Gemini quaternary surfactants 
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Table 2. The most important bands in the infrared spectrum of the prepared compounds 
Compd. C–H Stretching 

aromatic (cm−1) 
C–H Stretching 
aliphatic (cm−1) 

C–H bending 
(cm−1) 

C–S 
(cm−1) 

C–N 
(cm−1) 

C=C 
(cm−1) 

N–H 
bending (cm−1) 

D 3051.39 2970.38 & 2881.65 1419.16 & 1356.60 514.99 (w.b) 1215.15 (m) 1660.71 (m) - 
E 3039.81 2922.60 & 2850.79 1452.40 & 1363.67 551.64 (w.b) 1217.08 (m) 1656.85 (m) - 
F 3246.20 2922.16 & 2852.72 1452.40 & 1365.60 513.07 (w.b) 1215.15 (m) 1656.85 (m) - 

 
Infrared spectrum of the compound E 

We observe in Fig. S3 and Table 2 of the compound 
E the appearance of a band at 3039.81 cm−1 for C–H 
vibration of the stretching of the aromatic bond of the 
benzene ring. The appearance of two strong bands at 
2922.6 and 2850.79 cm−1 and absorption bands with limits 
at 1452.40 and 1363.67 cm−1 due to shear vibration of the 
aliphatic C–H bond. The appearance of a weak bundle at 
551.64 cm−1 return to the C–S bond, a bundle at 
1217.08 cm−1 for the vibration of the C–N stretching of 
the wrist, and a bundle at 1656.85 cm−1 for the stretching 
of C=C bond in the benzene ring. 

Infrared spectrum of the compound F 
We found in Fig. S5 and Table 2 of the compound F 

the appearance of a band at 3246.20 cm−1 for the C–H 
vibration of the stretching of the aromatic bond of the 
benzene ring. The appearance of two strong bands at 
2922.16 and 2852.72 cm−1 and absorption bands at 
1452.40 and 1356.60 cm−1 due to shear vibration of the 

aliphatic C–H bond. The appearance of a weak bundle at 
513.07 cm−1 for the C–S bond, a bundle at 1215.15 cm−1 
for the vibration of the C–N stretching of the wrist, and 
a signal at 1656.85 cm−1 returns to stretching the C=C 
bond in the benzene ring. 

NMR spectrum of the compound D 
The 1H-NMR spectrum (Table 3 and Fig. S2) 

showed the appearance of a singlet signal at 3.55 ppm 
belonging to the protons of the carbon atom represented 
by the CH2 group attached to two sulfur atoms and the 
number of 4 protons, and a single signal at 3.88 ppm 
represented by the CH2 group attached to the sulfur and 
nitrogen atoms and the number of 8 protons, and a 
multiplet signal at 6.93–7.04 ppm refers to the protons 
of the aromatic ring and the number of 4 protons. 

NMR spectrum of the compound E 
The 1H-NMR spectrum (Table 3 and Fig. S4) 

showed the appearance of a triplet signal at 0.83–
0.86 ppm  belonging  to  the  protons  of  the carbon CH3  

Table 3. The most important signals appearing in the NMR spectrum of compounds D, E, and F 
Signals Chemical shift (ppm) Chemical structures Compound 

(s, 4H, S-CH2-S); 
(s, 8H, N-CH2-S); 
(m, 4H, Ph-H) 

3.55 
3.88 

6.93–7.04 
 

D 

(t, 6H, (CH2)8CH3); 
(m, 32H, (CH2)8CH3); 
(t, 4H, N-CH2); 
(s, 4H, S-CH2-S); 
(s, 8H, N-CH2-S); 
(m, 4H, Ph-H) 

0.83–0.86 
1.23–1.27 
2.96–2.98 

3.55 
4.06 

6.90–7.06  

E 

(t, 6H, (CH2)12CH3); 
(m, 48H, (CH2)12CH3); 
(t, 4H, N-CH2); 
(s, 4H, S-CH2-S); 
(s, 8H, N-CH2-S); 
(m, 4H, Ph-H) 

0.85–0.87 
1.19–1.29 
2.93–2.96 

3.54 
3.95 

7.01–7.10  

F 
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represented by a group linked to the long chain (CH2)8 
and the number of 6 protons. A multiplet signal at 1.23–
1.27 ppm belonging to the protons of the carbon atom 
represented by the (CH2)8 group associated with the CH3 
group and the number of 32 protons. A triplet signal at 
2.96–2.98 ppm referring to the protons of the carbon 
atom represented by the CH2 group associated with the 
nitrogen atom and the number of 4 protons. A singlet 
signal at 3.55 ppm refers to the carbon atom represented 
by the CH2 group attached to two sulfur atoms and the 
number of 4 protons and a singlet signal at 4.06 ppm 
represented by the CH2 group attached to the sulfur and 
nitrogen atoms and the number of 8 protons. A multiplet 
signal at 6.90–7.06 ppm refers to the protons of the 
aromatic ring and the number of 4 protons. 

NMR spectrum of the compound F 
The 1H-NMR spectrum (Table 3 and Fig. S6) was 

characterized by the appearance of a triplet signal at 0.85–
0.87 ppm belonging to the protons of the CH3 carbon 
represented by a group linked to the long chain (CH3)12 
and the number of 6 protons, and a multiplet signal at 
1.19–1.29 ppm belonging to the protons of the carbon 
atom represented by the (CH2)12 group associated with the 
CH3 group and the number of 48 protons. A triplet signal 
at 2.93–2.96 ppm referring to the protons of the carbon 
atom represented by the CH2 group associated with the 
nitrogen atom and the number of 4 protons. A singlet 
signal at 3.54 ppm refers to the carbon atom represented 
by the CH2 group attached to two sulfur atoms and the 
number of 4 protons. A singlet signal at 3.95 ppm 
represented by the CH2 group attached to the sulfur and 
nitrogen atoms and the number of 8 protons. A multiplet 
signal at 7.01–7.10 ppm refers to the protons of the 
aromatic ring and the number of 4 protons. 

Mass spectrum of the prepared compounds  
During our current study, the mass spectrum of the 

prepared compounds D, E, and F was recorded in order 
to prove their molecular formula (Tables 4–6 and Fig. 1–
3) the aforementioned spectra showed a group of peaks of 
different molecular weights, with variation in their relative 
abundance as it gave a peak of fragmentation at m/z = 781.1, 
758.6, and 316.1 with their relative abundance ranged (13.5, 

9.32, and 2.26%) which is due to the parent molecular 
ion of the compounds D, E, and F, respectively. 

Potentiodynamic Polarization Studies 

Tables 7 and 8 illustrate the polarization of carbon 
steel alloy corrosion in the absence and presence of 
various dosages (1 × 10−4, 5 × 10−4, 1 × 10−3, 5 × 10−3) M 
of D, E, and F inhibitors at 25 and 50 °C. Fig. 4–8 
illustrate the polarization curves. According to the data, 
the uninhibited sample had the maximum corrosion 
current density. However, when the inhibitor 
concentration rises, so does the corrosion current 
density, Icorr (μA cm−2). Corrosion rate CR (mpy) values 
exhibit the same tendency as current density, with values 
decreasing as inhibitor concentration increases. The 
 
Table 4. The important fragments and relative 
abundance of the compound D 

Fragments m/z % Relative abundance 
[M]+ 316.1 13.5 
[C11H11N2S3]+ 267.2 2.7 
[C10H12N2S2]+ 224.1 6.5 
[C8H4NS2]+ 178.1 3.5 
[C8H4NS]+ 146.1 9.2 
[C8H8N2]+ 132.1 14.1 
[C8H8N]+ 118.1 7.7 

Table 5. The important fragments and relative 
abundance of the compound E 

Fragments m/z % Relative abundance 
[M]+ 758.6 9.3 
[C32H58N2S4Br]+ 679.0 13.9 
[C11H13N2S4]+ 301.2 1.3 
[C10 H17N2S2]+ 229.0 20.8 
[C8H3NS2]+ 177.1 13.9 

Table 6. The important fragments and relative 
abundance of the compound F 

Fragments m/z % Relative abundance 
[M]+ 871.1 2.6 
[C40H78N2S4]+ 711.1 5.3 
[C26H67N2S4]+ 535.5 1.7 
[C22H79N2S4]+ 341.2 8.9 
[C10H23N2S3]+ 267.2 10.9 
[C7H25NS2]+ 137.1 14.3 
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Fig 1. Mass spectrum of the synthesized heterocyclic compound D 

 
Fig 2. Mass spectrum of the synthesized heterocyclic - Gemini surfactant E 

 
Fig 3. Mass spectrum of the synthesized heterocyclic-Gemini surfactant F 

Table 7. Tafel polarization parameters in the absence and presence of various concentrations of inhibitors for carbon 
steel C95 in 2 M HCl at 298 K 

Inhibitor Conc. of 
inhibitor (M) 

−Ecorr  
(mV) 

CR  
(mpy) 

Icorr  
(μA cm−2) 

βc  
(mV dec−1) 

βa  
(mV dec−1) 

IE% Θ 

D 0 462.80 14.81 32.56 −198.20 193.00 - - 
 1×10−4 470.50 5.99 13.18 −223.60 197.20 59.50 0.59 
 5×10−4 415.40 4.51 9.90 −187.30 206.40 69.50 0.69 
 1×10−3 468.60 3.89 8.55 −196.60 150.20 73.70 0.73 
 5×10−3 377.50 1.42 3.13 −145.70 78.10 90.30 0.90 

E 0 462.80 14.81 32.56 −198.20 193.00 - - 
 1×10−4 446.10 5.99 13.17 −141.90 192.00 59.50 0.59 
 5×10−4 460.80 4.82 9.41 −222.10 158.20 71.20 0.71 
 1×10−3 375.30 2.97 6.53 −197.40 204.60 79.90 0.79 
 5×10−3 529.90 1.32 2.90 −203.90 293.10 91.00 0.91 

F 0 462.80 14.81 32.56 −198.20 193.00 - - 
 1×10−4 441.20 5.93 13.05 −208.60 163.20 59.90 0.59 
 5×10−4 390.30 2.93 6.45 −201.90 121.60 80.10 0.80 
 1×10−3 370.60 1.04 5.55 −142.40 68.60 83.00 0.83 
 5×10−3 433.70 1.03 2.28 −162.00 119.80 92.90 0.92 
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Table 8. Tafel polarization parameters in the absence and presence of various concentrations of inhibitors for carbon 
steel C95 in 2 M HCl at 323 K 

Inhibitor 
Conc. of 

inhibitor (M) 
−Ecorr  
(mV) 

CR  
(mpy) 

Icorr  
(μA cm−2) 

βc  
(mV dec−1) 

βa  
(mV dec−1) IE% Θ 

D 0 445.80 25.68 56.44 −171.70 148.30 - - 
 1×10−4 519.20 14.56 32.00 −227.50 338.70 43.30 0.43 
 5×10−4 452.30 9.85 21.67 −200.50 163.50 61.60 0.61 
 1×10−3 468.50 8.24 18.12 −160.60 144.20 67.80 0.67 
 5×10−3 476.10 6.38 14.04 −288.20 240.80 75.10 0.75 

E 0 445.80 25.68 56.44 −171.70 148.30 - - 
 1×10−4 377.80 10.90 24.08 −210.30 250.90 57.30 0.57 
 5×10−4 501.40 9.41 20.70 −238.30 197.50 63.30 0.63 
 1×10−3 372.00 7.80 17.15 −251.80 195.80 69.60 0.69 
 5×10−3 354.40 2.04 9.49 −159.80 158.00 83.10 0.83 

F 0 445.80 25.68 56.44 −171.70 148.30 - - 
 1×10−4 373.80 10.72 23.58 −199.30 123.40 58.20 0.58 
 5×10−4 404.30 5.14 11.31 −225.00 137.10 79.90 0.79 
 1×10−3 376.30 2.68 9.91 −228.80 124.10 82.40 0.82 
 5×10−3 424.80 1.92 8.28 −177.60 114.80 84.30 0.84 

 
Fig 4. The potentiodynamic polarization curve for C95 alloy in (2 M HCl solution + various concentrations of 
compound D) at 298 K 

 
Fig 5. The potentiodynamic polarization curve for C95 alloy in (2 M HCl solution + various concentrations of 
compound D) at 323 K 
 
obtained inhibitor efficiency followed a similar trend, as 
previously stated. All of this suggests that as the 
concentration of the inhibitor increases, so does its 
efficacy [17-23]. Adsorption of sulfur atoms in inhibitors 

(D, E, and F) on the steel surface, and surfactants that 
represent the CR, is referred to as dropping the CR (E 
and F). The adsorption process improves as the inhibitor 
concentrations rise [24]. 
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Fig 6. The potentiodynamic polarization curve for C95 alloy in (2 M HCl solution + various concentrations of 
compound E) at 298 K 

 
Fig 7. The potentiodynamic polarization curve for C 95 alloy in (2 M HCl solution + various concentrations of 
compound E) at 323 K 

 
Fig 8. The potentiodynamic polarization curve for C 95 alloy in (2 M HCl solution + various concentrations of 
compound F) at 298 K 
 

The adsorption of D, E, and F on the steel surface 
creates a protective barrier that keeps the steel surface 
from being corroded. Steel protection is improved by 
increasing the concentration of surfactant-inhibitors 
[17,24]. The findings also show that the inhibitory 
passivity gradually increased, caused by the inhibitor's 
passive film clinging to the electrode surface. Because 
there is variance in both cathodic (βc), and anodic (βa) 
responses when compared to blank, both cathodic and 

anodic reactions are inhibited with the administration of 
inhibitors [25-27]. When the displacement of corrosion 
potential (Ecorr) from the corrosion potential of the blank 
exceeds 85 mV, the inhibitor is either cathodic or 
anodic. If the displacement in (Ecorr) is less than 85 mV, 
the corrosion inhibitor is of the mixed type [28-29]. The 
displacements in (Ecorr) in the current study are 85.3, 
67.1, and 29.1 mV for D, E, and F, respectively, as 
calculated by Eq. (1). 
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corr corr corr%IE I° I I° 100    (1) 
where: I°corr and Icorr is corrosion current density in the 
absence and presence of inhibitors, respectively. As a 
result, the inhibitors tested (E and F) are mixer kinds, with 
(D) being somewhat more cathodic or anodic as shown in 
Fig. 4–8 [23,27]. 
The following Eq. (2) and (3) [17,27,29] can be used to 
assess inhibitory efficiency. 

corr corr

corr

I° I
%IE

I
 

  
 

 (2) 

corr corr

corr

I° I
I


   (3) 

The corrosion rate (CR mpy) of a carbon steel alloy 
(C95) in an acidic solution in the absence and presence of 
varied concentrations of heterocyclic organic compounds 
as inhibitors and within the temperatures (298, 323 K) 
was estimated using the following Eq. (4) [17,27,29]. 

corrI
CR K EW  


 (4) 

The surfactant-inhibitor results (Tables 7 and 8, Fig. 
6-9) show how inhibition effectiveness affects the 
hydrophobic structure. Increasing the hydrophobic 
nature of the surfactant tail elongation increases the steel 
inhibition efficacy. Surfactant F is more effective than 
surfactant E because it has a tail with 14 carbon atoms, 
whereas E has just a tail with 10 carbon atoms [30-31]. For 
example, at a concentration of 5 × 10−3 M, the IE% of 
inhibitors E and F at 25 °C is 66.6 and 68.1%, respectively 
(Table 7). As previously noted, increasing the carbon tail 
length increases surface adsorption affinity [31-32]. As a 
result, the surfactant tail modulates surfactant inhibitor 
adsorption on the surface, increasing surface coverage and  
 

inhibition effectiveness [33-35]. 
The temperature has a major impact on the 

performance of the inhibitors investigated. Temperature 
increases of the corrosive solution containing the 
synthesized D, E, and F inhibitors enhanced the steel's 
corresponding CR, as indicated in Tables 7 and 8. The 
findings demonstrate a constant increase in CR as the 
temperature of the solution rises, confirming the 
presence of the investigated D, E, and F inhibitors 
[32,35]. The growing CR with temperature trend reflects 
the affinity of the generated inhibitors for chemical 
adsorption on the steel surface. The chemical structure 
of the E and F Gemini surfactant-inhibitors changed as 
the solution temperature increased, resulting in larger 
electronic densities of the active centers and, as a result, 
higher adsorption on the corroded surface [36-37]. The 
negatively charged center of the inhibitors generated 
interacts electrostatically with the negatively charged 
center formed on the surface of steel after it has been 
dipped in a vigorous acidic solution [12,38]. 

Inhibition Mechanism 

The adsorption of these compounds to the metal 
solution interface could explain why D, E, and F have an 
inhibitory effect on the corrosion of carbon steel in 2 M 
HCI solution. The nature of the metal, the chemical 
structure of the inhibitors, the inhibitor concentration, the 
inhibitor active sites, the electronic cloud, the composition 
of the electrolyte, and the temperature influence the 
amount of inhibitor adsorption [39]. Adsorption on the 
metal surface was proposed to occur via the active center 
present on inhibitor molecules and to be charge density 
dependent, as shown in Schemes 2–4 [4,40]. 

 
Fig 9. The potentiodynamic polarization curve for C 95 alloy in (2 M HCl solution + various concentrations of 
compound F) at 323 K 
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According to the inhibition efficiency, the decline in 
%IE occurs in the following order: F > E > D. Compound 
F (designed as 14-pH-14) has a stronger adsorption 
propensity on interfaces than the shorter chain surfactant 
E (designed as 10-pH-10) and thus has a slightly better 
inhibitory impact on corrosion than compound E [30,39]. 
The surfactant tail essentially increases adsorption at 
interfaces, promoting their activity as corrosion 
inhibitors. As a result, the surfactant tail increases the 
adsorption proclivity on the steel surface, delaying the 
attack of the corrosive solution. The positively charged 
quaternary ammonium nitrogen interacts 
electrostatically with the bridging negatively charged (Cl−) 
ions on the positively charged metal surface to form a 
protective layer that isolates the surface from contact with 
an aggressive medium, thereby slowing steel corrosion, as 
shown in Schemes 2–4 [17,40]. 

Furthermore, our synthesized aromatic heterocyclic 
inhibitors had several electronic rich functional groups 
such as N, S, C–N, and C=C that might interact with the 
iron's unoccupied d-orbital and improve their adsorption 
effectiveness on the tested carbon steel [13,41]. In this 
scenario, the inhibitory effect is caused by the interaction 
of the π-electron and the existence of an electron donor 
for four sulfur atoms, which forms a connection with the 
metal atom's unoccupied d-orbital at the interface. 

In general, two adsorption mechanisms on the metal 
surface in acid media are examined [13]. In the first 
model, neutral molecules may be adsorbed on the surface 
of carbon steel via the chemisorption mechanism, which 
involves the displacement of water molecules from the 
surface of carbon steel and the sharing of electrons 
between heteroatoms and iron [39,42]. Based on donor-
acceptor interactions between their π-electrons and 
unoccupied d-orbitals of surface iron, inhibitor molecules 
may likewise be adsorbed on the carbon steel surface [13]. 

In the second model, it is well known that 
electrostatic repulsion makes it difficult for protonated 
molecules to approach the positively charged carbon steel 
surface. Because Cl− has a lower degree of hydration, it 
may bring excess negative charges near the interface, 
allowing for more adsorption of positively charged 
inhibitor molecules. Protonated inhibitors adsorb via 

electrostatic interactions between positively charged 
molecules and the negatively charged metal surface. As 
a result, adsorbed Cl− ions and protonated inhibitors 
work together [4,43]. 

 
Scheme 2. Adsorption of the synthesized inhibitor D on 
the steel surface is predicted 

 
Scheme 3. Adsorption of the synthesized inhibitor E on 
the steel surface is predicted 

 
Scheme 4. Adsorption of the synthesized inhibitor F on 
the steel surface is predicted 
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Biological Assay 

The tendency of their remedies to disintegrate the 
outer cell wall, resulting in the exudation of cell fluids and 
the death of pathogenic bacteria, makes heterocyclic 
compounds physiologically efficient in suppressing many 
different types of pathogenic bacteria [44]. The existence 
of unique active groups within the composition of cyclic 
compounds, such as groups C–S, C–N, and NH2 may 
result in the formation of complexes with elements in the 
cell body, such as copper, iron, and divalent cobalt ions, 
which leads to cell death owing to their loss, these are the 
items [44]. 

Because of the existence of a form of corrosion 
induced by bacteria in the ground (in reservoir water and 
oil) that convert some sulfur-containing oil molecules to 
H2S, SO2, and SO3, which degrades metals by converting 
them to sulfurous acid in the presence of water, which is 
one of the reasons. Because heterocyclic compounds 
include nitrogen and sulfur atoms that differentiate them 
for associating with various elements, much and ongoing 
research have been undertaken in the field of suppressing 
various forms of bacteria, i.e., negative for cream dye (S. 
epidermis) and positive for cream dye (E. coli) [44-45]. 

The aforementioned drilling procedure was used in 
conjunction with a cork drill, and the damping diameters 
were measured in millimeters using a ruler. The results 
demonstrated the biological action of solutions of various 
chemicals generated from it with the bacteria under 
research at a concentration of 1000 ppm. The compound 
D demonstrated effective resistance to both types of 
negative bacteria. At a concentration of 3000 mcg mL−1, 
the cation has a diameter of 20 mm against E. coli bacteria 
and 19 mm against S. epidermis bacteria. At the same 
concentration, the compound F is solely effective against 
gram-negative bacteria (E. coli), with an inhibition 
diameter of 14 mm, as shown in Fig. 10 and 11 [46]. 

It was discovered that the complexes had a stronger 
inhibitory efficiency than the ligands based on the results 
provided in Table 9 arising from the action of the 
produced compounds against the specified species of 
bacteria. The effects of metal on normal biological 
processes [46]. 

 
Fig 10. Effect of the prepared compound on growth S. 
epidermis 

 
Fig 11. Effect of the prepared compound on growth S. 
epidermis 

Table 9. The inhibition zones resulting from the 
biological activity of compounds D and F 

No Compounds 
Concentration 

(mg mL−1) 
Inhibition zone (mm) 
S. epidermis E. coli 

1 D 3000 19 20 
2 F 3000 0 14 

■ CONCLUSION 

In summary, the test medium used is a very strong 
acid of 2 M HCl and thus corrosive to the carbon steel 
alloy. The heterocyclic and heterocyclic cationic Gemini 
surfactants inhibitors were found effective by providing 
a protective film barrier, emanating from the heteroatom’s 
adsorption and the positive quaternary ammonium 
nitrogen molecules adsorption on the metal surface thus 
preventing the metal surface test solution interactive 
corrosion reactions. At all of the concentrations used, the 
inhibitors D, E, and F gave relatively good and effective 
protection against corrosion HCl, which was confirmed 
by electrochemical results. However, the highest 
concentration of the inhibitor gave the best corrosion 
inhibition performance at 25 °C. The inhibition 
efficiency revealed that the decline in %IE occurs in the  
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following order: F > E > D. The results indicated the 
biological impact of several chemical solutions made from 
it with the bacteria under study at 1000 ppm. Compound 
D was efficient against both types of negative bacteria with 
a diameter of 20 mm against E. coli bacteria and 19 mm S. 
epidermis bacteria at a dosage of 3000 mcg mL−1. With an 
inhibition diameter of 14 mm, compound F is only 
effective against E. coli at the same dose. 
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 Abstract: Fishbone-derived carbon sulfonate, modified through incipient wetness 
impregnation with titanium tetraisopropoxide and iron nitrate salts, displays catalytic 
activity in the oxidation of styrene with hydrogen peroxide (H2O2) as an oxidant. This 
was done to develop a cost-effective, non-toxic, and environmentally friendly bimetallic 
oxide catalyst, incorporating titanium and iron oxides on mesoporous-derived carbon 
fishbone to enhance styrene conversion and benzaldehyde selectivity in styrene oxidation 
using aqueous H2O2. The catalyst, featuring a combination of titanium and iron oxides 
on the surface of the fishbone-derived carbon sulfonate, demonstrates higher catalytic 
activity than single oxide catalysts, such as titanium or iron oxides alone. Factors 
influencing the catalyst's performance are investigated by using FTIR, XRD, XRF, SEM, 
and BET surface area. The results reveal that the presence of both titanium and iron 
oxides on the surface of the fishbone-derived carbon sulfonate and the catalyst's surface 
area creates a synergistic effect, the primary factors affecting its catalytic activity in 
styrene oxidation using H2O2 as an oxidant. 

Keywords: iron; oxidation; styrene; synergistic effect; titanium 

 
■ INTRODUCTION 

The styrene oxidation on various transition metal-
substituted catalysts remains a topic of significant interest 
in both academic and commercial fields. The process is 
crucial for synthesizing three vital products, namely 
styrene oxide, phenylacetaldehyde, and benzaldehyde, 
using hydrogen peroxide (H2O2) [1-3]. Benzaldehyde, the 
primary product of styrene oxidation, is an industrially 
important and versatile organic compound. It is 
extensively used as a key intermediate in synthesizing 

perfume materials, anthelmintics, epoxy resins, 
plasticizers, drugs, sweeteners, chiral pharmaceuticals, 
pesticides, and epoxy paints [4-6]. Currently, two 
processes are employed for industrial production: (1) 
toluene reacts with oxygen to give benzoic acid in the 
catalytic oxidation, and (2) the hydrolysis of benzyl 
chloride [7-8]. It is significant to note that both catalytic 
oxidation and hydrolysis reactions demonstrate some 
crucial drawbacks, including high energy consumption, 
extended reaction duration, and the generation of 
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chloride waste. These issues have resulted in inferior 
conversion performance, low benzaldehyde yield (up to 
20%) and selectivity. Contrarily, styrene selective oxidation 
could be a more appealing alternative compared to those 
complex approaches, drastic conditions, and toxic waste 
disposal of existing procedures. In an effort to elevate 
styrene catalytic oxidation, benzaldehyde yield, and 
selectivity, the utilization of heterogeneous catalysts is 
generally deemed more promising, particularly those 
containing transition metals as active sites. 

Developing a bimetallic oxide heterogeneous 
oxidation catalyst, which combines titanium and iron 
oxides as active sites, while the catalyst support consists of 
carbon mesoporous-derived fishbone, offering an 
approach to enhance the catalytic activity. This catalyst 
system offers advantages, such as being cost-effective, 
innocuous, and eco-friendly. To further validate the 
advantages bestowed by this catalytic system design, the 
bimetallic composite was compared with monometallic 
transition metals (Ti or Fe), which both were supported 
onto carbon-derived fish bones. The catalytic activity of 
these two systems was investigated in a model reaction, 
namely an oxidation reaction containing styrene with 
aqueous H2O2. 

The styrene oxidation using H2O2 has been studied 
using monometallic oxide transition metals supported on 
different materials as catalysts. This is one of the reactions 
that can be employed as it is interesting from both 
industrial and scientific perspectives. Examples of 
monometallic transition metals introduced onto material 
support in styrene oxidation reactions include MCM-48 
[9], Cu [10], Pd [11], La [6], Ti [7,12-14], Mn [15-16], Fe 
[13], V [17], and Cr [18]. However, styrene conversion 
and benzaldehyde selectivity remain low when 
monometallic transition metals are used on diverse 
material supports as catalysts. 

Recently, numerous researchers have become 
increasingly interested in examining bimetallic oxides 
supported on various materials as catalysts. Bimetallic 
catalysts, composed of two different metals, exhibit 
unique characteristics. The synergistic effects of 
bimetallic oxide catalysts often result in novel 
physicochemical properties that render the catalyst 

superior to either monometallic oxide component [19]. 
Bimetallic oxide catalysts have been extensively applied 
in the oxidation reactions. Several bimetallic catalysts 
have been explored to augment styrene conversion and 
benzaldehyde selectivity in styrene oxidation, such as 
MOF-74(Cu/Co) [3], Mn, Co-MCM-41 [20], La−Zn 
bimetallic oxide [21], CoNiPW [22], Cux-Coy-MOF 
[23], and Co–Vanadium oxide supported on reduced 
graphene [24]. 

It reveals that despite the advances in bimetallic 
catalysts, there is still room for improvement in styrene 
conversion and benzaldehyde selectivity. The proposed 
novel bimetallic oxide catalyst system, consisting of 
titanium and iron oxides supported on carbon 
mesoporous-derived fishbone, has the potential to 
address these challenges. This innovative approach aims 
to enhance the catalytic performance while offering the 
benefits of being cost-effective, non-toxic, and 
environmentally friendly. 

This study systematically investigated the catalytic 
activity and selectivity of the titanium and iron 
bimetallic oxide catalyst supported on carbon 
mesoporous-derived fishbone in the styrene oxidation 
reaction using aqueous H2O2 as an oxidant. We 
compared the performance of this bimetallic catalyst 
with those of monometallic transition metal (Ti or Fe) 
catalysts supported on carbon-derived fish bones. 
Additionally, we will explore the effect of varying the 
metal ratio, catalyst loading, and reaction conditions 
(e.g., temperature, pressure, and reaction time) on the 
catalytic performance. 

By addressing the existing gap in the research, our 
study aims to develop a more efficient and 
environmentally friendly catalyst system for styrene 
oxidation. This would not only contribute to the 
advancement of knowledge in the field of heterogeneous 
catalysis but also provide potential industrial 
applications, particularly in the synthesis of valuable 
chemicals such as benzaldehyde and its derivatives. 
Ultimately, the successful development and 
implementation of this bimetallic oxide catalyst system 
could significantly improve the efficiency, selectivity, 
and sustainability of styrene oxidation processes. 
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■ EXPERIMENTAL SECTION 

Materials 

Sulfuric acid (H2SO4, 97%) was received from JT 
Beker, Germany. Titanium(IV) isopropoxide 
(Ti{OCH(CH3)2}4, 97%) was obtained from Sigma 
Aldrich, USA. Iron(III) nitrate (Fe(NO3)3) was ordered 
from Merck, Germany. Acetone (C3H6O, 99.75%) used as 
solvent was obtained from Mallinckrodt. Ethanol (C2H6O, 
96%) used as solvent was received from Merck, Germany. 
Styrene (C6H5CH=CH2, 99%) used as the reductant was 
bought from Sigma Aldrich, USA. Acetonitrile (CH3CN, 
100%) used as solvent was received from Merck, USA. 
H2O2 (30%) used as oxidant was obtained from Merck, 
USA. Fishbone waste was collected from many companies 
in Samarinda, Indonesia. 

Instrumentation 

The equipment and instruments used in this study 
included a furnace (Thermo Scientific) used for the 
carbonization process, oven (Memmert), FTIR 
spectrometer (IR-Prestige-21 Shimadzu), XRD 
instrument (Phillips PANalytical X’Pert PRO), X-ray 
fluorescence (WDXRF PANalytical, Minipal 4), SEM (FEI 
Inspect S50), the nitrogen adsorption-desorption 
isotherms (Quantachrome NovaWIn instrument version 
11.0), GC-2010 Shimadzu-gas chromatography equipped 
with an SH-Rxi-5ms column (30 m × 0.25 mm ID × 0.25 
μm df) (serial 1652111), a flame ionization detector (FID) 
and nitrogen as the carrier gas. 

Procedure 

Carbonization process 
Carbon was prepared from the fishbone waste from  

 

many food companies around Samarinda, East 
Kalimantan, Indonesia. The fishbone was cleaned from 
impurities and dried. The fishbone was crushed to 
powdered form and then carbonized in a furnace at 
500 °C for 2 h to form carbon. The fishbone-derived 
carbon was labeled as FBC. 

Sulfonization process 
Every 1 g of FBC was soaked in 10 mL of H2SO4 

(1 M, JT Beker) and stirred at room temperature for 
24 h. The mixer was filtered and washed with distillate 
water to remove any loosely bound acid, and it was dried 
at 110 °C overnight to obtain sulfonated fishbone-
derived carbon (SFBC). 

Ti and Fe impregnation 
The process of impregnation follows the previous 

research [12]. Every 1 g of SFBC was impregnated with 
titanium tetraisopropoxide (500 μmol) and iron(III) 
nitrate (500 μmol) that was soaked in 10 mL acetone and 
stirred until all of the acetone solvents completely 
evaporated. The residual acetone was removed from the 
SFBC sample with ethanol (Merck) and dried at 110 °C 
overnight. The amount of Ti and Fe impregnated in the 
catalysts varied, such as 1:1, 2:1, and 1:2, respectively. 
Furthermore, the catalysts were calcined at 350 °C for 
2 h. The catalysts were denoted as Ti-Fe(x:y)/SFBC, 
whereas x = concentration of Ti and y = concentration 
of Fe. For example, Ti-Fe(1:1)/SFBC was generated from 
SFBC that was prepared by carbonization process at 
500 °C for 2 h, and the resultant was impregnated by 
titanium tetraisopropoxide (500 μmol) and iron(III) 
nitrate (500 μmol) and calcined at 350 °C for 2 h. The 
codes of all catalysts are listed in Table 1. 

Table 1. Types of samples and treatments 

Samples Type of treatment 
Concentration of Ti 

(μmol) 
Concentration of Fe 

(μmol) 
FBC - - - 
SFBC Sulfonation - - 
Ti/ SFBC Sulfonation 500 - 
Fe/ SFBC Sulfonation - 500 
Ti-Fe(1:1)/SFBC Sulfonation 500 500 
Ti-Fe(2:1)/SFBC Sulfonation 1000 500 
Ti-Fe(1:2)/SFBC Sulfonation 500 1000 
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Catalysts characterization 
The characterization of catalysts was performed by 

using FTIR, XRD, XRF, SEM, and BET surface area. FTIR 
spectrometer with a spectral resolution of 2 cm−1, scans 
10 s, temperature at 20 °C and wavenumber from 400 to 
4000 cms−1, was used to identify the functional groups in 
the catalyst. The crystallinity and phase content of the 
catalyst were analyzed using the XRD with the Cu Kα 
(λ = 1.5406 Å) radiation as the diffracted monochromatic 
beam at 40 kV and 40 mA. The pattern was scanned in the 
2θ ranges between 7° and 60° at a step of 0.03° and step 
time of 1 s. The catalysts' chemical composition and 
physical properties were investigated using 1 kW 
wavelength dispersive XRF. The SEM with an accelerating 
voltage of 15 kV was used to determine the surface 
morphology and element containing the catalyst. The 
nitrogen adsorption-desorption isotherms were 
measured at a bath temperature of 77.3 K and an 
outgassed temperature of 300 °C using a Quantachrome 
NovaWIn instrument version 11.0. 

Catalytic test 
The performance of catalysts was evaluated by an 

oxidation of styrene with H2O2 as an oxidant. The 
procedure of reactions was conducted according to the 
previous research [25-27]. All reactions were performed 
by mixing styrene (5 mmol), H2O2 (30%, 5 mmol), 
acetonitrile (4.5 mL), and catalyst (0.1 g) with stirring for 
24 h at room temperature. The products were then 
analyzed by GC and nitrogen as the carrier gas. The 
temperatures of the injector and detector were 
programmed at 250 and 260 °C, respectively. The column 

oven temperature was programmed to increase from 80 
to 140 °C, at a rate of 10 °C/min. 

■ RESULTS AND DISCUSSION 

The results of WDXRF analysis revealed that 
calcium (Ca) and phosphorus (P) were the major 
elements in the FBC. After undergoing the processes of 
sulfonation, impregnation with titanium (Ti) and iron 
(Fe), and calcination, the samples were found to be 
dominated by calcium (Ca), sulfur (S), titanium (Ti), 
and iron (Fe). These aforementioned elements indicate 
the success of the sulfonation and metal impregnation 
processes. A comprehensive list of all the elements 
detected is provided in Table 2. 

Fig. 1 displays the FTIR spectra of Ti-Fe 
(1:1)/SFBC, Ti-Fe (2:1)/SFBC, and Ti-Fe (1:2)/SFBC, 
which are compared to Fe2O3, TiO2, and hydroxyapatite 
(HA). The spectra of all three Ti-Fe/SFBC samples (1:1, 
2:1, and 1:2) are quite similar, indicating they share 
similar characteristics. Specifically, the absorption bands 
at 2500–3600  and 1626 cm−1 correspond to the 
stretching mode of the hydroxyl (O–H) group of organic 
compounds. The presence of HA in the sample is 
indicated by the carbonate ion (CO3

2−) and phosphate 
ion (PO4

3−) groups, which were detected through 
absorption bands at 2100–2450 cm−1 and wavenumbers 
ranging from 1150  to 460 cm−1, respectively [28-33]. 
The P–O stretching asymmetric was identified by the 
absorption bands around 1150–1000 cm−1. The bending 
vibration of PO4

3− was observed through bands at 510–
620 cm−1, while the band at 874 cm−1 was assigned to the 
acidic  phosphate group (HPO4

2−) [34].  The presence of  

Table 2. Elements analysis of Ti-Fe(1:1)/SFBC, Ti-Fe(1:2)/SFBC and Ti-Fe(2:1)/SFBC obtained using WDXRF 
Elements FBC Ti-Fe (1:1)/SFBC Ti-Fe (1:2)/SFBC Ti-Fe (2:1)/SFBC 
P 16.300 - - - 
S - 29.200 29.200 27.600 
Ca 81.200 58.500 58.100 55.600 
Ti - 4.600 2.720 9.000 
Fe 0.063 7.200 8.360 7.060 
V - 0.130 0.076 0.210 
Cu 0.041 0.038 0.042 0.044 
Sr 0.580 0.350 0.350 0.310 
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Fig 1. FTIR spectra of (a) Fe2O3, (b) TiO2, (c) HA, (d) Ti-
Fe(1:1)/SFBC, (e) Ti-Fe(2:1)/SFBC, and (f) Ti-Fe(1:2)/SFBC 

iron was identified through absorptions around 540 and 
442 cm−1, which have been associated with Fe–O 
vibrations of Fe2O3 [31]. Framework titanium was 
characterized by an adsorption band in the 900–975 cm−1 
range, which was attributed to symmetric O–Ti–O 
stretching that caused the vibration of the Ti–O bond. In 
Fig. 1(d) and (f), the absorption around 900–975 cm−1 is 
not detected due to the small amount of titanium, but it 
appears after the titanium was doubled, as seen in Fig. 
1(e). 

The XRD pattern in Fig. 2 was used to determine the 
crystallinity of Ti-Fe(1:1)/SFBC, Ti-Fe(2:1)/SFBC, and Ti-
Fe(1:2)/SFBC, as well as control samples of Fe2O3, TiO2, 
and HA. The HA crystallinity (JCPDS-PDF 74-0565) was 
identified in Fig. 2(a) by the diffraction peaks at 2θ = 25.8, 
32.0, 39.7, 46.8, 49.4, and 53.0. The Fe2O3 crystallinity was 
determined in Fig. 2(b) by the diffraction peaks at 2θ = 
25.2, 36.9, 37.7, 38.5, 47.9, 53.8, and 54.9. The crystallinity 
of Ti-Fe(1:1)/SFBC, Ti-Fe(2:1)/SFBC, and Ti-Fe(1:2)/SFBC 
was found to be almost the same at 52.2, 46.1, and 50.1%, 
respectively. In all three Ti-Fe/SFBC samples, the 
presence of titanium, iron, and HA crystals was detected 
through diffraction peaks at 2θ = 25.2 and 38.5 for 
titanium; 2θ = 40.8, 43.5, and 49.4 for iron; and 2θ = 22.8, 
31.6, 32.8, and 57.1 for HA. 

Fig. 3 displays the SEM images of FBC, Ti-
Fe(1:1)/SFBC, Ti-Fe(1:2)/SFBC, and Ti-Fe(2:1)/SFBC. 
All samples exhibited rough and irregular surface 
morphology [35]. The surface area and pore structure of 
all samples were determined through Nitrogen 
adsorption-desorption isotherm analysis. Fig. 4 shows 
the isotherms for Ti-Fe(1:1)/SFBC, Ti-Fe(1:2)/SFBC, and 
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Fig 2. XRD pattern of (a) HA, (b) Fe2O3, (c) TiO2, (d) Ti-
Fe(1:1)/FBC, (d) Ti-Fe(1:1)/SFBC, (e) Ti-Fe(2:1)/SFBC, 
and (f) Ti-Fe(1:2)/SFBC 

 
Fig 3. SEM Image of (a) CFB, (b) Ti-Fe(1:1)/FBC, (c) Ti-
Fe(1:2)/FBC, and (d) Ti-Fe(2:1)/FBC 
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Ti-Fe(2:1)/SFBC, which were all classified as Type IV 
according to IUPAC, typical for mesoporous materials. 
The isotherms exhibited narrow hysteresis loops in the 
relative pressure range of ~0.6–1.0 (Ti-Fe(1:1)/SFBC), 
~0.5–1.0 (Ti-Fe(1:2)/SFBC), and ~0.55–1.0 (Ti-
Fe(2:1)/SFBC). 

Table 3 presents the surface area, pore volume, and 
mean pore size for all samples. The presence of uniform 
mesopores was indicated by mean pore sizes greater than 
2 nm. Metal impregnation (Ti and Fe) was found to 
increase the surface area, with Ti impregnation resulting 
in a higher increase than Fe impregnation. 

Catalytic Performance 

The yields of styrene oxidation products catalyzed 
by SFBC-loaded titanium-iron oxides are presented in 
Table 4. The primary products obtained using H2O2 as an 
oxidant were benzaldehyde, phenylacetaldehyde, and 
styrene oxide, with benzaldehyde being the dominant 
product. The mechanism starts from the adsorption of 
H2O2 on bimetallic oxides/SFBC, followed by the 
formation of hydroperoxyl species, then transfer of 
oxygen from bimetallic oxides to styrene, finally cleavage 
of the metalloepoxy intermediate, and also cleavage of the 
C=C bond (Fig. 5). 

To compare, FBC, SFBC, Ti/SFBC, and Fe/SFBC 
were also used as catalysts for styrene oxidation. The 
performance of each catalyst was evaluated based on 
styrene conversion and benzaldehyde selectivity. FBC 
exhibited a styrene conversion of 0.7% and benzaldehyde 
selectivity of 35% at room temperature for 24 h. SFBC, 
however, showed increased performance with a styrene 
conversion of 2.6% and benzaldehyde selectivity of 93%. 
The presence of –SO3H groups resulting from the 

sulfonation process of FBC influenced the catalytic 
performance of SFBC. 

To evaluate the influence of titanium and iron, 
Ti/SFBC and Fe/SFBC were compared with the Ti-
Fe/SFBC catalyst. Ti/SFBC showed higher catalytic 
activity than Fe/SFBC, with a styrene conversion of 23% 
and benzaldehyde selectivity of 90, 12, and 73%, 
respectively.  The styrene conversion  and benzaldehyde 

 
Fig 4. The physisorption isotherms of (a) Ti-
Fe(1:1)/FBC, (b) Ti-Fe(1:2)/FBC, and (c) Ti-
Fe(2:1)/FBC 

Table 3. Physical properties of the catalysts 

Samples 
BET surface area 

(m2/g) 
Pore volume 

(cm3/g) 
Mean pore size 

(nm) 
SCFB 6.8 0.0147 4.3 
Ti/SCFB 13.9 0.0350 5.0 
Fe/SCFB 7.6 0.0386 10.2 
Ti-Fe(1:1)/SCFB 35.1 0.1172 6.7 
Ti-Fe(2:1)/SCFB 34.8 0.1122 6.4 
Ti-Fe(1:2)/SCFB 16.9 0.0616 7.3 
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Table 4. Catalytic performance of the catalysts in the oxidation of styrene 

Catalyst 
Conversion 

(%)a  
Selectivity (%) 

BzAb PhAc SOd Other 
FBC 0.7 34.6 13.1 17.1 35.2 
SFBC 2.6 93.4 0.0 3.5 3.1 
Ti/SFBC 23.0 90.0 3.0 3.0 4.0 
Fe/SFBC 11.6 73.0 0.4 7.0 19.6 
Ti-Fe(1:1)/SFBC 41.2 90.8 0.7 0.5 8.0 
Ti-Fe(2:1)/SFBC 44.2 88.8 0.5 4.1 6.6 
Ti-Fe(1:2)/SFBC 29.3 92.9 1.2 1.5 4.4 

a Reaction conditions: The reactions were carried out at room temperature for 24 h with 
styrene (5 mmol), 30% H2O2 (5 mmol), and catalyst (100 mg). BzAb = benzaldehyde, PhAc = 
phenylacetaldehyde, and SOd = styrene oxide  

 

 
Fig 5. The mechanistic pathway of styrene oxidation 
using bimetallic oxides loaded sulfonated carbon-derived 
fishbone catalyst 

selectivity were further increased to 41 and 88% for Ti-
Fe(1:1)/SFBC, 44 and 88% for Ti-Fe(2:1)/SFBC, and 29 
and 93% for Ti-Fe(1:2)/SFBC, respectively. The higher 
catalytic performance of Ti-Fe(1:1)/SFBC can be 
attributed to its higher total surface area compared to 
Ti/SFBC and Fe/SFBC. Doubling the number of titanium 
active sites did not affect the styrene oxidation conversion 
because it was not accompanied by an increase in the 
catalyst's surface area. However, doubling the number of 
iron active sites led to a decrease in styrene oxidation 
conversion due to a decrease in the surface area of the 
catalyst. These results are consistent with previous 
studies, which found that adding Ti and Fe active sites 

does not necessarily increase styrene conversion, and Fe 
impregnation leads to lower styrene conversion 
compared to Ti impregnation [13]. The above results 
reveal that the presence of both titanium and iron oxides 
on the surface of SFBC and the catalyst's surface area 
creates a synergistic effect, which are the primary factors 
affecting its catalytic activity in styrene oxidation using 
H2O2 as an oxidant. This synergistic effect can be 
attributed to several scientific reasons [36-39]. 

Firstly, incorporating titanium and iron oxides 
provides multiple active sites on the catalyst surface. 
These active sites are crucial for enhancing the catalytic 
activity because they facilitate the adsorption and 
activation of the reactants, as well as the desorption of 
the products. Consequently, the presence of both metals 
can enhance the catalytic performance by promoting the 
interaction between the reactants and the catalyst 
surface. Secondly, the combination of titanium and iron 
oxides may result in the formation of mixed metal oxide 
phases. These mixed phases can exhibit unique 
electronic and structural properties enhancing the 
catalytic activity. For instance, the formation of mixed 
phases can lead to improved electron transfer between 
the metals, which can, in turn, facilitate the activation of 
the reactants and the subsequent oxidation reactions. 

Moreover, the presence of both titanium and iron 
oxides can also lead to the formation of a more porous 
catalyst structure, which can increase the surface area 
available for catalytic reactions. As demonstrated in 
Table 2, the bimetallic catalyst, Ti-Fe (1:1)/SFBC, has a 
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higher total surface area compared to the monometallic 
catalysts, Ti/SFBC and Fe/SFBC. A higher surface area is 
crucial for catalytic activity, as it increases the number of 
active sites available for the reactants to interact with, thus 
promoting the oxidation reaction. 

However, it is essential to note that simply 
increasing the number of active sites for one of the metals 
does not necessarily lead to a higher conversion of 
styrene. For instance, when the number of titanium active 
sites was doubled (Ti-Fe(2:1)/SFBC), it did not result in 
an increase in styrene oxidation conversion due to the 
absence of a corresponding increase in the catalyst's 
surface area. Furthermore, when the number of iron 
active sites was doubled (Ti-Fe(1:2)/SFBC), the styrene 
oxidation conversion decreased, as the addition of iron 
active sites led to a reduction in the catalyst's surface area. 

The synergistic effect observed in the Ti-Fe/SFBC 
catalyst for styrene oxidation can be attributed to the 
presence of both titanium and iron oxides, which provide 
multiple active sites, promote the formation of mixed 
metal oxide phases, and contribute to a higher surface 
area. However, it is crucial to maintain a proper balance 
between the active sites and the catalyst's surface area to 
optimize the catalytic performance. 

The study has several limitations that should be 
considered. First, it is focused solely on the Ti-Fe/SFBC 
catalyst for styrene oxidation, which means that the 
findings may not apply to other types of catalysts or 
reaction systems. Second, the investigation of the 

relationship between catalyst structure and catalytic 
properties is limited by the techniques and methods used 
in this study, which may not capture all aspects of the 
catalyst's behavior. Lastly, the study does not address the 
long-term stability and reusability of the Ti-Fe/SFBC 
catalyst, which are important factors for practical 
applications. 

To gain a deeper understanding of the synergistic 
effect and the relationship between catalyst structure 
and catalytic properties, further studies should explore 
several aspects. Investigate the Ti-Fe/SFBC catalyst's 
performance in other oxidation reactions to assess the 
generality of the observed synergistic effect. Employ 
advanced characterization techniques to gain a more 
detailed understanding of the catalyst's structure, 
including the nature of the active sites and the interaction 
between titanium and iron oxides. Examine the effect of 
varying the ratio of titanium and iron oxides in the 
catalyst to identify the optimal balance between active sites 
and surface area for enhanced catalytic performance. 
Lastly, evaluate the long-term stability and reusability of 
the Ti-Fe/SFBC catalyst under various reaction 
conditions to determine its practical applicability. By 
addressing these aspects, future studies can contribute to 
developing more efficient and versatile catalysts for 
styrene oxidation and other related reactions. 

To check the reusability and stability of the Ti-
Fe(1:1)/SFBC, Ti-Fe(2:1)/SFBC, and Ti-Fe(1:2)/SFBC, all 
catalysts were recovered and recycled for further reaction. 

 
Fig 6. The reuse of catalysts in the oxidation of styrene (5 mmol), 30% H2O2 (5 mmol) and catalyst (100 mg) at room 
temperature for 24 h 
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After each use, both catalysts were recycled by washing 
with ethanol and centrifugation thrice and drying at 
110 °C in a vacuum oven overnight. The conversion of 
styrene oxidation was used to compare all catalysts. As 
shown in Fig. 6, Ti-Fe(1:1)/SFBC and Ti-Fe(2:1)/SFBC 
catalysts were higher and more stable after three reaction 
cycles than Ti-Fe(1:2)/SFBC catalyst. The decrease in the 
styrene conversion from the first reaction cycle to the 
second and third reaction cycles were 44.2, 42.7, and 
40.7% for Ti-Fe(2:1)/SFBC; 41.2, 39.3, and 38.9% for Ti-
Fe(1:1)/SFBC. Different from the Ti-Fe(1:2)/SFBC 
catalyst, the decrease in the yield of styrene conversion 
was very drastic at 29.3, 16.5, and 15.9%. Based on 
catalytic performance for styrene oxidation with H2O2 as 
oxidant, after three cycles of reaction and wash, we 
predicted that around 94% of the Ti-Fe(1:1)/SFBC, 92% 
of Ti-Fe(2:1)/SFBC, and 54% catalytic sites of fresh 
catalysts should remain on the catalyst under the reaction 
conditions used in this study. The explanation might be 
used as the physical loss of some catalyst powder during 
the recycling step. During the washing step, titanium and 
iron active sites directly interact with ethanol as the 
solvent; hence, the leaching cannot be avoided. 

■ CONCLUSION 

The utilization of bimetallic titanium-iron oxide 
loaded SFBC as a catalyst has been investigated in the 
oxidation of styrene using aqueous H2O2. The study found 
that the catalytic performance of SFBC was superior to 
that of FBC, and Ti/SFBC was greater than Fe/SFBC. A 
synergistic effect was observed due to the coexistence of 
titanium (Ti) and iron (Fe) oxides, which enhanced the 
catalytic performance. The presence of titanium and iron 
oxides influenced the surface area and the catalytic 
activity of the catalysts in the oxidation of styrene, 
employing aqueous H2O2 as an oxidant. Upon examining 
reusability and stability, it was concluded that a specific 
ratio of Ti-Fe/SFBC demonstrated better stability 
compared to other Ti-Fe/SFBC ratios. 
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 Abstract: The approach to the synthesis of cerium oxide nanoparticles (CeO2NPs) using 
plants as capping agents has been widely researched because of its eco-friendly, low-cost, 
simple, effective, and reusability. In this research, we used Moringa oleifera leaf extract-
mediated CeO2NPs. CeO2NPs were characterized by XRD, FTIR, SEM, TEM, and DRS 
UV-vis. The photocatalytic activity of CeO2NPs was tested using a phenol dye 
concentration of 7 mg/L with variations in photocatalyst weight of 10, 20, 30, 40, 50, 60, 
70, 80, 90, and 100 mg under UV irradiation, respectively, with time variations of 15, 30, 
45, 60, 75, 90, 105, 120, 135, and 150 min. SEM and TEM morphology results showed 
that the CeO2NPs were spherical and agglomerated. The crystal structure is cubic, with a 
crystal size of 18 nm with a band gap of 2.87 eV. CeO2NPs showed high photo-
degradation phenol dye of 94.45% under visible light in 120 min irradiation time. The 
results show that M. oleifera leaf extract could be as inexpensive and safe for synthesizing 
other metal oxide nanoparticles, potentially having applications in the biomedical and 
environmental fields. 

Keywords: cerium oxide nanoparticles; approach synthesis; phenol; Moringa oleifera; 
photocatalytic 

 
■ INTRODUCTION 

Medical waste contains many chemical compounds 
that harm humans and the environment [1-2]. Phenol dye 
is one of the hazardous chemicals in medical waste [3-5]. 
Based on the Decree of the Environment Ministry of 
Indonesia Republic No. 51, concentrations of phenol 
according to quality standards shall be in a range of 0.5–
1.0 mg/L. Phenol concentration above the quality 
standard can cause effects on humans, including liver and 
kidney damage, decreased blood pressure, weakened 
heart rate, and even death [6-7]. 

Central General Hospital Dr. M. Djamil Padang is 
the largest type A hospital in West Sumatra. Based on 
this condition, many patients’ treatment will increase 
the amount of liquid waste produced, including phenolic 
compounds. Conventional methods that have been 
applied to decompose phenol wastes are steam 
distillation [8], liquid-liquid extraction [9], solid-phase 
extraction [10], and biodegradation [11]. In the last 
decade, many studies have proven that photocatalyst 
technology is better at degrading organic compounds; 
thus, it is more economical in energy use and can reduce 
the use of chemicals [12]. 
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Photocatalyst processes usually use metals and metal 
oxides such as TiO2 [13-14], ZnO [15], and Ag [16]. 
However, the use of this metal in the degradation of 
phenol waste still gets a percentage of phenol waste under 
50%, and optimal conversion data for phenolic waste has 
yet to be obtained. So, in recent years, many researchers 
have been interested in using cerium oxide (CeO2) as a 
photocatalyst. CeO2 is a semiconductor with a 3.0–3.9 eV 
band gap in bulk, chemical stability, thermal stability, and 
high conductivity that can absorb UV light and has 
catalytic and optical properties [17-18]. Various fields of 
application, such as UV absorbers [19], biosensors [20], 
sunscreens cosmetics [21], biomedical applications [22], 
and photo-catalysts [23], have been reported. CeO2 
nanoparticles (CeO2NPs) act as heterogeneous catalysts 
[24], so they easily separate from the waste after the 
photocatalyst process is completed so as not to harm the 
environment [25]. 

The synthesis of the CeO2NPs had previously been 
used utilizing chemical substances such as acids (acetic 
acid) or bases (ammonium hydroxide) [26]. Various leaf 
extracts from plants have been used in the green synthesis 
of CeO2NPs, including Gloriosa superba leaf extract [27], 
Olei europaea leaf extract [28], Prosofis julifora leaf extract 
[29], and Calotropis procera flower extract [30]. In this 
study, Moringa oleifera leaf extract was used to perform 
green synthesis of CeO2NPs. A literature search revealed 
that no prior work has used this extract to create CeO2NPs. 
Phytochemical testing of M. oleifera leaf extract contains 
flavonoids, triterpenoids, steroids, saponins, and tannins. 
They act as capping agents in the process of synthesis of 
nanoparticles. The usage of this technique is more 
environmentally beneficial because it does not use 
harmful chemicals in nanoparticle synthesis [17,31]. 

The increased phenol content in wastewater has 
forced dye manufacturers to address their environmental 
impact. Conventional chemical methods do not 
effectively decompose phenol into innocuous byproducts, 
according to prior studies. This situation became the main 
reason for the scientific community to develop new 
effective processes for the decomposition of phenol dye. 
Due to its affordability, environmental friendliness, and 
simplicity in process control, photocatalytic techniques 

have attracted the attention of numerous phenol 
degradation researchers [32]. 

For the development of CeO2NPs in the degradation 
of phenol under visible light irradiation, M. oleifera 
potential reduction agents and stabilizing activity may 
be utilized as a suitable green synthesis method. Based 
on research gaps, the present research showed the 
potential activity reduction and stabilization agent of M. 
oleifera extract for the photosynthesis of CeO2NPs. 
According to related literature, there have not been any 
investigations into the photocatalytic activity of 
CeO2NPs mediating M. oleifera for phenol degradation. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were M. oleifera 
leaves from Balai Benih Induk Tanaman (Center for 
Mother Plant Seed) at Lubuk Minturun, Koto Tangah, 
Padang, West Sumatra, Indonesia. Sigma-Aldrich 
offered phenol with a 99% purity and cerium nitrate 
hexahydrate (Ce(NO3)3·6H2O) with a 99.99% purity. 

Instrumentation 

The powder X-ray diffractogram (XRD) of 
synthesized and calcined samples was recorded on a 
Rigaku Miniflex diffractometer with Cu-Kα radiation 
between 20 and 90° (2θ) with a scanning rate of 1°/min. 
TEM micrographs of the samples were obtained with a 
JEOL 100CX microscope with 100 kV of acceleration 
voltage. SEM using the JEOL-JSM 6360 LA. 

Procedure 

Synthesis of CeO2NPs 
M. oleifera were collected from the Balai Benih 

Induk Tanaman (Center for Mother Plant Seed) and 
taxonomic identification was carried out in Herbarium 
Universitas Andalas (ANDA), Andalas University, 
Padang, Indonesia. Secondary metabolites were identified 
at the Laboratory of Natural Products, Chemistry 
Department, Andalas University. The leaves were shade-
dried at room temperature for about 5 d, and the dried 
leaves were then mashed up to obtain a fine powder. As 
much as 10 g of M. oleifera leaf powder was dissolved in 
50 mL double distilled water for 30 min at 65 °C. The 
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obtained extract was filtered with Whatman No.1 filter 
paper and stored in a sealed bottle at 4 °C for further use. 

Ce(NO3)3·6H2O (0.1 mol) was added to 200 mL of 
M. oleifera leaf extract and stirred at a speed of 500 rpm at 
a temperature of 80 °C for 2 h. The solution was filtered, 
washed with distilled water, and dried in an oven at 80 °C 
for 4 h. CeO2 was synthesized in a furnace at 600 °C for 
2 h [2]. 

Degradation of phenol dye 
Photocatalytic degradation was carried out at room 

temperature using a batch photo-reactor setup. The 
photocatalytic activity of CeO2NPs is used to decompose 
phenol with known concentrations. The six beaker glasses 
were wrapped in black plastic, each with 250 mL of 
phenol, and added with the CeO2 photocatalyst (0, 10, 20, 
30, 40, 50, 60, 70, 80, 90, and 100 mg). The beaker glasses 
were put into a radiation box and wrapped with the new 
black plastic. Next, the beaker glasses were irradiated with 
a visible 300 W Xenon lamp (Cermax® Xenon, Excelitas, 
USA) with a wavelength (λ) > 400 nm with time variations 
for 15, 30, 45, 60, 75, 90, 105, and 120 min. After the 
radiation process, the suspension from each beaker glass 
was centrifuged. The absorbance of the supernatant was 
measured with a UV-vis spectrophotometer at the 
maximum length of phenol. 

■ RESULTS AND DISCUSSION 

The concentration phenol of medical waste from 
Central General Hospital (RSUP) Dr. M. Djamil Padang 
was analyzed in the Chemistry Laboratory, Medical 
Laboratory Technology Department, STIKES Syedza 
Saintika. The analyzed parameters were the concentration 
of phenol and pH measurement using a spectrophotometer 
and pH meter. It can be shown in Table 1 according to the 
standard based on Minister of Environment Regulation of 
the Republic of Indonesia No. 5 of 2014 on “Wastewater 
Quality Standards”. 

The phenolic concentration in a liquid waste sample 
in the initial reservoir before processing is 6.65 mg/L with 
pH 8, then used to make an artificial phenol solution 
become 7 mg/L. This research used CeO2 as a 
photocatalyst with variations in the weight and 
degradation time. 

Nanoparticle Characterization 

The aim of XRD characterization is to know the 
crystal structure. The specific peaks of CeO2 at 2θ 28.83, 
32.82, 47.34, 56.71, 69.96, and 76.66, respectively, 
represent for hkl (111), (200), (220), (311), (400), and 
(420), as shown in Fig. 1(a). The CeO2NPs have a cubic 
structure according to ICPDS Card No. 34-0394. This 
spectrum showed no impurity peaks, which confirmed 
that single-phase CeO2 crystals were successively 
formed. The strong crystallinity of CeO2NPs and 
spectrum diffraction peak was narrow with a crystal size 
calculated using the Debye-Scherrer equation (Eq. (1)). 

D
cos



 

 (1) 

Here, the full width at half maximum (FWHM) value is 
β, the diffraction angle is θ, the size of the crystallite is D, 
the numerical factor corresponding to the crystallite 
shape factor is K, and  the wavelength of  X-ray is λ [30].  

Table 1. The chemical parameters in the hospital waste 

Parameters Unit Sample 
The wastewater 

quality standard* 
Phenol mg/L 6.65 0.50–1.00 
pH mg/L 8.0 6.0–9.0 

*based on Minister of Environment Regulation of the Republic of 
Indonesia No. 5 of 2014 
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Fig 1. XRD profile of (a) standard of CeO2 (ICSD-34-
0394) (b) as-synthesized CeO2NPs 
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It became known that the average crystallite size of 
CeO2NPs produced using M. oleifera leaf extract was 
28 nm. 

Fig. 2 shows the CeO2NPs FTIR spectrum. The KBr 
pellet method was applied to conduct the FTIR study, 
which was scanned in the 400–4000 cm−1 wavelength 
range. The absorption bands at 1300, around 1600, and 
3300 cm−1 are referred to as N–O stretching, H–O–H 
bond, and OH stretching in the FTIR spectra of 
CeNO3·6H2O respectively (Fig. 2(a)). The FTIR 
absorption spectrum of CeO2NPs after calcination in Fig. 
2(b) shows the intensity of 453 and 685 cm−1, which are 
referred to Ce–O stretching and O–Ce–O bonding, 
respectively. It was observed that the OH peak of the water 
appears to be reduced in CeO2 form. The results of this 
study are in line with Arumugam et al. [27], who also 
found the peak of Ce–O stretching to be 451 cm−1. 

The morphology of the nanoparticles was shown 
from the SEM, TEM, and HRTEM analysis. Fig. 3(a) 

morphology analysis that can show the TEM image. It 
can SEM data show the CeO2NPs morphology where the  
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Fig 2. FTIR spectra of (a) CeNO3·6H2O precursor (b) as-
synthesized CeO2NPs 

 
Fig 3. (a) SEM, (b) TEM, (c) HR TEM, and (d) size distribution diagram of as-synthesized CeO2NPs 
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particles are agglomerated. Fig. 3(b) is a microstructural 
be shown that the particles are spherical and 
agglomerated. The clear microstructural morphology 
analysis can be shown in HRTEM data in Fig. 3(c). 
Particle size was calculated using the Image J application 
from HRTEM image data and obtained a particle size of 
5–40 nm, with a mean particle size of 18 nm described in 
the histogram in Fig. 3(d). 

The Kubelka-Munk equation (Eq. (2)), which has 
the following formula, was used to compute the amount 
of absorption whereas F(R) is known as the Kubelka-
Munk function, K is the molar absorbance coefficient, S is 
the scattering factor, R is the material's reflectance value. 

 21 RKF(R)
S 2R


   (2) 

Band gap energy obtained from the graph of the 
relationship between hν(eV) vs (F(R)hν)1/2 determined by 
Eq. (3); 

hcEg h  


 (3) 

where h is Planck's constant (6.624 × 10−34 J s), c is the 
speed of light in the air (2.998 × 108 m/s), λ is the 
wavelength (nm), and Eg represents the band gap energy 
(eV). The value of the hν at (F(R)hν)1/2 = 0, which is 
determined by the linear regression equation of the curve 
[33] (Fig. 4). The band gap of CeO2 in its bulk form is 
relatively  large,  with  values  ranging from  3.0  to  3.9 eV.  

200 300 400 500 600 700 800

1 2 3 4

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

345 (nm)

(F
(R

)h
 

)1/
2 (e

V
 c

m
-1

)1/
2

Energy (eV)

Eg = 2.87 eV

 
Fig 4. DRS UV-vis spectrum of CeO2NPs inserts band gab 
energy value of CeO2NPs by Kubelka Munk equation 

According to preliminary research, a few investigations 
have reported on reducing the band gap of CeO2 without 
the use of dopants. However, it is frequently applied 
using harsh techniques at relatively high temperatures. 
Scott et al. [34] synthesized CeO2 NPs with a minimum 
band gap of 2.73 eV but using a thermal treatment at 
600 °C for 4 h to remove the CeOHCO3 phase formed 
during the synthesis process. This research e gab value 
was 2.87 eV at 600 °C for 2 h. The narrowing of the band 
gap is achieved thanks to the high structural disorder of 
the nanoparticles synthesized. The smaller the 
nanoparticles, the smaller the band gap value. The 
literature shows the opposite behavior for nanoparticles 
due to the quantum confinement effect [35]. 
Additionally, because it causes a change in the strength 
of attachment of the atoms in the crystalline structure, 
the structural disorder assists in decreasing the band 
gap. This information matches XRD results that suggest 
a crystallite size of 28 nm. The visible region can use a 
photocatalyst because the energy gap value was 2.87 eV 
(Fig. 4). The photocatalyst will absorb light with a lower 
energy level when the gap energy is reduced, but there is 
a higher chance of electron recombination is greater. 

The Photocatalysis Application 

The weight of CeO2NPs was varied at 10, 20, 30, 40, 
50, 60, 70, 80, 90, and 100 mg. The degradation time 
variation of phenol dye using CeO2 NPs photocatalyst 
was 0, 30, 45, 60, 75, 90, 105, and 120 min. The artificial 
solution volume is 250 mL, and the used time is 100 min 
with a pH of 8. The result can be seen in Fig. 5 and 6 
whereas visible light data refer to the absence of CeO2 
NPs while blank data refer to the absence of both CeO2 
NPs and visible light. 

Based on Fig. 5 and 6, when the photocatalyst 
weight is 100 mg, it can decompose 92.45% of the phenol 
dye, and the removal concentration becomes 0.4 mg/L. 

In this study, the phenol dye degradation time 
variation using CeO2NPs photocatalyst was 0, 30, 45, 60, 
75, 90, 105, and 120 min. The volume of the artificial 
solution is 250 mL, and the mass of the photocatalyst 
used is 100 mg, with a pH of 8. Respectively, CeO2NPs 
showed high phenol degradation up to 94.45% at 120 min  
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Fig 5. The percentage degradation of phenol versus 
dosage of CeO2 using visible light irradiation 
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Fig 6. The removal concentration of phenol versus 
dosage of CeO2 using visible light irradiation 

 
of irradiation time, as shown in Fig. 7 and 8. CeO2NPs 
show a high degree of photocatalytic activity as a result of 
photogenerated electron-hole pairs on the photocatalyst 
surface. It was also comparable to other metal oxide 
photocatalysts described in the literature and shown in 
Table 2 when phenol was photocatalytically degraded on 
the surface of CeO2NPs catalysts for photosynthesis in the 
presence of a visible light source. 

The comparison of other metal oxide photo-
catalysts is shown in Table 2. The activity photo-
degradation of CeO2NPs synthesized was compared with 
other literature using metal oxide for phenol degradation. 

It can be concluded that metal oxides cause different 
photo-degradation activities. The photo-degradation 
activity of CeO2NPs in this study was reported in the 
range of 70–89%. It shows that the CeO2NPs 
photocatalyst synthesized by the green synthesis method 
can also degrade phenol waste with visible light source 
irradiation. 

The illustration of the phenol degradation 
mechanism compounds in the presence of visible light 
on the surface of CeO2NPs is shown in Fig. 9. When the 
CeO2NPs photocatalyst absorbs photon light 
irradiation, phenol degradation  occurs on the surface of  
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Fig 7. The removal concentration of phenol versus 
irradiation time using visible light irradiation 
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Fig 8. The percentage degradation of phenol versus 
irradiation time using visible light irradiation 
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Table 2. The comparison of degradation percentages on phenol degradation by metal oxide nanoparticles 
Catalyst Dosage (mg/L) Time (min) Percentage degradation rate (%) Ref. 

TiO2 nanoparticle 150 105 82.00 [36] 
Ni nanoparticle 200 120 78.00 [37] 
Zirconia nanoparticle 100 150 79.00 [38] 
Zinc oxide nanorod 100 180 45.00 [39] 
Ag nanoparticle 200 100 89.00 [40] 
CeO2NPs 100 120 94.45 This work 

 

 
Fig 9. The phenol degradation mechanism 

the CeO2NPs photocatalyst through superoxide (O2
−) 

radicals and the hydroxyl (OH) radical. According to the 
degradation mechanism, when the CeO2NPs 
photocatalyst absorbs photon light, electrons jump from 
the valence band (VB) to the conduction band (CB). 
Then, holes (h+) were formed in VB and electrons (e−) in 
CB. The electron-hole pairs photogenerated onto the 
surface of the and generated free OH radicals on the 
CeO2NPs surface [41]. It indicates that CeO2NPs have a 
good ability to generate OH radicals in the phenol waste 
solution. The photogenerated electrons in the CB can 
generate superoxide radicals. The superoxide radical 
anion has a significantly more ability to remove pollutants 
than of OH [2]. Thus, more hole pairs will reach the 
CeO2NPs surface, increasing the phenol degradation. 

During photocatalyst reusability under UV light 
exposure with five recycle uses, the photocatalytic activity 
of CeO2NPs was additionally examined. In the first cycle, 
the photodegradation efficiency for the phenol dye using 
CeO2NPs was 94.45%. After the first cycle concluded, the 
CeO2NPs were separated by centrifugation, then washed 
with aquadest and dried for 2 h at 100 °C in an oven. For 
the subsequent  cycle of  photodegradation of  phenol dye  
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Fig 10. Reusability of CeO2NPs for five cycles 

under the same conditions, the dried photocatalyst was 
utilized. Fig. 10 illustrates the CeO2NPs' five-cycle 
recyclability. The recycling study over five cycles, which 
showed a higher turnover rate and photocatalyst stability, 
did not substantially impact the photodegradation 
efficiency of CeO2NPs. The photocatalytic activity of 
CeO2NPs showed a dramatically decreased of phenol 
degradation percentage, probably caused by the material 
loss during the recovery procedure [38]. In addition, the 
reduction in surface area during treatment eventually 
caused the photocatalytic effectiveness to decrease. 
Because no substantial leaching occurred after seven 
additional trials, the CeO2NPs catalyst was very stable 
and active, demonstrating that it is appropriate for use 
in photodegradation reactions. 

■ CONCLUSION 

Synthesis of CeO2NPs from Moringa oleifera leaf 
extract can be used for the photo-degradation of phenol. 
The morphology of nanoparticles is spherical, with a 
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particle size of 18 nm. CeO2NPs showed high photo-
degradation by percentage degradation of phenol dye is 
94.45% in 120 min irradiation time under visible light. 
Reusability shows stable results in degrading phenol waste 
so that it has the potential to be used to remove phenol dye. 
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Fig S3. 1H-NMR spectrum of A1 

 
Fig S4. 1H-NMR spectrum of A3 
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Fig S5. FTIR spectrum of B3 

 
Fig S6. 1H-NMR spectrum of B3 
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Fig S7. FTIR spectrum of C2 

 
Fig S8. FTIR spectrum of C3 
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Fig S9. 1H-NMR spectrum of C1 

 
Fig S10. 1H-NMR spectrum of C2 
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Fig S11. Docking profile of heptyl derivative with AChE receptor 

 
Fig S12. Docking profile of octyl derivative with AChE receptor 
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Fig S13. Docking profile of nonyl derivative with AChE receptor 
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 Abstract: In this work, new compounds of amide derivatives (C1-C3) were synthesized 
through the conversion reaction of p-chloroaniline to diazonium salt (B1), which reacts 
with aniline to form a new azo-compound (B3). Synthesized of p-alkoxybenzoic acid (A1-
A3) and reacts with SOCl2 to form A4-A6 compounds that react with B3 compound to form 
amide compounds (C1-C3). The synthesized derivatives were tested by docking analysis 
and characterized via FTIR, 1H-NMR spectra. In the docking study, the interaction diagram 
also displays many van der Waals interactions, which are used to estimate the synthetic 
compounds' activity as insecticides like anti-termites. Heptyl came in first on the binding 
score, followed by octyl and then nonyl. Due to the compounds' modified conformation 
in interacting with the enzyme's binding pocket, the length of the alkyl residue of the 
derivative adversely impacted their binding inhibition. The synthesized compounds (C1 
and C3) give a good result as anti-E. coli and anti-Staphylococcus strains. 

Keywords: amide; azo; insecticide; bacterial 

 
■ INTRODUCTION 

The amide’s function is unarguable and of primary 
importance, being the constituent of natural and synthetic 
polymers and found in a wide variety of bioactive small 
molecules prepared both by nature and in the laboratory. 
In addition, amides have been employed as reaction 
partners in diverse transformations, representing the 
source for both the carbonyl and amine groups [1]. 

The amide functional group is one of the most 
important in organic synthesis, with a wide range of 
applications in different fields. For example, therapeutic 
peptides have demonstrated their effectiveness in 
pharmaceutical chemistry [2], and approximately 25% of 
marketed drugs and two-thirds of drug candidates 
contain at least one amide function. Furthermore, the use 
of amides in material and polymer chemistry is of great 
importance, such as for OLED applications, dentistry, or 

nanocomposites. In organic synthesis, amides are also 
significant, owing to their outstanding reactivity as 
nucleophiles [3]. A peptide bond exists between the 
nitrogen and carbon of the carbonyl group [4-5]. 

Amides are a kind of substance that has been used 
in a variety of industries, including pharmaceuticals, 
agrochemistry, and materials research. Asides have had 
a significant impact on the pharmaceutical industry, as 
evidenced by the significant number of medications 
having an amide component and the high fraction of 
amide-linking processes performed by medicinal 
chemists [6]. Various chemical processes use amides as 
catalysts, ligands, reagents, solvents, and substrates. 
Because of their usefulness, new amide synthesis 
techniques are continually being developed [7-8]. 

The reaction of acid chlorides with amines is the 
most effective and widely used procedure for the 
manufacture of amides. Azo dyes are chemical 



Indones. J. Chem., 2023, 23 (6), 1535 - 1541    

 

Zinah Hussein Ali et al. 
 

1536 

compounds that include the N=N functional group. They 
are a commercially important class of azo compounds [9]. 
Azo dyes now provide a more significant part of the dye 
chemical industry, and their relevance is likely to grow in 
the coming years. They are essential in the management 
of the dye and printing markets. These dyes are made 
using a simple diazotization and coupling method. A 
variety of techniques and adjustments are used to achieve 
the appropriate color characteristics, yield, and particle 
size of the dye for better dispersibility. The most widely 
used dyes, accounting for around 60% of all dye 
manufacturing, are azo dyes [10]. Azo dyes account for 
more than 70% of all dyes used in the industry [11]. The 
most widely used synthetic colorants are azo dyes, which 
are used in textiles, printing, and paper. 

Escherichia coli (E. coli) is one of the most common 
Gram-negative foodborne pathogens, which usually is 
used as an indicator bacterium in tests for fecal 
contamination of food [12]. Staphylococcal infections, 
commonly called staph infections, are caused by a genus 
of bacteria called Staphylococcus. The most common 
human pathogen is S. aureus. A pathogen is an organism 
that causes disease [13]. Insecticides are chemicals that are 
used to keep insects under control by killing them or 
stopping them from acting in undesired or damaging 
ways. Their structure and mode of action are used to 
classify them. Many pesticides work by blocking the 
enzyme cholinesterase in the insect's brain. Other 
pesticides work as growth regulators or endotoxins [14]. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were p-chloroaniline 
(C6H6ClN), ethanol (C2H6O), aniline (C6H7N), thionyl 
chloride (SOCl2), 4-hydroxybenzoic acid (C7H6O3, 99% 
purity, Sigma Aldrich, USA), potassium carbonate 
(K2CO3), 1-heptylbromide (CH3(CH2)6Br), 1-octylbromide 
(CH3(CH2)7Br), nonylbromide (CH3(CH2)8Br, 97% purity 
Merck, Germany), high-quality absolute ethanol and 
dimethylformamide (DMF, 99% purity Merck, Germany). 

Instrumentation 

The instrumentations used in this study were Fourier- 

transform infrared (FTIR) spectroscopy (ALPHA II, 
Bruker, Germany), and 1H-NMR hydrogen nuclear 
magnetic resonance (NMR 400 MHz, ACF 400, Bruker, 
Germany). 

Procedure 

General procedure for the synthesis of azo 
compound (B3) [15] 

In an ice water bath, add 6 mL of 10% HCl solution 
to p-chloroaniline (0.01 mol) with 3 drops of HCl in a 
test tube. The test tube contained 0.02 mol (1.38 g) of 
NaNO2 in 7 mL of distilled water. In the ice bath (5 °C), 
the first solution was added to another solution in the 
test tube. A 0.01 mol of aniline solution in 10 mL of 10% 
NaOH was added in test tube No.3. Then, in test tube 
No.3, add the solution mixture. Finally, the final product 
was filtered, and the precipitate was collected, which led 
to the necessary products being made. The melting point 
of B3 was 204–209 °C and has yellow color. 

General procedure for the synthesis of p-
alkoxybenzoic acid compounds (A1-A3) [16] 

Dissolved 15 mL of ethanol with 0.01 mol (1.38 g) 
4-hydroxybenzoic acid and alkyl bromide (R: heptyl, 
octyl, and nonyl) and refluxed for 24 h. The solution was 
added to 0.02 mol (1.2 g) of K2CO3, diluted in a small 
quantity of water (around 5 mL), and heated for 1–3 h. 
The solvent was evaporated, and an equivalent volume 
of water was added, followed by heating the solution 
until it became pure. Acidification with HCl resulted in 
the formation of a solid precipitate. 

Synthesis of 4-alkoxybenzoyl chloride (A4-A6) [17] 
For 3–4 h, a mixture of each 0.01 mol of 4-

alkoxybenzoic acid (A1–A3) and 15 mL of SOCl2 was 
refluxed with a few drops of DMF as solvent. After 
evaporating the excess SOCl2, the result is a dark brown 
precipitate of 4-alkoxybenzoyl chloride. Finally, the acid 
chloride residue was utilized straight for the further 
reaction without purification. 

Synthesis of N-(4-(4-Chloro-phenylazo)-phenyl)-4-
alkoxy-benzamide compounds (C1-C3) [18] 

The compound (A4-A6) 0.001 mol was dissolved 
in 15 mL of pyridine and added by 0.001 mol of B3. The 
solution was stirred at 25 °C for 24 h. Following that, the 
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mixtures were put into ice cubes, filtered, and rinsed with 
distilled water. 

Docking analysis 
Acetylcholinesterase (AChEcrystallographic)'s 3D 

structure was obtained from the protein data bank (PDB 
code: 6xyu). Using Swiss Protein Viewer, the enzyme 
structure was subjected to energy reduction (version 4.1). 
Following a series of preparation procedures, the co-
crystallized ligands and water molecules were taken out, 
the structure was adjusted, and polar hydrogens were 
added. ChemDraw extreme (version 18.0) was used to 
draw out the synthesized compounds, and the sdf files 
were then saved and transformed using Open Babel 
software to PDB files. Using Autodock Tools (version 
1.5.6) [19] and a pdbqt file format, the docking operation 

was carried out after energy reduction for both the 
enzyme and the receptor was complete. Autodock Vina 
was used to perform molecular docking along with Auto 
Grid software with a grid box of size (30 × 30 × 30) and 
a grid center (39.787 * 53.325 * 5.243), which represent 
the x, y, and z dimensions, respectively. The docking 
parameters were set to default values, and ten 
conformations were generated. Discovery Studio [20] is 
used for generating visualization images. 

■ RESULTS AND DISCUSSION 

4-Alkoxybenzoic acid (A1-A3) was synthesized via 
the reaction of 4-hydroxybenzoic acid with alkyl 
bromide (1-bromoheptane, 1-bromooctane, and 1-
bromononane). From Scheme 1,  an azo dye can only be 
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Scheme 1. Routs for the synthesized compounds C1–C3 
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manufactured using two organic molecules, a coupling 
component and a diazonium salt. The diazonium salt 
interacts as an electrophile with an electron-rich coupling 
element, such as aniline, through an electrophilic aromatic 
substitution process. The amine group is positioned at para 
to the aryl diazonium ion. The described compounds were 
synthesized through the condensation reaction between 
previously produced compounds (B3) and 4-alkoxybenzoyl 
chloride (A4-A6). The physicochemical properties of the 
synthesized compounds are listed in Table 1. 

Insecticide activity and the efficacy of compounds 
C1, C2, and C3 as pesticides against Aphidoidea insects 
were studied in the Department of Plant Protection (Al-
Muthanna Agriculture Directorate) in Al Muthanna 
Governorate. The concentrations of 3000, 4000, and 
5000 ppm of the prepared compounds C1, C2, and C3, 
which have been dissolved with paraffin. The synthesized 
compounds were used as pesticides by spraying the 

solution on the insect using the spray method. The 
synthesized compounds that were used as pesticides in 
the application gave positive results by killing the insects 
at the different concentrations used. The efficacy of 
compounds C1, C2, and C3 as pesticides against 
Aphidoidea insects. The synthesized compounds used as 
pesticides in the application gave positive results by 
killing the insects at different concentrations at different 
times, as shown in Table 2. 

The compounds synthesized were evaluation 
evaluated against various types of Gram-positive and 
Gram-negative bacteria. All compounds give good 
results by inhibiting the zone growth of each bacteria 
used, as shown in Table 3. 

Fig. S1 explained FTIR for compound A2, the 
broadband at 3423 cm−1 for OH group, 3116 and 
3084 cm−1 for C–H aromatic, 2977 and 2831 cm−1 for C–
H aliphatic,  1729 cm−1 detected for  C=O and  1614 cm−1  

Table 1. Physicochemical properties of synthesized compounds B3, C1–C3 
Compound No. Structure Yield % M.p °C Color 

B3 

 

76 204–209 Yellow 

C1 

 

72 183–188 Brown 

C2 

 

74 171–175 Dark 
Brown 

C3 

 

78 158–162 Orange 

 
Table 2. Anti-insect activities of the compounds C1–C3 

Compound 
No. 

Time (min) to kill Aphidoidea insects 
3000 4000 5000 

C1 3.00 2.00 1.75 
C2 4.00 3.00 2.75 
C3 4.00 3.50 2.25 

Table 3. Antibacterial activities of the compounds C1–C3 

Bacteria name 
Zone of inhibition (mm) 

C1 C3 
Staphylococcus + ++ 
Escherichia coli ++ + 

Note: (+) less than 13 mm, and (++) more or equal to 13 
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for C=C aromatic [21]. Fig. S2 explained FTIR for 
compound A3, the broadband at 3443 cm−1 for the OH 
group, 3033 cm−1 for C–H aromatic, 2968 and 2866 cm−1 
for C–H aliphatic, 1716 cm−1 detected for the C=O and 
1601 cm−1 for C=C aromatic [21]. The FTIR spectrum of 
compound B3 in Fig. S5 showed the two bands 3543 and 
3406 cm−1 (NH2), 3077 cm−1 (C–H aromatic stretching), 
1614 cm−1 (C=C), 1578 cm−1 (N=N), 1112 cm−1 (C–N 
bending), 716 cm−1 (C–Cl). The FTIR spectrum of 
compound C2 in Fig. S7 showed 1251 cm−1 (C–O), 3084 
and 3116 cm−1 detected for C–H of stretching aromatic 
rings, the peaks at 2977 cm−1 returned to C–H aliphatic 
stretching, 1711 cm−1 detected for carbonyl of amide, the 
wide band 3421 cm−1 for N–H group, 1413–1530 cm−1  
(C=C aromatic stretching) [21]. The FTIR spectrum of 
compound C3 in Fig. S8 showed the bands 3569 cm−1  
(N–H), 2983 cm−1 (C–H aliphatic stretching), 1666 cm−1 
(C=O), 1582 cm−1 (N=N), 1270 cm−1 (C–O), 1121 cm−1 
(C–N), 630 cm−1 (C–Cl). 

1H-NMR (DMSO-d6 500 MHz) spectra of the 
compounds A1 and A3 are shown in Fig. S3 and S4, δ 10.9 
(s, 1H) and 11.5 (s, 1H) ppm detected for the proton of 
acid group (OH), δ 7.8–7.2 (m, 2H) ppm for aromatic 
protons, δ 4.1 ppm for OCH2 protons, δ 1.7–1.2 (m, 6H) 
ppm for CH2 protons, and δ 0.90 and 0.92 (m, 2H) ppm 
for methyl protons [22]. The 1H-NMR spectrum of 
compound B3 is shown in Fig. S6 (DMSO-d6 500 MHz): 
δ 7.8–7.0 (m, 4H) ppm for aromatic protons and δ 11.8  
(s, 1H) ppm for amino protons. The 1H-NMR spectrum 
of compound C1 is shown in Fig. S9, δ 7.8–6.9 (m, 7H) 
ppm detected for aromatic protons, δ 3.9 (m, 1H) ppm for 
OCH2 protons, δ 3.2–1.2 (m, 7H) ppm for (CH2)5 protons, 
δ 0.8 (m, 2H) ppm for methyl protons, and the peak at δ 
11.1 (s, 1H) detected for NH. The 1H-NMR spectrum of 
compound C2 is shown in Fig. S10, δ 7.9–6.9 (m, 7H) ppm 
detected for aromatic protons, δ 4.0 (m, 1H) ppm for 
OCH2 protons, δ 1.20–1.27 (m, 9H) for (CH2)6 protons, δ 
0.8 (m, 2H) ppm for methyl protons, and the peak at δ 
11.1 (s, 1H) ppm detected for NH [22]. 

In docking analysis, the docking simulations were 
done to explore the possible mechanistic inhibition of 
AChE. The binding scores of the synthesized compounds 
are ranked according to their binding affinities. The 

results show that heptyl derivatives have the best binding 
scores compared to others. Fig. S11 demonstrates the 
interactions between the target enzyme and an octyl 
derivative. The most noticeable interaction was a formed 
halogen bonding between ASP437 and the chloro of the 
compound. At the same time, the straight alkyl residue 
of a heptyl derivative forms an alkyl interaction. The 
interaction diagram also shows multiple van der Waals 
interactions. The ranking order of the binding score was 
heptyl > octyl > nonyl. The length of the alkyl residue of 
the derivative negatively affected their binding 
inhibition, which could be attributed to changing the 
conformation of the compounds to interact with the 
binding pocket of the enzyme. Fig. S12 and S13 show the 
binding modes for octyl and nonyl, respectively [23]. 

■ CONCLUSION 

In conclusion, three new amide derivatives, C1-C3, 
have been synthesized. Furthermore, the newly 
synthesized amide compounds, C1 and C3, act as 
bacterial inhibitors, including S. aureus, and E. coli 
bacteria. Finally, the first quarter was critical as an 
antidote to earthworms. The heptyl group was ranked 
first, followed by octyl, and the nonyl group in the 
structures of final synthesized compounds because the 
length of the derivative's alkyl residue had a detrimental 
impact on their binding inhibition by an effect on the 
AChE enzyme. The synthesized compounds give an 
excellent result as anti-bacteria. 
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 Abstract: Paracetamol contained in wastewater can cause adverse effects on animal 
ecosystems, such as fish living in waters and cause harmful effects on humans. Adsorption 
techniques are used to remove these pharmaceutical compounds. Alginate-chitosan 
nanoparticles are non-toxic and effectively used as adsorbents to remove pharmaceutical 
compounds in wastewater. Research on glutaraldehyde crosslinked alginate-chitosan 
nanoparticles as paracetamol adsorbent has been carried out. This research used the ionic 
gelation method. Nanoparticles were characterized using transmission electron 
microscopy (TEM), scanning electron microscope (SEM-EDX) and Fourier transform 
infra-red spectrophotometer (FTIR). Furthermore, the nanoparticles were used for 
paracetamol adsorption. The results showed that the form nanoparticles are coarse solid 
powder and brownish yellow. The TEM image shows an average nanoparticle size of 
8.22 nm. Glutaraldehyde crosslinked alginate-chitosan nanoparticles adsorbed 
paracetamol with adsorption kinetics followed a pseudo-second-order or Ho-McKay 
model, the adsorption rate constant of 0.0324 g mg−1 min−1. The isotherm study of 
paracetamol adsorption by glutaraldehyde cross-linked alginate-chitosan nanoparticles 
followed the isotherm Dubinin-Radushkevich isotherm model with a free energy value of 
707.1068 kJ mol−1, and this value indicates the adsorption process by chemically or 
chemisorption. 

Keywords: adsorption; alginate; chitosan; glutaraldehyde; paracetamol 

 
■ INTRODUCTION 

Pharmaceutical waste has increased in recent years 
due to the COVID-19 pandemic, and the drugs used 
increased more than 2.5 times [1]. The main 
contaminants found in wastewater are pharmaceutical 
compounds including antibiotic, analgesic, and 
antipyretic [2]. Paracetamol is one of the analgesic and 
antipyretic pharmaceutical compounds often used for 
medical practice and consumed for human health [3]. 
Based on reports, paracetamol will be excreted from the 
body by 58–68% after consumption and then will be 
released into the wastewater system [4]. High 
concentrations of paracetamol were detected in 
Indonesian coastal waters, specifically in Jakarta Bay, 
namely Angke (610 ng/L) and Ancol (420 ng/L) [5]. High 
concentrations of paracetamol in wastewater can cause 

dangerous diseases in humans, such as liver failure, 
gastrointestinal, and hepatotoxicity [6]. Paracetamol is 
non-biodegradable and easily accumulates in the aquatic 
environment, which can have adverse effects on human 
health and other living things [7]. Therefore, there must 
be an effort to overcome the problem of wastewater from 
pharmaceutical compounds such as paracetamol. 

The advantages of separating pharmaceutical 
compounds using adsorption techniques are easy 
processing, low cost, high efficiency, and can be 
regenerated [8]. Nanoparticles can be used as an efficient 
adsorbent for the removal of pharmaceutical 
compounds in wastewater; nanoparticles have a small 
size, large surface area and many active binding sites, 
which can increase the adsorption capacity [2]. 
Polysaccharide-based materials can be used to 
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synthesize nanoparticles and as adsorbents, including 
chitosan and sodium alginate. Chitosan provides an 
advantage in the adsorption process because it has amino 
and hydroxyl groups as active groups and is able to 
interact with pharmaceutical compounds, phenols, 
metals, pesticides, and other compounds contained in 
wastewater [9]. Modifications are required for the 
synthesis of nanoparticles from chitosan because chitosan 
is very sensitive to pH and has low thermal stability [10]. 

Chitosan can be modified by combining certain 
polymers and crosslinkers to improve the stability and 
adsorption capacity of chitosan [11]. Alginate is an 
anionic polymer, that has non-toxic, biodegradable, 
biocompatible properties, and the anionic properties of 
alginate can interact with the cationic properties of 
chitosan to form more stable nanoparticles [11]. Ferrah et 
al. [12] reported chitosan combined with alginate and 
polyethyleneimine methylene phosphonic acid to be able 
to be a promising and efficient adsorbent for removing 
the pharmaceutical compounds sodium diclofenac and 
ibuprofen from wastewater. 

Chitosan also requires certain crosslinkers for the 
synthesis of chitosan-based nanoparticles to improve 
adsorption capacity [4]. Glutaraldehyde is a chitosan 
crosslinker that can improve the chemical stability of 
chitosan in acidic solutions and adsorption performance 
[13]. Kyzas et al. [14] reported chitosan was modified and 
cross-linked with glutaraldehyde and combined with 
sulfonate group or N-(2-carboxybenzyl) was able to 
remove pramipexole dihydrochloride, a pharmaceutical 
compound used to treat symptoms of Parkinson’s disease 
and as a pharmaceutical compound in wastewater. Based 
on the background, it is necessary to conduct research 
using polysaccharide-based nanoparticles, such as 
chitosan and alginate, to remove pharmaceutical 
compounds such as paracetamol in wastewater. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study came from Merck 
and Sigma Aldrich with pro analytical quality. These 
materials include chitosan (Deacetylation Degree ≥85%), 
sodium alginate, glutaraldehyde, CaCl2, aquabidest, 10% 

(v/v) methanol solution, 1% (v/v) acetic acid solution, 
sodium hydroxide (NaOH), hydrochloric acid (HCl), 
and paracetamol from pharma grade. 

Instrumentation 

The instruments used in this study include 
laboratory glassware, analytical balance, pH meter, 
magnetic stirrer, hot plate, centrifugation (Sorvall Biofuge 
Primo), Fourier transform infra-red spectrophotometer 
(FTIR, Shimadzu Prestige-21) was observed in the 
absorption range of 400−4000 cm−1. Samples were 
prepared in a powder state, molded with KBr, and then 
pressed to form pellets. Nanoparticle size was 
characterized using transmission electron microscopy 
(TEM, JEM-1400 JEOL/EO) on a scale of 20–500 nm. 
Samples were prepared and then characterized. The 
morphology of the nanoparticles was characterized 
using a scanning electron microscope (SEM-EDX, JSM-
6510 JEOL/EO). The sample was glued to the specimen 
holder, and then the sample was characterized with the 
specifications of voltage = 15 kV and magnification of 
500–10,000 times. The concentration of paracetamol 
solution before and after adsorption was determined at 
200–400 nm absorption using a UV-vis 
spectrophotometer (GENESYS 50 Thermo Scientific). 

Procedure 

Synthesis of glutaraldehyde cross-linked alginate-
chitosan nanoparticles 

Sodium alginate (3 mg/mL) and CaCl2 
(3.35 mg/mL) solutions were prepared by dissolving in 
aquabidest. Chitosan was prepared at 3 mg/mL 
concentration, dissolved in 1% (v/v) acetic acid. 0.1 M 
HCl solution and 0.1 M NaOH solution were used to 
adjust the pH of alginate and chitosan solutions to pH 5. 
Synthesis of glutaraldehyde crosslinked alginate-
chitosan nanoparticles was prepared according to 
Rajaonarivony method with modifications [15]. 
Calcium alginate (Ca-Alg) in the pre-gel phase was 
initially prepared by adding 2 mL of CaCl2 to 10 mL of 
sodium alginate solution with continuous stirring for 
30 min. After that, 10 mL of chitosan solution was 
added, and then 5 mL of glutaraldehyde was added to the 
solution while still stirring at constant speed at room 
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temperature. Stirring process was carried out for 2 h, then 
centrifuged at 5,000 rpm for 30 min. Nanoparticles were 
filtered using filter paper and then dried. 

Characterization of glutaraldehyde crosslinked 
alginate-chitosan nanoparticles 

Glutaraldehyde crosslinked alginate-chitosan 
nanoparticles were characterized using a FTIR. The 
sample was prepared in a powder state, then formed with 
KBr and pressed to form pellets. FTIR spectra were 
determined at a wavenumber between 400–4000 cm−1. 
The size of glutaraldehyde crosslinked alginate-chitosan 
nanoparticles was characterized using TEM on a scale of 
20–500 nm. The samples were dispersed and placed in the 
grid. The samples in the grid were waited until dry, and 
the samples were ready for characterization. The 
morphology of glutaraldehyde crosslinked alginate-
chitosan nanoparticles was characterized by SEM. The 
samples were attached to the specimen holder, and then 
the samples were ready for characterization with a voltage 
specification of 15 kV and magnification of 500–10,000 
times. 

Effect of pH on paracetamol adsorption 
Paracetamol solution 10 mg/L, volume of 50 mL was 

adjusted to pH 2, 3, 4, 5, 6, 7, and 8 with the addition of 
HCl or NaOH solutions. Glutaraldehyde crosslinked 
alginate-chitosan nanoparticles adsorbent (20 mg) was 
added to each paracetamol solution for adsorption. The 
stirring process was carried out for 60 min, and then the 
filtrate was filtered. The concentration of paracetamol was 
analyzed with a UV-vis spectrophotometer at the 
maximum wavelength (λmax). 

Effect of adsorbent mass on paracetamol adsorption 
Paracetamol solution 10 mg/L, volume of 50 mL in 

9 different containers adjusted to the optimum pH by 
adding HCl or NaOH solution. Glutaraldehyde 
crosslinked alginate-chitosan nanoparticles were added to 
paracetamol solution for the adsorption process with 
mass variations of 5, 10, 15, 20, 25, 30, 35, and 40 mg and 
stirred for 60 min then the filtrate was filtered. The 
concentration of paracetamol was analyzed with a UV-vis 
spectrophotometer at λmax. 

Effect of contact time on paracetamol adsorption 
Paracetamol solution 10 mg/L, volume of 50 mL in 

7 different containers adjusted to the optimum pH by 
adding HCl or NaOH solution. Glutaraldehyde 
crosslinked alginate-chitosan nanoparticles were added 
to paracetamol solution for the adsorption process at the 
optimum mass and stirred at various times of 15, 30, 45, 
60, 90, and 120 min, then the filtrate was filtered. The 
concentration of paracetamol was analyzed with a UV-
vis spectrophotometer at λmax. The adsorption capacity 
can be used to determine the adsorption kinetics model. 

Effect of initial concentration of paracetamol 
Paracetamol solutions are prepared with various 

concentrations of 10, 12, 14, 16, and 18 mg/L. 
Paracetamol solution 50 mL in 10 different containers 
was adjusted to the optimum pH by adding HCl or 
NaOH solutions. Paracetamol solutions of varying 
concentrations were prepared for control (without 
adsorbent) and adsorption (with adsorbent). 
Glutaraldehyde crosslinked alginate-chitosan 
nanoparticles were added to the paracetamol solution at 
optimum mass. The stirring process was carried out 
according to the optimum contact time, and then the 
filtrate was filtered. The concentration of paracetamol 
was analyzed by UV-vis spectrophotometer at λmax. 

■ RESULTS AND DISCUSSION 

FTIR Characterization 

The identification of functional groups in the base 
material and the synthesized nanoparticles was carried 
out using an FTIR spectrophotometer. The results of the 
FTIR spectra of alginate, chitosan, glutaraldehyde, and 
glutaraldehyde crosslinked alginate-chitosan 
nanoparticles can be seen in Fig. 1. Fig. 1(a) shows 
characteristic peaks at 3448, 1410, 1620 and 1026 cm−1 
which shows stretching vibration –OH, symmetric and 
asymmetric stretching vibration C=O and stretching 
vibration C–O–C of alginate [16-18]. Fig. 1(b) shows 
characteristic peaks at 3450, 1647, 1419 and 1028 cm−1, 
which shows the stretching of the –NH and –OH groups, 
the primary amine (–NH2) bending vibration, –CH2 and 
C–O–C stretching vibrations of chitosan [19-21]. 
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Fig 1. FTIR spectra of (a) alginate, (b) chitosan, (c) 
glutaraldehyde, and (d) glutaraldehyde crosslinked 
alginate-chitosan nanoparticles 

Fig. 1(c) shows characteristic peaks at 3402, 2954, 
and 1635 cm−1, which shows –OH stretching vibrations, 
symmetric C–H vibrations, and C=O stretching 
vibrations of glutaraldehyde [22]. Fig. 1(d) shows the 
alginate peak at 3448 cm−1, indicating the presence of  
–OH stretching vibrations, and chitosan peaks at 
3450 cm−1, indicating the stretching vibrations of –OH 
and –NH, shifted the wavenumber to 3449 cm−1. This 
shift occurs due to electrostatic interactions between the 

carboxylic groups from alginate and the amine groups 
from chitosan to form a polyelectrolyte complex [23]. 
The chitosan peak at 1647 cm−1 wavelength, the alginate 
peak at 1620 cm−1 and the glutaraldehyde peak at 
1635 cm−1 shifted to 1620 cm−1 wavelength, indicating 
the presence of –NH bending vibrations from chitosan 
and C=O asymmetric stretching vibrations from 
alginate and indicating the C=O group in glutaraldehyde 
interacts with the amine groups in chitosan to form C=N 
bonds (imines) [24]. Furthermore, there was a shift in 
1419 cm−1 wavelength from the alginate peak at 
1410 cm−1 and chitosan at 1405 cm−1, indicating the 
presence of –CH2 bending vibrations from chitosan and 
C=O symmetrical stretching vibrations from alginate. 
Then, 1028 cm−1 of chitosan and 1026 cm−1 of alginate 
shifts to 1033 cm−1 wavelength indicating the presence of 
C–O–C stretching vibrations. 

SEM-EDX Characterization 

The surface morphology and elemental 
composition of glutaraldehyde cross-linked alginate-
chitosan nanoparticles are determined by using SEM-
EDX before and after adsorption. SEM images taken at 
5000 times magnification of the nanoparticles before 
and after adsorption can be seen in Fig. 2. Fig. 2(a) shows  

 
Fig 2. SEM image (a) glutaraldehyde crosslinked alginate-chitosan nanoparticles before adsorption and (b) 
glutaraldehyde crosslinked alginate-chitosan nanoparticles after adsorption 
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the nanoparticles before adsorption have a rough, 
irregular, slightly porous surface, and there are parts that 
form aggregates. There is a difference between the 
nanoparticles after and before adsorption in Fig. 2(b); the 
loss of the porous structure in the SEM image of the 
nanoparticles after adsorption is possible because the 
surface of the adsorbent has been covered by paracetamol. 
The elemental composition data of alginate-chitosan 
nanoparticles crosslinked with glutaraldehyde before 
adsorption and after adsorption can be seen in Table 1. 

The adsorption process on glutaraldehyde 
crosslinked alginate-chitosan nanoparticles can be seen 
from changes in the elemental composition of 
nanoparticles before and after adsorption. The 
composition of C and O elements in nanoparticles has 
increased, as can be seen in Table 1. The C element has a 
weight and atomic percentage of 37.41 and 43.98%; after 
adsorption, the percentage of weight and atomic increases 
to 38.79 and 45.01%. Then, the weight and atomic 
percentage of O elements were 43.85 and 38.70%, after 
adsorption increased to 45.92 and 40.00%. Increasing the 
composition of C and O elements, which are the 
elemental composition of paracetamol indicates 
paracetamol was adsorbed on glutaraldehyde crosslinked 
alginate-chitosan nanoparticles. 

TEM Characterization 

Nanoparticle characterization using TEM was 
carried out to determine the inner morphology and 
average size of the nanoparticles. The results of the 
characterization of glutaraldehyde crosslinked alginate-
chitosan nanoparticles by TEM at a magnification scale of 

50 nm are shown in Fig. 3. Based on Fig. 3(a), the TEM 
image of the nanoparticles has a shape like black spheres 
but relatively irregular. The graph of the particle size 
distribution of nanoparticles can be seen in Fig. 3(b). 
The glutaraldehyde crosslinked alginate-chitosan 
nanoparticles sample has an average particle size of 
8.22 nm. This indicates the ionic gelation method is able 
to produce smaller particle sizes. 

Effect of pH 

Based on Fig. 4(a), the adsorption capacity in 
adsorbing paracetamol has the highest value at pH 4, 
which is 18.64 mg/g. As the pH of the solution increases, 
the adsorption capacity value decreases. Fig. 4(b) is a pH 
point of zero charges (pHpzc) glutaraldehyde crosslinked 
alginate-chitosan nanoparticle adsorbent. The pHpzc 
curve shows the intersection at pH 4.773; at that pH, the 
nanoparticles adsorbent has an uncharged structure. The 
nanoparticle adsorbent has a positively charged structure 
when the pH solution is below pHpzc (pH < 4.773), while the 
pH solution is above pHpzc (pH > 4.773). Glutaraldehyde 
crosslinked alginate-chitosan nanoparticles adsorbent 
has a negatively charged structure. 

Based on Fig. 4(a), increasing adsorption capacity 
occurs at pH 2–4 because the positively charged 
nanoparticles adsorbent resulted in an electrostatic 
attraction force with a negative charge on paracetamol. 
While, decreasing adsorption capacity occurs at pH 5–8 
because the nanoparticles adsorbent is negatively 
charged, and as the pH increases, paracetamol becomes 
ionized and negatively charged, resulting in a repulsive 
force between the adsorbent and the adsorbent [25-26]. 

Table 1. Elemental composition data of glutaraldehyde crosslinked alginate- chitosan nanoparticles before and after 
adsorption 

Element 
Weight % Atom % 

Before adsorption After adsorption Before adsorption After adsorption 
C 37.41 38.79 43.98 45.01 
N 15.67 14.92 15.80 14.85 
O 43.85 45.92 38.70 40.00 
Na 1.58 0.05 0.97 0.03 
Cl 0.61 0.10 0.24 0.04 
Ca 0.89 0.22 0.31 0.08 
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Fig 3. (a) TEM image of glutaraldehyde crosslinked alginate-chitosan nanoparticles, (b) Particle size distribution of 
glutaraldehyde crosslinked alginate-chitosan nanoparticles 

 
Fig 4. (a) Effect of pH on paracetamol adsorption by glutaraldehyde crosslinked alginate-chitosan nanoparticles 
adsorbent and (b) pH curve point of zero charge (pHpzc) glutaraldehyde crosslinked alginate-chitosan nanoparticles 
adsorbent 
 
Effect of Adsorbent Mass 

Fig. 5 shows the effect of adsorbent mass on the mass 
of paracetamol adsorbed by glutaraldehyde crosslinked 
alginate-chitosan nanoparticles, the optimum point at 
30 mg adsorbent mass. The mass of paracetamol obtained 

was 0.3501 mg at the optimum mass point of the 
adsorption process. The mass of paracetamol adsorbed 
by the nanoparticles will also increase as the adsorbent 
mass increases. This increase was related to the number 
of active sites and the surface area of the adsorbent. The 
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greater the mass of the adsorbent, the greater the surface 
area, causing more opportunities for contact or 
interaction between the adsorbent and adsorbate. Based 
on Fig. 5, decreasing the mass of paracetamol adsorbed by 
nanoparticles occurs when the adsorbent mass is greater 
than 30 mg. The equilibrium of the adsorption process 
occurs when the adsorbed paracetamol has reached the 
optimum point, so the addition of the amount of 
adsorbent will disturb the equilibrium [27]. 

Effect of Contact Time 

Fig. 6 shows the equilibrium adsorption of 
paracetamol by nanoparticles with the largest adsorption 
capacity of 10.06 mg/g obtained at 45 min. Then, the 
adsorption capacity of paracetamol decreased after the 
optimum contact time. This is because after reaching an 
equilibrium state, the adsorbent becomes saturated so 
that the active site is no longer able to interact with the 
adsorbate. In this research, the study of adsorption on the 
effect of contact time was used to determine the kinetic 
model of paracetamol adsorption by glutaraldehyde 
crosslinked alginate-chitosan nanoparticles. The 
adsorption kinetics models used are pseudo-first-order 
kinetic models and pseudo-second-order kinetic models. 
The pseudo-first-order kinetic model is expressed by Eq. 
(1); 
 e t e 1ln q q lnq k t    (1) 

where qe (mg g−1) is the adsorption capacity at 
equilibrium, qt (mg g−1) is the adsorption capacity at time 
t (min), k1 (min−1) is the pseudo-first-order rate constant. 

The graph of the sum of ln(qe−qt) against time can 
determine the value of qe from the intercept and k1 from 
the slope [27]. The pseudo-second-order kinetic model 
is expressed by Eq. (2). 

2t e2 e

t 1 1 t
q qk q

 
  
 
 

 (2) 

In Eq. (2), qe (mg g−1) is the adsorption capacity at 
equilibrium, qt (mg g−1) is the adsorption capacity at a 
certain t (min), k2 (g mg−1 min−1) is the pseudo-second-
order adsorption rate constant. A linear graph of ୲

୯౪
 

against time can determine the value of qe from the slope 
and k2 from the intercept [28]. 

The linear graphs of the two adsorption kinetics 
models used are shown in Fig. 7, and the adsorption 
kinetics parameter values of the two adsorption kinetics 
models are presented in Table 2. The kinetic model has 
a linearity value (R2) close to 1, is the pseudo-second-
order kinetics model or the Ho-McKay model, which is 
equal to 0.9993 and the line equation obtained is 
y = 0.097x + 0.2908 in Fig. 7. The linearity value 
indicates the adsorption of paracetamol by nanoparticles 
following the pseudo-second-order kinetic model. In 
Table 2, the pseudo-second-order kinetic model 
obtained the value of the adsorption rate constant (k) of 
0.0324 g mg−1 min−1 and adsorption capacity value (qe) 
of 10.3093 mg g−1. The pseudo-second-order kinetic 
model assumes the chemisorption process occurs at the 
determination of the adsorption rate [29]. The 
adsorption   rate   is   not   influenced   by  the   adsorbate  

 

 
Fig 5. Effect of adsorbent mass on the mass of 
paracetamol adsorbed by glutaraldehyde crosslinked 
alginate-chitosan nanoparticles 

 
Fig 6. Effect of contact time on paracetamol adsorption 
by glutaraldehyde crosslinked alginate-chitosan 
nanoparticle 
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Fig 7. Plot of adsorption kinetics model (a) pseudo-first-order and (b) pseudo-second-order models on the adsorption 
process of paracetamol by glutaraldehyde crosslinked alginate-chitosan nanoparticles 
 
Table 2. The parameter calculation result of pseudo-first-
order and pseudo-second-order models 

Model Parameter Score 
Pseudo-first-order or 
Lagergren model 

R2 0.9563 

k (min−1) 0.0382 
 qe (mg/g) 3.2894 
Pseudo-second-order or 
Ho-McKay model 

R2 0.9993 

k (g mg−1 min−1) 0.0324 
 qe (mg/g) 10.3093 

concentration but is influenced by the adsorption capacity 
at these conditions [30]. 

Effect of Initial Concentration 

Fig. 8 shows the equilibrium condition for 
paracetamol adsorption by glutaraldehyde crosslinked 
alginate-chitosan nanoparticles was reached at an initial 
paracetamol concentration of 16 ppm, and the largest 
adsorption capacity was 14.3396 mg/g. The adsorption 
capacity of paracetamol decreased after the optimum 
condition was reached. The number of adsorbate active 
sites in the solution is greater due to the greater initial 
concentration of paracetamol. Meanwhile, the constant 
mass of the adsorbent causes the number of active sites 
available on the adsorbent to also remain constant, so 
when passing through the optimum conditions with a 
larger initial paracetamol concentration, the amount of 
adsorbate in solution with the number of particles and the 
available active sites of the adsorbent becomes unbalanced. 

The adsorption capacity obtained will decrease 
because saturation conditions have been reached [31]. 
The  study  of  the   effect  of  the  initial  concentration  of  

 
Fig 8. Effect of initial concentration on paracetamol 
adsorption by glutaraldehyde crosslinked alginate-
chitosan nanoparticles 

paracetamol will be able to also determine the adsorption 
isotherm of paracetamol by nanoparticles. The adsorption 
isotherm in this study was studied using four adsorption 
isotherm models: Langmuir, Freundlich, Temkin, and 
Dubinin-Radushkevich isotherm models. The Langmuir 
isotherm model can be expressed in Eq. (3); 

e e

e L m m

C C1
q k q q

   (3) 

where qm (mg g−1) is the maximum monolayer 
adsorption capacity, kL (L mol−1) is the maximum 
monolayer adsorption capacity, qe (mg g−1) is the 
adsorption capacity at equilibrium, and Ce (mol L−1) is 
the adsorbate concentration at equilibrium. A linear 
graph between େ౛

୯౛
 against Ce can determine the value of 

qm from the slope and the value of kL from the intercept 
[32]. The Freundlich isotherm model can be expressed 
in Eq. (4); 

e F e
1logq log k logC
n

   (4) 
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where kF (L mol−1) is the Freundlich constant, ଵ

୬
 is the 

adsorption intensity, qe (mg g−1) is the adsorption capacity 
at equilibrium, and Ce (mol L−1) is the adsorbate 
concentration at equilibrium. ଵ

୬
 value of the slope and kF 

value of the intercept can be determined by making a 
linear graph of log qe against log Ce. The Temkin isotherm 
model can be expressed in Eq. (5); 

   e T e
RT RTq ln k ln C
b b

   (5) 

where kT (L mol−1) is the equilibrium binding constant, b 
is the heat of adsorption, R is the gas constant 
(8.314 J K−1 mol−1), T (K) is the temperature, qe (mg g−1) is 
the adsorption capacity at equilibrium, and Ce (mol L−1) is 
the adsorbate concentration at equilibrium. A linear 
graph between qe and ln (Ce) will give a straight line with 
ୖ୘

ୠ
 as the slope and ୖ୘ ୪୬  ሺ୩౐ሻ

ୠ
 as the intercept [32]. The 

Dubinin Radushkevich (D-R) isotherm model can be 
expressed in Eq. (6); 

2
e mlnq lnq   (6) 

where qe (mg g−1) is the adsorption capacity at 
equilibrium, qm (mg g−1) is the theoretical isotherm 
saturation capacity, β (mol2 J−2) is the adsorption energy 
constant, and ε (J mol−1) is the Polanyi potential. Polanyi 
potential can be calculated in Eq. (7); 

e

1RTln 1
C

 
   

 
 (7) 

where T (K) is the temperature, R is the gas constant 
(8.314 J K−1 mol−1), and Ce (mg L−1) is the concentration of 
adsorbate solution in the adsorbent at equilibrium. A 
linear graph between ln qe and ε2 can determine the β 
value from the slope and the qe value from the intercept. 
The β value will give the average adsorption free energy 
(E, kJ mol−1) per adsorbate molecule at the time of its 
transfer to the surface of the solid from the solution, 
following Eq. (8) [32]. 

 1 2
1E

2



 (8) 

The linear graph of the adsorption isotherm model 
is shown in Fig. 9, and Table 3 is a summary of the 
parameter calculation results for each paracetamol 
adsorption isotherm model by nanoparticles. Fig. 9 shows 
the plot of the adsorption isotherm model. Fig. 9(d) is the 

Dubinin-Radushkevich isotherm model having a 
linearity value (R2) closest to 1, equal to 0.9819 and the 
equation of the line is y = −1 × 10−6x + 2.8629. Based on 
this, the adsorption of paracetamol by nanoparticles 
follows the Dubinin-Radushkevich isotherm model. In 
Table 3, the Dubinin-Radushkevich isotherm model has 
a value of qe of 17.5122 mg g−1. The value of adsorption 
energy (E) is 707.1068 kJ mol−1. 

Based on the adsorption energy (E) value obtained of 
707.1068 kJ mol−1, it shows the adsorption of paracetamol 
by glutaraldehyde crosslinked alginate-chitosan 
nanoparticles occurs through a chemical adsorption 
process. This is because the E value obtained has a value 
greater than 16 kJ mol−1. This is in accordance with the 
statement on the Dubinin-Radushkevich isotherm 
model that the type of adsorption on the experimental 
results is chemical adsorption if the E value has a value 
greater than 16 kJ mol−1 [33]. 

Possible interactions between paracetamol and 
glutaraldehyde crosslinked alginate-chitosan 
nanoparticles include hydrogen bonds between N atoms 
on the adsorbent and H atoms on paracetamol, H atoms 
on the adsorbent and O atoms on paracetamol, and n- 
bonds between the adsorbent and adsorbate (Fig. 10). 

Table 3. Parameter calculation results for paracetamol 
adsorption isotherm models by glutaraldehyde 
crosslinked alginate-chitosan nanoparticles 

Model and parameter Score 
Langmuir isotherm 
R2 0.7954 
kL (L mol−1) 0.1680 
qm (mg g−1) 31.1526 
Freundlich isotherm 
R2 0.9047 
kF (L mol−1) 4.9477 
N 1.5038 
Temkin isotherm 
R2 0.9229 
kT (L mol−1) 4.5563 
B 19964.3191 
Dubinin-Radushkevich (D-R) isotherm 
R2 0.9819 
qe (mg g−1) 17.5122 
E (kJ mol−1) 707.1068 
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Fig 9. Plot of adsorption isotherm models: (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin isotherm, and 
(d) Dubinin-Radushkevich isotherm on paracetamol adsorption process by glutaraldehyde crosslinked alginate-
chitosan nanoparticles 
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■ CONCLUSION 

Glutaraldehyde crosslinked alginate-chitosan 
nanoparticles were successfully synthesized using the 
ionic gelation method. The nanoparticles have an average 

particle size of 8.22 nm. Optimum conditions for 
paracetamol adsorption by nanoparticles were obtained 
at pH 4, adsorbent mass of 0.030 g, adsorption contact 
time of 45 min and initial concentration of paracetamol 
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at 16 ppm with optimum adsorption capacity of 
14.3396 mg/g. The adsorption kinetics model used for 
paracetamol adsorption by nanoparticles follows the 
pseudo-second-order kinetic model or the Ho-McKay 
model, with an adsorption rate constant value of 
0.0324 g mg−1 min−1, and the adsorption process occurs 
follows the Dubinin-Radushkevich isotherm model with 
an adsorption free energy value of 707.1068 kJ mol−1, this 
value indicates the adsorption process occurs chemically 
or chemisorption. 
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 Abstract: The study focused on producing and examining the properties of the 2-(((3-
mercapto-5-(4-nitrophenyl)-4H-1,2,4-triazol-4-yl)imino)methyl)-4-(((4-mercaptophenyl) 
diazenyl)phenol) ligand (L) and its complexes with three transition metal ions, namely 
Ni(II), Co(II), and Cu(II). The ligand was formed through diazotization and coupling 
reactions between 4-aminobenzenethiol and a coupling Schiff base derived from 1,2,4-
triazole. The characterization of the ligand and its metal ion complexes was carried out 
using analytical techniques such as FTIR, 1H- and 13C-NMR, UV-visible spectroscopy, 
and thermal analysis (TGA and DTG). Various physical methods were employed to 
synthesize and analyze the properties of the three mononuclear Co(II), Ni(II), and Cu(II) 
complexes with the azo-dye Schiff's base ligand. Based on the microanalysis and 
spectroscopic results, it was determined that the coordination between the azo Schiff base 
ligand and the central metal ion occurred through the NOS-donating atoms of the ligand. 
The analysis of the electronic spectra revealed that the synthesized Co(II) and Ni(II) 
complexes exhibited an octahedral geometry, while the Cu(II) complex had a distorted 
octahedral geometry. The implications of the finding regarding the octahedral and 
distorted-octahedral geometries include expanding the structural diversity in 
coordination chemistry, providing insights into ligand-metal interactions, and 
understanding the influence of geometry on properties. 

Keywords: azo-dye; Schiff base; metal ion complex; triazol 

 
■ INTRODUCTION 

The field of coordination chemistry has captivated the 
interest of chemists and researchers due to its potential for 
the development of pharmaco-therapeutic fields [1]. Azo-
Schiff bases could be created by combining azo-dyes and 
Schiff-bases with the azo-methine-C=N linkage [2]. The 
incorporation of two complex chromophores in one 
compound has been shown to enhance the biological and 
physicochemical properties of this versatile family of 
ligands and related metal complexes. There are many 
novel synthetic azo dyes, including 1,2,4-triazoles, which 
are particularly interesting for several reasons. The 
chemistry of 1,2,4-triazoles is complex and well-known, 
and they are stable substances [3]. The isolation of a 
variety of different macro-acyclic ligands has been made 
easier by the addition of 1,2,4-triazole compounds of 

transition metals with intriguing magnetic and 
electrochemical characteristics [4]. Azo compounds 
have been widely used for dyeing textile fibers, coloring 
various materials, and in biological-medical research, 
among other applications, making them the most 
commonly used class of dyes for many years [5]. 

In addition, Schiff bases are one of the most flexible 
and multidimensional classes of ligands [6]. Heterocyclic 
azo-dyes have been used as histological stains for 
anatomical research and as indicators in conventional 
analytical processes [3]. A –OH group increases the 
reactivity of Schiff bases substantially, especially when it 
is in the -ortho position. Bi-, tri-, and tetradentate metal 
complexes with a number of transition and inner-
transition metals. In biological systems, Schiff bases with 
transport donor atoms of nitrogen, oxygen, or sulfur are 
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important [7]. Due to their outstanding coordination 
potential and wide range of pharmacological effects, 
including antibacterial, antifungal, and anticancer activities, 
transition metal complexes with a 1,2,4-triazole substituted 
moiety have attracted a lot of attention [8-9]. We reported 
herein the syntheses and structural characterization of 
novel azo containing Schiff bases derivative ligand (2-
(((3-mercapto-5-(4-nitrophenyl)-4H-1,2,4-triazol-4-
yl)imino)methyl)-4-((4-mercaptophenyl)diazenyl)-6-
methoxyphenol) (L) and its complexes with Co(II), 
Ni(II), and Cu(II) ions. The synthesized compounds have 
been characterized by Fourier-transform infrared 
spectroscopy (FTIR), proton- (1H-NMR) and carbon-
nuclear magnetic resonance (13C-NMR), UV-vis 
spectroscopy, thermogravimetric analysis (TGA), and 
differential thermal analysis (DTA). 

■ EXPERIMENTAL SECTION 

Materials 

Chemicals used in the research included p-
nitrobenzoic acid (Fluka, Germany), sulfuric acid 
(H2SO4), absolute ethanol (C2H6O), methanol (CH3OH), 
and dichloromethane (CH2Cl2) from Merck. Sodium 
bicarbonate (NaHCO3, Fluka), anhydrous magnesium 
sulphate (MgSO4, BDH), hydrazine hydrate (N2H4, 80%), 
and carbon disulphide (CS2) were obtained from CDH. 
Potassium hydroxide (KOH), hydrochloric acid (HCl, 
35%), and 2-hydroxy benzaldehyde were obtained from 
Merck. Sodium nitrate (NaNO3, Fluka), p-
aminothiophenol (Merck), cobalt acetate tetrahydrate 
((CH3COO)2Co·4H2O), nickel acetate tetrahydrate 
(Ni(OCOCH3)2·4H2O), and copper acetate dihydrate 
(C4H10CuO6) were obtained from BDH. 

Instrumentation 

The FTIR measurements of the prepared compounds 
were performed at 4000–400 cm−1 using a KBr disc with 
an 8400 FTIR Shimadzu spectrophotometer. The UV-vis 
spectra were measured on a UV-1700 Shimadzu 
spectrophotometer in the range of 300–800 nm. The 
thermal analysis of the ligand and complex was conducted 
by using TGA on DTG-60. The melting point was 
conducted using Stuart SMP30 (UK). The produced 

compounds were measured by NMR at 400 MHz 
(Germany) at Isfahan University of Technology (IUT, 
Iran). 

Procedure 

Synthesis of methyl 4-nitrobenzoate compound (1) 
In a 250 mL round bottom flask, 10 g (0.059 mol) 

of 4-nitrobenzoic acid was dissolved in 50 mL of 
methanol and added with 4 mL of concentrated sulfuric 
acid (Scheme 1). The reaction mixture was heated under 
a reflux for 6 h. After the reaction was finished, the extra 
alcohol was evaporated using a rotary evaporator. A 
separating funnel held 250 mL of water, and the residue 
was emptied. The separating funnel was filled with 
dichloromethane (20 mL), and the mixture was agitated 
briskly. The methyl 4-nitrobenzoate in the 
dichloromethane separated when the solution was let to 
stand and collected at the bottom of the separating 
funnel. The upper aqueous layer was excluded after the 
lower layer had been thoroughly removed. To eliminate 
all of the free acid, the methyl 4-nitrobenzoate was put 
back into the funnel and agitated with a strong sodium 
bicarbonate solution. In a little dry conical flask with 2 g 
of anhydrous magnesium sulphate, methyl 4-
nitrobenzoate was dried after being rinsed with water 
once. Five minutes of shaking was followed by 1 h of 
standing. A small piece of fluted filter paper was used to 
funnel the methyl 4-nitrobenzoate solution into a 
distillation flask. The flask was equipped with a 
condenser, a 360-degree thermometer, and a receiving 
flask. The methyl 4-nitrobenzoate was extracted from 
the flask following the distillation of dichloromethane at 
40 °C. For the recrystallization of the ester, ethanol was 
used as a solvent [10]. 

Synthesis of p-nitrobenzohydrazide compound (2) 
The synthesized p-nitrobenzohydrazide as shown 

in Scheme 1 was prepared by dissolving methyl 4-
nitrobenzoate (6 g, 0.023 mol) in 50 mL of ethanol and 
then hydrazine hydrate (80%, 22 mL) was added to the 
solution. The mixture was then heated through reflux 
for 10 h. Finally, after letting the mixture cool, a solid 
was extracted and then filtered, washed with ice water, 
dried, and then re-crystallized with ethanol [11]. 
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Scheme 1. The synthesized scheme for Schiff base 5 in this work 

 
Synthesis of potassium salt of hydrazide compound 
(3) 

Absolute ethanol was used to dissolve KOH (4 g, 
0.021 mol) and compound 2 (4 g, 0.021 mol) in 100 mL 
and the mixture was placed in an ice bath. Carbon 
disulfide (20 mL) was added dropwise and the reaction 
mixture was continually stirred for 6 h. Then, anhydrous 
ether was used to dilute it. After precipitation, the 
resulting potassium dithiocarbamate was isolated by 
filtration. The precipitate was washed with 100 mL of 
anhydrous ether and subsequently vacuum-dried. The 
obtained potassium salt was in quantitative yield and was 
not subjected to further purification as it was utilized in 
the subsequent step [12]. 

Synthesized of 3-mercapto-4-amino-5-(4՛-
nitrophenyl)-1,2,4-triazole (4) 

A solution containing 3 g (0.01 mol) of compound 3  

and excess hydrazine hydrate was refluxed for 30 min in 
25 mL of water. As the reaction proceeded, hydrogen 
sulfide gas evolved, and the mixture turned green. A 
homogeneous reaction mixture was obtained throughout 
the process. After diluting the reaction mixture with 
150 mL of water, it was cooled to room temperature. 
Upon acidification with hydrochloric acid, the necessary 
triazole precipitated out and was washed with cold 
water, then recrystallized from ethanol [13]. 

Synthesized of Schiff base of [1,2,4]-triazole-3-thiol 
derivative (5) 

In 50 mL of absolute ethanol, 1.9 g (0.012 mmol) of 
2-hydroxy-3-methoxybenzaldehyde was dissolved, and 
3 g of (0.012 mol) compound 4 was added. The reaction 
mixture was refluxed for 6 h. The resulting solid was 
filtered, washed with cold ethanol, and recrystallized by 
ethanol [14]. 



Indones. J. Chem., 2023, 23 (6), 1555 - 1566    

 

Nada Ahmed Rasheed Al-qasii et al. 
 

1558 

Synthesized azo-dye Schiff base ligand (6) 
To a solution of p-aminothiophenol (1 g, 0.008 mol) 

in 10 mL water, concentrated hydrochloric acid (10 mL) 
was gradually added with stirring (Scheme 2). The clear 
solution was added to an ice water mixture that had been 
diazotized for 20 min at 0 to 5 °C with sodium nitrite 
(0.6 g, 0.008 mol) and 5 mL of water. During 30 min 
period at a temperature between 0–5 °C, the cold diazo 
solution was gradually added to a solution of the Schiff 
base compound (3 g, 0.008 mol) in water (50 mL) 
containing sodium hydroxide (1 g) and sodium carbonate 
(10 g). The reaction mixture was shaken for 1 h in an ice 

bath, the filtration was collected and recrystallized from 
ethanol with water [1,15]. 

Synthesized metal ion complexes (Co(1) to Co(3)) 
Metal ion complexes were synthesized by adding 

hot ethanolic metal ion solutions M(CH3COO)2·nH2O 
to a hot ethanolic ligand solution (0.50 g, 0.01 mol/L) at 
a 1:1 molar ratio of metal:ligand (Scheme 3). After 
refluxing for 3 h, colored precipitates formed, which 
were filtered and recrystallized using ethanol. Table 1 
shows the metal salt quantities in the resulting 
complexes [16]. 

 
Scheme 2. The synthesized scheme for Schiff base 6 

 
Scheme 3. The synthesized scheme for metal ion complexes 

Table 1. Amount of metal salt quantities in the resulting complexes 
Symbol compound Suggested formula Metal ion salts Mass (g) 

Co(1) [Co(L)(H2O)3]2CH3COOH Co(OAc)2·4H2O 0.245 
Co(2) [Ni(L)(H2O)3]2CH3COOH Ni(OAc)2·4H2O 0.245 
Co(3) [Cu(L)(H2O)2]2CH3COOH Cu(OAc)2·2H2O 0.196 
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■ RESULTS AND DISCUSSION 
1H-NMR for Azo-Dye Schiff Base (Ligand 6) 

Fig. 1 displays the 1H-NMR peaks of ligand (azo-dye 
Schiff base) in DMSO while Table 2 lists the peak 
assignments. Methyl protons were detected as a singlet 
peak at δ 3.8 ppm [17]. DMSO peak was found at 2.5 ppm. 
At 6.69–7.51 ppm, broad multiplets were found and 
identified as aromatic protons. Signals at 9.10, 10.28, and 
3.70 ppm represented the CH=N proton, OH, S–H 
thiophenol and S–H tetrazole, respectively [18]. 

13C-NMR Data for Ligand 6 
The 13C-NMR spectrum of azo dye-Schiff base is 

shown in Fig. 2. The spectral measurements from 13C-
NMR provided additional support for the synthesized 
ligand. In accordance with the findings from the 
chemical shift’s spectrum, the L molecular structure can 
be seen in Table 3 [19]. 

FTIR Spectra of Ligand 

To identify the active group of complexes, the KBr 
disc was used  to compare the  IR spectra of  ligands with 

 
Fig 1. 1H-NMR spectrum for ligand L 

Table 2. 1H-NMR data for ligand 
Compound Assignment ligand Chemical shift 

Ligand  

 

δ DMSO (2.50 ppm) 
δ –OCH3 (3.80 ppm) 

δ aromatic rings (6.69–7.51 ppm) 
δ CH=N (9.10 ppm) 
δ O–H (10.20 ppm) 
δ S–H (3.70 ppm) 
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Fig 2. 13C-NMR spectrum for ligand L 

 
Table 3. 13C-NMR data for ligand 

Chemical shifts (ppm) Assignments 
118.12 C-aromatic 
148.00 C–N=N 
151.16 C=N tetrazole 
130.00 C–SH thiophenol 
173.00 C=N Schiff base 
162.00 SH-tetrazole 

their complex IR spectra in the range of 4000 to 400 cm−1. 
This method was also used to identify the inorganic active 
site of the two ligands that bound to the metal ions at wave 
numbers between 4000 and 400 cm−1. The FTIR spectra of 
the essential components used in synthesis must be 
mentioned before diving into the spectrum of the ligand 
L. 

FTIR of 3-mercapto-4-amino-5-(4՛-nitrophenyl)-1,2,4-
triazole 

The FTIR spectra of this compound are illustrated 
in Fig. 3 with two bands at 3275 and 3360 cm−1, 
respectively, corresponding to the two weak bands of 
stretch asymmetric and symmetric NH2 group. At 1090 

and 2550 cm−1, respectively, two medium-intensity 
bands are attributed to C=S and S–H vibrations [20]. 

FTIR spectra of Schiff base 5 
Fig. 3 shows the FTIR spectrum of Schiff base 

compound, the band at 1640 cm−1 due to ν(C=N), the 
broad band corresponding to ν(O–H) and ν(CH2) 
appearance at 2940 cm−1 [21]. 

FTIR spectra of azo-dye Schiff base (ligand 6) 
The FTIR spectra for the ligand compound are 

listed in Table 4. Table 4 shows new bands observed and 
changes in intensity. The new band at 1480 cm−1 due to 
ν(N=N), 1643 cm−1 corresponding to ν(C=N) and ν(S–
H) at 2550 cm−1. Comparing the spectra of the free 
ligand L sites involved in chelation with their complexes 
makes it easy to determine the structure of the 
complexes. The imine group of the ligand in each 
complex shifted to a lower wavenumber due to the 
coordinated interaction between the ligand L imine 
group (C=N) and the metal via the nitrogen atom. The 
spectra of the complexes indicated the formation of 
stable five-membered chelate rings by coordinating  
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Fig 3. FTIR spectra for ligand and their metal ion complexes 

Table 4. List the primary FTIR spectra of the ligand L and their complex 

Compound ν(NH2) 
(cm−1) 

ν(C=N) cyclic 
ν(C=N) (cm−1) 

ν(OH) 
(cm−1) 

ν(CH2) 
(cm−1) 

ν(SH) 
(cm−1) 

1,2,4-triazole derivative 3275, 3260 1624   2550 

Schiff base  
1621 
1640 3190 2940 2550 

Azo-dye Schiff base (L)  1622 
1643 

3390 2950 2550 

[Co(L)] complex  1620 3200  2545 
[Ni(L)] complex  1612 3200  2540 
[Cu(L)] complex  1612 3250  2543 

 
metal ions with nitrogen atoms from imine groups, 
oxygen atoms from hydroxy groups, and sulfur atoms 
from thiol groups. However, they also displayed changes 
such as the transition to higher frequencies or the 
appearance of multiple bands with varying shapes and 
reduced intensities [22]. 

Electronic Spectra of Ligand and Their Metal 
Complexes 

Two bands at 280 nm (35,714 cm−1) and 320 nm 
(31,250 cm−1) were identified in the UV-vis absorption 
spectrum of the ligand L in ethanol and were attributed to 
the n→π* and π→π* transitions shown in Fig. 4 and 
summarized in Table 5. Two spin-allowed bands in the 
visible range of the electronic spectrum of L1Co, show 
that peaks at 420 (15,337 cm−1) and 595 nm (23,810 cm−1) 

in Fig. 4 may correspond to the transitions 4T1g→4A2g(F) 
(ν3) and 4T1g→4T1g(P) (ν2), respectively. The bands' 
positions are consistent with those reported for an 
octahedral geometry. In Fig. 4, three bands at 15337, 
21231, and 30769 cm−1, corresponding to the 3A2g→3T2g, 
3A2g→3T1g(F), and 3A2g→3T1g(P) transitions, are visible in 
the electronic spectra of the Ni(II) complex. These bands 
suggest an octahedral geometry surrounding the Ni(II) 
ion, and the absence of the frequency at 20000 cm−1 
indicates that the complex was excluded from the square 
planer. Additionally, a weak band that was observed at 
9803 cm−1 may also suggest the presence of octahedral 
geometry in the complex. The spectra should be viewed 
similarly to how the spectra of the d4 ion and the 2D 
term of the free ion are predicted to divide in a crystal 
field.  The  LCu  complex  spectrum  in  DMF  exhibits  a  
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Fig 4. UV-vis spectra for ligand and their metal complex 

Table 5. Electronic spectral data for ligand and their metal ion complexes 

Compounds Maximum absorption 
νmax (cm−1) 

Band assignment Suggested geometry 

Ligand  35,714 
31,250 

n→π* 
π→π* 

- 

Co(L) complex 15,337 
23,810 

4T1g→4A2g(F) 
4T1g→4T1g(P) 

Octahedral geometry 

Ni(L) complex 15,337 
21,231 
30,769 

3A2g→3T2g, 
3A2g→3T1g(F), 
3A2g→3T1g(P)

 

Octahedral geometry 

Cu(L) complex 18,518 
30,303 

2B1g→2A1g 
2B1g→2B2g + 2Eg 

Distorted octahedral geometry 

 
Fig 5. TG curves of the ligand and its metal ion complexes 

 
broad band at (540 nm, 18,518 cm−1), which corresponds 
to the 2B1g→2A1g (ν1) transition and a shoulder band at 
(330 nm, 30,303 cm−1) that corresponds to the 2B1g→2B2g 

+ 2Eg (ν2) transitions. The position of these bands is 
consistent with highly distorted octahedral geometry 
[23-25]. 
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Thermal Analysis 

Fig. 5 and 6 show the thermal degradation process, 
TGA was conducted on both azo-linked Schiff base 
ligands and their metal complexes over a temperature 
range of 30–800 °C. Table 6 contains the thermal stability 
data. The findings from the TG study made it abundantly 
evident that the complexes decompose in four steps for 
the complexes of Co(II) and Ni(II), or three steps for the 
complex of Cu(II). Between 50 and 300 °C, water 
molecules were lost, and at temperatures above 600 °C, 

complexes of the elements Co(II), Ni(II), and Cu(II) 
formed metal oxides. Meanwhile, 600 °C was the 
temperature at which all compounds completely 
decomposed [26-27]. 

■ CONCLUSION 

The study involved synthesizing a novel azo dye-
Schiff base ligand and forming complexes with Co(II), 
Ni(II), and Cu(II) metals. The structures of these 
complexes were confirmed through various spectroscopic 

 
Fig 6. DTA curves of the ligand and its metal ion complexes 

Table 6. Thermal decomposition TGA data for azo-dye (ligand) and their metal ion 

Compound Molecular formula Molecular 
weight 

Step Temperature range 
of the decomposition (°C) 

Mass 
(%) 

Ligand (L) C22H17N7O4S2 507.54 1 
2 
3 

33–409 
409–488 
488–498 

˃500 (Residue) 

30.705 
10.069 

5.166 
 

[Co(L)] [Co(C22H17N7O4S2)(H2O)3]2CH3COOH 740.57 1 
2 
3 
4 

33–320 
320–506 
506–630 

˃630 (Residue) 

17.990 
24.341 
45.000 

[Ni(L)] [Ni(C22H17N7O4S2)(H2O)3]2CH3COOH 740.57 1 
2 
3 
4 

38–306 
306–490 
490-568 

˃570 (Residue) 

27.081 
33.616 
32.029 

[Cu(L)] [Cu(C22H17N7O4S2)(H2O)2]2CH3COOH 727.04 1 
2 
3 
4 

33–305 
305-606 
606–766 

˃770 (Residue) 

15.875 
61.610 
10.051 
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techniques such as FTIR, UV-vis, 1H-NMR, 13C-NMR, 
and TG-DTA. The metal ions in the complexes were 
bonded to the ligand via the azomethine nitrogen and 
thiol sulfur groups, forming five-membered chelate rings. 
The results indicated that the suggested structures of the 
complexes had an octahedral geometry. Furthermore, the 
thermal degradation profiles of metal complexes were 
examined using TG/DTA in an inert atmosphere. The 
major components of the Co(1) and Co(2) complexes were 
degraded in two phases, while those of the Co(3) complex 
were degraded in a single step. These results could be 
helpful in predicting organisms' biological activities and 
behavior. The findings provide a promising avenue for the 
discovery of new compounds with diverse and potentially 
valuable properties. 
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 Abstract: A study of the sedimentary rocks of the Ngrayong formation has been carried 
out on five samples from the Polaman outcrop point to determine the potential of coal as 
a source rock for producing oil and gas through GC-MS analysis. Biomarker analysis 
shows the presence of n-alkanes (C16-C36) with a bimodal distribution, indicating that the 
source of organic material in sedimentary rocks comes from bacteria, algae, and vascular 
plants, which is supported by several parameters such as CPI, OEP, LHCPI, wax index, 
ACL and AlkTerr values. This dominant source of terrigenous organic matter is also 
proven by the TAR value, C31/C19, C29/C17 ratio, and several aromatic compounds and 
their derivatives. Bacterial input as an organic source of allouchtonic sedimentary rocks 
is also proven by the presence of hopanoid, de-A-lupane biomarkers, and C17/C31 ratio. 
The oxic deposition environment is indicated by the Pr/Ph ratio. CPI and OEP 
parameters, C29 bb/ab ratio > 0.15 and C31 22S/(22S+22R) < 1 indicate low maturity of 
the sediment sample. Several parameters and the presence of biomarkers stated above 
conclude that Ngrayong coal as a source rock has the potential to produce oil and gas. 

Keywords: aliphatic hydrocarbons; aromatic hydrocarbons; biomarkers; Ngrayong 
formation; Polaman sediments 

 
■ INTRODUCTION 

Oil and gas exploration is inseparable from the 
petroleum system. This concept is an integration of the 
source rock, reservoir, migration, trapping model, and the 
presence of overburden. The research area is centered on 
the northern part of the East Java Basin. Several types of 
source rock commonly exist in this basin, including 
lacustrine (Ngimbang formation), shale (Kujung 
formation), and coal (Ngrayong formation), which is 
considered as the secondary source of hydrocarbons. The 
Middle Miocene-aged Ngrayong formation that was 
deposited in a tidal area has transgressed into the middle 
to outer exposure environment. The dominance of 
lithology was in the form of clean sand, generating a main 

reservoir in the Rembang zone, especially the Cepu 
district. The Ngrayong formation can be represented as 
an outcrop on the Braholo river and the Polaman 
outcrop in the previous quartz sandstone mine. The 
Polaman outcrop occurred in the Middle Miocene, with 
the clay stone composed at the bottom. This outcrop 
enables it to turn upwards, becoming an interlude 
between sandstone and shale. The PLM 1, PLM 2, PLM 
3, PLM 4, and PLM 5 samples were taken at five different 
points from the Polaman outcrop. The shale rock 
exhibited a dark color and contained organic material. 
These two lithologies are promising candidates for 
source rock based on petroleum systems [1-2]. Several 
researchers have reported organic geochemical 
characteristics through biomarker analysis to determine 
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the source of organic compounds, thermal maturity, and 
depositional environment of a geological sediment sample 
[3]. The dominance of long-chain n-alkanes homologues 
over short-chain n-alkanes confirmed vascular plants as 
the source of organic compounds. The presence of 
hopanoid compounds such as 17α(H),21β(H)-hopane, 
17β(H),21α(H)-hopane, and 17α(H),21β(H)-30-
homohopane with 22S and 22R configurations assigned 
the contribution of bacteria during the process of organic 
compounds formation. Hopanoid compounds were also 
an indicator of the thermal maturity of a sediment. The 
dominance of 17α(H),21β(H)-homohopane (22R) against 
17α(H),21β(H)-homohopane (22S) was a sign of low 
maturity [4-8]. Environmental conditions of sediment 
deposition can be investigated through the distribution of 
pristane and phytane compounds [6,9]. 

The biomarker analysis provided information on 
the organic geochemical allowing the hydrocarbon 
potential hydrocarbons in the Polaman sediments of the 
Ngrayong formation, Northeast Java Basin. This analysis 
was adopted due to its feasibility and accuracy since the 
biomarker inferred the characteristics of oil and gas in the 

reservoir. In addition, this analysis was mostly applied in 
the oil and gas exploration field. Biomarkers were 
extracted using the Soxhlet method and fractioned over 
TLC SiO2 GF254. Extraction and fractionation results 
were further identified by gas chromatography-mass 
spectrometry (GC-MS). 

■ EXPERIMENTAL SECTION 

Materials 

Sediment samples were obtained from five 
different coordinate points with characteristics as 
mentioned in Table 1. The five sedimentary rock objects 
are outcrop pattern sediment samples. The organic 
solvents used in this study were n-hexane and 
dichloromethane (grade pro analysis, Sigma-Aldrich). 
Other materials were copper powder and silica gel GF254 
TLC plate (Sigma-Aldrich). 

Instrumentation 

Identification of biomakers in this work used the 
Agilent D5975C GC-MS with column type of HP-5MS 
(60 µm × 250 µm × 0.33 µm). 

Table 1. Characteristics of PLM sediment samples PLM 1-PLM 5 

Sample number 
Coordinate 

Rock description 
Latitude Longitude 

PLM 1 6°54'11.02"S 111°26'30.17"E Type: Shale stone  
Color: Brownish gray 
Grain size: Very fine sand 
Evolved sedimentary structure: Flake 
General composition: Silica cement 
Presence of mature organic/fossil: Few fossils form 

PLM 2 6°54'11.11"S 111°26'30.14"E Type: Shale stone 
Color: Light gray 
Grain size: Very fine sand 
Developed sedimentary structure: Slightly laminated 
General composition: Silica cement 
Organic/fossil maturity state: Organic maturity present 

PLM 3 6°54'11.20"S 111°26'30.13"E Type: Clay 
Color: Light gray 
Granule Size: Clay 
Evolved sedimentary structure: Conchoidal 
General composition: Silica cement 
Organic/fossil maturity state: Slightly organic maturity 
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Sample number 
Coordinate 

Rock description 
Latitude Longitude 

PLM 4 6°54'11.28"S 111°26'30.11"E Type: Shale 
Color: Gray 
Grain size: Very fine sand 
Evolved sedimentary structure: Laminate 
General composition: Silica cement 
Organic/fossil maturity state: Carbon strike 

PLM 5 6°54'11.36"S 111°26'30.09"E Type: Shale 
Color: Blackish gray 
Grain size: Very fine sand 
Evolved sedimentary structure: Flake 
General composition: Silica cement 
Organic/fossil maturity state: Carbon strike 

 
Procedure 

About 100 mg of Polaman sediment was extracted 
in dichloromethane to obtain a total organic extract. The 
organic extract was fractionated by the thin layer 
chromatography (TLC) method with n-hexane as eluent 
to separate aliphatic, aromatic, and polar hydrocarbon 
fractions. The aromatic hydrocarbon fraction was then 
desulfurized using copper (Cu) powder. The aliphatic and 
aromatic fractions were further analyzed using GC-MS. 
Each Polaman sediment sample was dissolved in n-
hexane and injected into GC-MS afterward [8]. 

Helium as carrier gas, flowed at the rate of 1 mL/min. 
The oven temperature was programmed with an initial 
temperature at 70 °C held for 3 min, ramped at 10 °C/min 
to 160 °C, and a final ramp of 3 °C/min to 320 °C 
maintained for 27.5 min. The sample was injected with a 
split ratio of 50:1, and analysis was conducted with a 
solvent delay of 4 min. The mass spectrometer is operated 
with an electron energy of 70 eV. The data obtained were 
further analyzed with Enhanced Chemstation software. 
The compounds were identified based on the specific m/z 
fragmentogram, retention time pattern, and mass 
spectrum fragmentation. The identification results were 
compared to previous studies [4,10-13]. 

■ RESULTS AND DISCUSSION 

Aliphatic Hydrocarbon Fraction 

The result of biomarker aliphatic hydrocarbon 
fraction identification of sediment samples using GC-MS 

is depicted in Fig. 1. It was observed that all samples 
contained n-alkanes, isoprenoids, and triterpenoids. The 
n-alkanes were found in PLM 1-5, while isoprenoids 
only existed in samples PLM 2 and PLM 3. 

n-Alkanes and isoprenoids 
The n-alkanes and op were identified based on the 

specific fragmentogram m/z 57 that showed the presence 
of short-chain (n-C16–n-C20), medium (n-C21–n-C25), 
and long-chain (n-C26–n-C37) of alkanes over bimodal 
distribution (Fig. 2). The length of the alkane chain 
assigned the organic matter source, where the short 
chain represented bacteria (i.e. cyanobacteria) and algae. 
The medium chain confirmed the contribution of 
bacteria, algae, and machropyte, including the 
submerged and floating ones. In addition, the vascular 
plant as the source of organic matter was affirmed by the 
long-chain alkane [14-20]. 

All samples exhibited a wide range of alkanes, with 
the highest and the lowest abundance being n-C27 and n-
C16, respectively. This result concludes that the organic 
matter source originated from bacteria, algae, and 
vascular plants, as found in sediments in Teluk Bunai, 
eastern Malaysia [20]. In terms of isoprenoid, pristane 
was observed in PLM 2, and phytane was found in PLM 
2 as well as PLM 3. The abundance of alkane and 
isoprenoid is illustrated in Table 2. This table explains 
several parameters, i.e., carbon preference index (CPI), 
odd/even predominance (OEP), low-to-high chain carbon 
preference  index  (LHCPI),  Pr/Ph,  Pr/n-C17,  Ph/n-C18,  
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Fig 1. Total ion chromatogram of aliphatic hydrocarbon fraction of PLM sediment samples 1-5. (1) n-alkane, (2) 
isoprenoids, (3) sesterterpenoids, and (4) pentacyclic triterpenoids 
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Fig 2. Fragmentogram of n-alkane and isoprenoid compounds on m/z 57 sediment samples PLM 1-5 

Table 2. The abundance of aliphatic hydrocarbon fractions in PLM sediment samples 1-5 

Peak Compound 
Molecular 
formula 

Base peak 
(m/z) 

M+ 

(m/z) 
Composition (%) 

PLM-1 PLM-2 PLM-3 PLM-4 PLM-5 
n-alkanes, and isoprenoids 
a n-C16 C16H34 57 226 0.21 0.10 - - - 
b n-C17 C17H36 57 240 0.30 0.29 0.41 - - 
c pristane C19H40 57 268 - 0.21 0.58 - - 
d n-C18 C18H38 57 254 0.42 0.46 0.54 - - 
e phytane C20H42 57 282 - 0.17 - - - 
f n-C19 C19H40 57 268 0.27 0.51 0.46 0.14 0.20 
g n-C20 C20H42 57 282 0.59 1.20 0.87 0.30 0.34 
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Peak Compound 
Molecular 
formula 

Base peak 
(m/z) 

M+ 

(m/z) 
Composition (%) 

PLM-1 PLM-2 PLM-3 PLM-4 PLM-5 
h n-C21 C21H44 57 296 0.62 1.44 0.93 0.59 0.66 
i n-C22 C22H46 57 310 3.34 3.54 3.73 2.42 2.56 
j n-C23 C23H48 57 324 4.77 4.72 4.17 3.59 3.39 
k n-C24 C24H50 57 338 7.93 7.79 7.54 6.57 6.58 
l n-C25 C25H52 57 352 9.31 10.65 9.72 10.30 9.00 
m n-C26 C26H54 57 366 9.91 10.90 10.53 9.43 10.86 
n n-C27 C27H56 57 380 10.14 12.31 10.86 11.44 11.71 
o n-C28 C28H58 57 394 8.95 9.98 9.37 9.57 10.35 
p n-C29 C29H60 57 408 9.80 9.18 9.42 10.15 10.93 
q n-C30 C30H62 57 422 7.52 7.36 6.92 8.17 8.27 
r n-C31 C31H64 57 436 9.94 7.87 9.87 10.68 10.41 
s n-C32 C32H66 57 450 5.04 4.26 4.82 5.52 4.92 
t n-C33 C33H68 57 464 7.41 5.25 4.84 7.16 6.17 
u n-C34 C34H70 57 478 1.72 1.83 2.14 2.06 1.75 
v n-C35 C35H72 57 492 1.35 - 1.65 1.31 1.28 
w n-C36 C36H74 57 506 0.47 - 0.63 0.19 0.61 
x n-C37 C37H76 57 520 - - - 0.40 - 
Sesterterpenoids 
a de-A-lupane C24H42 123 330 37.82 17.68 24.21 13.16 28.09 
Pentacyclic Triterpenoids 
b 17α(H)-22,29,30-trisnorhopane (Tm) C27H46 191 370 2.36 - - - 3.25 
c 17β(H)-22,29,30-trisnorhopane C27H46 191 370 15.40 8.64 8.80 18.59 14.83 
d olean-12-ene C30H50 218 410 5.44 43.27 23.70 - 3.18 
e 17α(H),21β(H)-30-norhopane C29H50 191 398 - - - 10.19 - 
f 17β(H),21β(H)-30-norhopane C29H50 177 398 8.07 9.18 6.11 22.78 8.78 
g 17β(H), 21β(H)-hopane C30H52 191 412 3.78 - 2.89 8.85 5.44 
h 17β(H),21α(H)-30-normorethane C29H50 177 398 11.33 - 10.98 10.38 12.49 
i 17α(H),21β(H)-30-homohopane (22S) C31H54 191 426 2.77 4.09 5.29 5.68 4.42 
j 17α(H),21β(H)-30-homohopane (22R) C31H54 191 426 10.13 7.40 11.93 10.37 10.41 
k gamaserane C30H52 191 412 - 6.90 - - - 
l 17β(H),21β(H)-30-homohopane C31H54 205 426 2.91 2.85 6.09 - 9.11 

wax index, average chain length (ACL), Paq, 
terrigenous/aquatic ratio (TAR), low molecular weight to 
high molecular weight (LMW/HMW), alkane terrigenous 
(AlkTerr), n-C29/n-C17, and n-C31/n-C19 [19,21]. 

The maturity, organic matter source, and sediment 
were represented by the parameters mentioned in Table 
3. CPI assigned the organic compound source. When the 
CPI value was lower than one indicated bacteria and algae, 

while the higher value affirmed the vascular plants. All 
samples possessed CPI values higher than 1, confirming 
the vascular plant as the major source. The highest CPI 
value of 1.35 belonged to PLM 4, and the lowest value of 
1.00 was exhibited by PLM 2. The same result was also 
found in the investigation of the Yellow River in China 
[17,22]. The CPI index also indicated the maturity of 
sediment samples; higher CPI pointed to a higher 
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maturity [23]. All samples possessed CPI values lower 
than 1, confirming the low maturity of coal [6,24-25]. 

The OEP value of sediments was found to be lower 
than 1 and dominated by odd carbon, which confirms 
aquatic creatures as the main source of organic 
compounds [11,23,26]. All samples showed a narrow 
range of OEP values from 1.14–1.20, confirming vascular 
plants as the major organic source origin, as observed in 
the Posidonia and Hils Syncline sediment samples in 
Germany, and eastern Junggar, China [9,11,23,26]. 

The LHCPI also confirmed the organic compound 
source through the presence of alkane in sediment. The 
vascular plant's role in the formation of organic sources 
was confirmed by LHCP value of below one. Beyond that, 
the short chain was claimed by the high LHCPI value that 
points to the role of bacteria. The LHCPI also provided 
information on the maturity of Polaman sediments. It was 
confirmed that the major organic compound source was 
vascular plants, as affirmed by all samples possessing 
LHCPI lower than one, mentioned on Teluk Brunei 
sediment, Malaysia [20]. Another parameter was the wax 
index as an affirmation of the organic source. The 
dominance of short-chain n-alkanes over long chains was 
inferred by a wax value of higher than 1, confirming the 

bacteria and algae as the main contributors [8]. All 
samples have a wax index lower than one, with the 
highest wax index of 0.15 and the lowest of 0.26. This 
value informed that the source of organic compounds 
was dominated by vascular plants [8]. 

Average chain length enabled the prediction of 
organic sources through the abundance of odd-chain 
alkanes (C25-C33) [22,27]. The benchmark ACL value was 
28; the value below this point represented the wax layer. 
Inversely, the ACL value above 28 pointed to the role of 
vascular plants. Specifically, n-C31 and n-C33 confirmed 
that grass and herbs are the origin of organic 
compounds. Generally, all samples provided generated 
ACL values in the span of 28.32 to 28.83, confirming the 
wax and vascular plant as the source of the organic 
compound. This result was also observed in the study of 
Guanabara sediment [22,28]. 

The Paq parameter value represents the origin of 
the coal. The Paq values of PLM 1, PLM 2, PLM 3, PLM 
4, and PLM 5 are 0.42, 0.47, 0.42, 0.40, and 0.37, 
respectively (Fig. 2). Paq values < 0.1 were for vascular 
plants, 0.1–0.4 for emergent macrophytes, and 0.4–1.0 
for submerged/floating macrophytes [11,16,18-19]. Coal 
samples from PLM 1-4 were indicated to originate from  

Table 3. Parameter values of n-alkane, isoprenoid, and triterpenoid compounds in PLM sediments 1-5 

Parameter Sample 
PLM-1 PLM-2 PLM-3 PLM-4 PLM-5 

CPI 1.30 1.22 1.23 1.35 1.26 
OEP 1.19 - 1.14 1.20 1.14 
LHCPI 0.03 0.03 0.05 - - 
Pr/Ph - 1.26 - - - 
Pr/n-C17 - 0.73 - - - 
Ph/n-C18 - 0.36 - - - 
Wax index 0.21 0.26 0.25 0.15 0.15 
ACL 28.83 28.32 28.52 28.72 28.71 
Paq 0.42 0.47 0.42 0.40 0.37 
TAR - 36.92 - - - 
LMW/HMW - 0.02 - - - 
AlkTerr 0.39 0.34 - - - 
n-C29/n-C17 32.67 32.11 22.71 - - 
n-C31/n-C19 36.81 15.46 21.66 75.35 51.35 
n-C17/n-C31 0.03 0.03 0.04 - - 
C29 ββ/αβ    2.24  
C31 22S/(22S + 22R) 0.22 0.33 0.31 0.35 0.30 
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submerged/floating macrophytes, similar to the 
sediments of the Cochin mangrove forest on the west 
coast of India, while PLM 5 came from emergent 
macrophytes [29]. 

The relationship of organic matter sources with 
aquatic and terrestrial environments was evaluated 
through the TAR parameter, which was obtained from the 
ratio of the total n-alkanes C27, C29, and C31 to the total n-
alkanes C15, C17, and C19. The TAR value of PLM 2 was 
36.92, indicating a higher contribution of vascular plants 
in the terrestrial environment [11,19]. Parameter 
LMW/HMW was calculated by comparing the abundance 
of n-alkane ≤ C21 with n-alkane ≥ C21 as well as coastal 
sediments of St. Lawrence Estuary and Gulf, Quebec, 
Canada [30]. The PLM 2 sample has an LMW/HMW 
value of 0.02 (< 1) (Table 3), confirming that the organic 
matter comes from vascular plants. 

The main role of vascular plants as the source of 
organic matter for PLM samples is confirmed by the 
AlkTerr value, as found in the Brunei Bay sediments, East 
Malaysia [20]. The AlkTerr value of PLM 1 samples was 
0.39, and PLM 2 was 0.34 (or > 0.3), confirming the main 
role of vascular plants as the origin of organic matter and 
indicating the dominance of terrestrial higher plants. The 
contribution of terrestrial or marine organisms is 
confirmed by the C31/C19 ratio. The value of the C31/C19 ratio 
of each PLM 1 to PLM 5 is 36.81, 15.46, 21.66, 75.35, and 
51.35, respectively, which shows that terrestrial organisms 
are more dominant than marine organisms as a source of 
organic matter, such as sediments in surface sediments of 
the Bohai Sea, Yellow Sea, and East China Sea [31]. 

The C29/C17 ratio can also conclude that the source 
of organic matter comes from the terrestrial or aquatic 
environment. The C29/C17 ratio of PLM 1, PLM 2, and 
PLM 3 were 32.67, 32.11, and 22.71, respectively, 
confirming that the source of organic matter is a 
contribution from the terrestrial environment, such as 
sediments in surface sediments of the Bohai Sea, Yellow 
Sea, and East China Sea [29,31]. The C17/C31 ratio 
determined the presence of autochthonous or 
allochthonous organic matter sources, and the C17/C31 
ratio of samples PLM 1, PLM 2, and PLM 3 are 0.03, 0.03, 
and 0.04 respectively, representing allochthonous 

sources, such as on the sediments of the East Yellow Sea, 
Northwest Pacific Ocean, China [22,32]. 

The ratio of Pr/Ph compounds describes the 
depositional environment of geological sediments. If the 
Pr/Ph ratio is more than > 1, it indicates an oxic 
depositional environment, while a ratio less than < 1 
indicates an anoxic depositional environment. A Pr/Ph 
ratio higher than 1 as an indicator of oxic deposition was 
reported in the Brunei Bay sediments in Malaysia [20]. 
Table 2 shows the presence of pristane in PLM 2 and 
PLM 3, while phytane was only identified in PLM 2 
[10,33-34]. The Pr/Ph ratio of the PLM 2 sample yielded 
a value of 1.26, indicating an oxic depositional 
environment (Table 3). Based on Pr/n-C17 ratio (0.73) 
and Ph/n-C18 ratio (0.36) indicate that PLM 3 is in the 
oxic region [20]. This ratio has been applied in the 
Liaodong Bay subbasin, Bohai Bay Basin, China [35]. 

Triterpenoid 
The identification of triterpenoids in the sediment 

samples based upon the specific fragmentogram m/z 191 
confirmed the presence of de-A-lupane compounds and 
pentacyclic triterpenoids, as observed in Fig. 3 and Table 
2. 

Table 2 describes the presence of de-A-lupane, 
17β(H)-22,29,30-trisnorhopane, 17β(H),21β(H)-30-
norhopane, and 17α(H),21β(H)-30-homohopane with 
22S and 22R configurations in all samples. The 17α(H)-
22,29,30-trisnorhopane (Tm) was only observed in PLM 
1 and PLM 5 sediments; olean-12-ene and 
17β(H),21β(H)-30-homohopane existed in all sample 
but PLM-4. The 17α(H),21β(H)-30-norhopane was only 
identified in PLM 4 while the 17β(H), 21β(H)-hopane 
and 17β(H),21α(H)-30-normorethane were only absent 
in PLM 4. In addition, the gamaserane was only 
identified in PLM 2. 

The presence of triterpenoid compounds was 
beneficial in determining the source of organic matter 
from Polaman sediments. De-A-lupane, a non-hopanoid 
triterpenoid group, was formed due to bacterial activity, 
resulting in the degradation of the lupane compound 
during the deposition period. Diagenesis, the compound 
of lupane, was derived from lupeol as a precursor of 
vascular  plants   Angiosperms  [36-38].   Therefore,  the  
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Fig 3. Fragmentogram of pentacyclic sesterterpenoids and triterpenoids on m/z 191 

 
presence of de-A-lupane in Polaman sediments affirmed 
the organic origin from higher terrestrial plants 
Angiosperms and the presence of bacterial input during 
sediment deposition [37,39]. This result was also supported 
by the presence of similar biomarkers in the Bikaner, 
Nagaur, Jalore, Jaisalmer, and Barmer districts of Rajasthan, 
western India, and Papua Basin, Papua New Guinea, as 
indicators of sources of terrestrial higher plant organic 
matter [40-41]. The origin of organic compounds from 
Angiosperms was also affirmed by the presence of olean-
12-ene compounds in PLM 1, 2, 3, and 5 which derived 
from β-amirin as a precursor. A similar result was 
reported in the study of coastal sediments and soils 
around the city of Tromso [41-42]. The hopanoid 
triterpenoid compounds in Polaman sediments depicted 
the presence of C27–C30 hopane homologues such as Tm, 
17β(H)-22,29,30-trisnorhopane, 17α(H),21β(H)-30-
norhopane, 17β(H),21β(H)-30-norhopane, 17β(H),21β 
(H)-hopane, and 17β(H),21α(H)-30-normorethane. 
These compounds were derived from the hopanoids 
diplotene and diplopterol. In addition, there were C31 
hopane compounds, entitled 17α(H),21β(H)-30-
homohopane with 22S and 22R configurations, and 
17β(H),21β(H)-30-homohopane originated from 
bacteriohopanatetrol in the membranes of prokaryotic 
bacteria [43]. Subsequently, the presence of hopanoid 
compounds indicated the contribution of bacteria to the 
source of organic compounds in Polaman sediments. The 

contribution from this bacterium was also inferred by 
the presence of the compound gamacerane, since this 
compound was associated with dehydrated and 
hydrogenated tetrahymanol precursors on the protozoan 
membrane [44-45]. Thus, the identification of gamacerane 
compounds justified the role of bacteria in the PLM 2 
sediment. Hopanoid and gamacerane compounds were 
also observed in Upper Cretaceous petroleum source 
rocks from the Gippsland Basin, Australia [8]. 

The hopanoid compounds in all samples were also 
employed as an indicator of sample maturity based on 
the ratio of C29 ββ/αβ and C31 22S/(22S + 22R), as written 
in Table 3. The C29 ββ/αβ parameter was calculated 
based on the ratio of 17α(H),21β(H)-30-norhopane to 
17β(H),21β(H)-30-norhopane in PLM 4. C29 ββ/αβ ratio 
value > 0.15 confirmed low maturity, while the value 
< 0.15 inferred high maturity [23,46]. Based on Table 3, 
PLM 4 exhibited low maturity with the C29 ββ/αβ ratio 
value of 2.24. 

Meanwhile, the parameter C31 22S/(22S + 22R) was 
generated from the ratio of the 22S configuration to the 
sum of the S + R configurations of 17α(H),21β(H)-
homohopane. The 22S configuration of the 
17α(H),21β(H)-homohopane structure is more stable 
compared to the 22R configuration. The low abundance 
of 17α(H),21β(H)-homohopane (22S) compared to 22R 
indicates a low maturity level. A value of C3122S/(22S + 
22R) lower than 1 indicated low maturity, while a value 



Indones. J. Chem., 2023, 23 (6), 1567 - 1583   
        
                                                                                                                                                                                                                                             

 

 

Yulfi Zetra et al. 
 

1575 

higher than one affirmed high maturity [5-6,24]. The ratio 
value of C31 22S/(22 S+ 22R) values for PLM 1 to PLM 5 
sediments were 0.22, 0.33, 0.31, 0.35, and 0.30, 
respectively. All these values demonstrated low maturity. 
Similar results were also found for Wondama coal, 
Indonesia, with a ratio value of 0.27 as an indicator of low 
maturity [6]. The low thermal maturity of the Polaman 
sediments was also rationalized by the presence of 
bacterial activity during the sedimentary deposition 
process. This bacterial activity had been continuing in the 
early stages of diagenesis, so the presence of bacterial 
input in the formation of sediment organic matter 
indicates low maturity of sediment [3,47]. Hopanoid 
biomarkers are also adopted as indicators of Polaman 
sediment maturity. The low maturity of sediment was 
assigned by the presence of 17β(H)-22,29,30-
trisnorhopane compounds with relatively low structural 
stability [8,48]. Notably, PLM 4 exhibited high maturity 
by the presence of 17α(H),21β(H)-30-norhopane with 
stable structural over 17β(H),21β(H)-30-trisnorhopane. 

Apart from the indicator of thermal maturity, 
triterpenoid compounds were capable of determining the 
depositional environment of Polaman sediments. The 
formation of De-A-triterpenoids through the degradation 
of pentacyclic triterpenoids also affirmed the presence of 
an oxic depositional environment [33-34]. This 
environment was also pointed by De-A-triterpenoid 
compounds with the lupane, ursane, and oleanane 

structure as the result of photochemical or microbial 
degradation of pentacyclic triterpenoids. The process 
was characterized by the release of ring A in the 
oxidative environment [37]. Therefore, the finding of 
this compound in Polaman sediments indicates an oxic 
depositional environment. Gamaserane compounds as 
indicators of reductive and hypersaline depositional 
environments were also identified in very low 
abundance in PLM 2 samples. 

Aromatic Hydrocarbon Fraction 

The results of the identification of aromatic 
hydrocarbon fraction biomarkers using GC-MS 
spectrometer were presented as total ion chromatogram 
(TIC) in Fig. 4 and their abundance in Table 4. Fig. 3 and 
Table 4 exhibited alkyl benzene groups, naphthalene 
derivatives, phenanthrene derivatives, and pentacyclic 
aromatic triterpenoids as biomarkers. However, alkyl 
benzene was only observed in PLM 1 and PLM 4 
samples. 

Alkyl benzene and naphthalene derivatives 
Identification of the m/z 91 fragmentogram in PLM 

4 inferred the presence of eight alkyl benzene compounds 
such as (4,5-dimethyl)nonylbenzene, (2,7-dimethyl) 
nonylbenzene, (4,6-dimethyl)decylbenzene, (3,6-
dimethyl)decylbenzene, (2,8-dimethyl)decylbenzene, 
(5,6-dimethyl)undecylbenzene, (2,3,6-trimethyl)decyl 
benzene, and (3,8-dimethyl)undecylbenzene. The m/z 105 
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Fig 4. TIC of aromatic hydrocarbon fraction of PLM sediment sample PLM 1-PLM 5. (1) Alkylbenzene, (2) 
naphthalene derivatives, (3) phenanthrene derivatives, and (4) aromatic pentacyclic triterpenoids 
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Table 4. The abundance of aromatic hydrocarbon fraction in PLM sediment samples 1-5 

Compound name Molecular 
formula 

Base 
peak M+ Composition (%) 

PLM 1 PLM 2 PLM 3 PLM 4 PLM 5 
Naphthalene derivatives 
cadalene C15H18 183 198 93.31 100.00 96.58 - 100.00 
isocadalene C15H18 183 198 6.69 - 3.42 - - 
norcadalene C14H16 169 184 100.00 - - - - 
calamene C14H16 159 202 83.19 100.00 84.05 100.00 - 
5,6,7,8-tetrahydrocadalene C15H22 187 202 16.81 - 15.95 - - 
Phenanthrene derivatives         
phenanthrene C14H10 178 178 100.00 100.00 100.00 - 100.00 
chrysene C18H12 228 228 - 100.00 - - - 
3,4,7-trimethyl-1,2,3,4-tetrahydrochrycene C21H22 259 274 59.36 - 100.00 - - 
3,3,7-trimethyl-1,2,3,4-tetrahydrochrycene C21H22 218 274 40.64 - - - - 
Aromatic pentacyclic triterpenoids 
dinoroleane-1,3,5(10),12-tetraene C28H40 145 376 44.65 31.06 51.70 - 50.07 
dinoursa-1,3,5(10),12-tetraene C28H40 145 376 20.17 - 15.81 - 12.24 
dinoroleane-1,3,5(10)-triene C28H40 145 378 35.18 41.30 32.49 - 37.69 
dinorlupa-1,3,5(10)-triene C28H40 145 378 - 27.64 - -  
1,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-
octahydropicene 

C26H30 342 342 75.53 - 64.77 - 82.15 

2,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-
octahydropicene 

C26H30 257 342 24.47 - 35.23 - 17.85 

8,14-triaromatic secolupane C27H32 169 356 65.64 - 63.88 - 65.28 
8,14-triaromatic secooleanane C27H32 169 356 34.36 - 36.12 - 34.72 
1,2-dimethyl-1,2,3,4-tetrahydropicene C24H22 295 310 100.00 - - - - 
1,2,9-trimethyl-1,2,3,4-tetrahydropicene C25H24 324 324 - - 42.25 - - 
2,2,9-trimethyl-1,2,3,4-tetrahydropicene C25H24 324 324 - - 57.75 - - 
Alkyl benzene 
(4,5-dimethyl)nonylbenzene C17H28 91 232 - - - 9.20 - 
(2,7-dimethyl)nonylbenzene C17H28 91 232 - - - 6.44 - 
(4,6-dimethyl)decylbenzene C18H30 91 246 - - - 19.05 - 
(3,6-dimethyl)decylbenzene C18H30 91 246 - - - 10.86 - 
(2,8-dimethyl)decylbenzene C18H30 91 246 - - - 9.19 - 
(5,6-dimethyl)undecylbenzene C19H32 91 260 - - - 19.89 - 
(2,3,6-dimethyl)decylbenzene C19H32 91 260 - - - 15.53 - 
(3,8-dimethyl)undecylbenzene C19H32 91 260 - - - 9.83 - 
methyloctylbenzene C15H24 105 204 44.09 - - - - 
heptyldimethylbenzene C15H24 119 204 55.91 - - - - 
methyldecylbenzene C17H28 105 232 - - - 39.32 - 
methylundecylbenzene C18H30 105 246 - - - 16.21 - 
methyldodecylbenzene C19H32 105 260 - - - 44.46 - 

 
fragmentogram confirmed the methyl octyl benzene in 
PLM 1 and PLM 4 possessed methyldecylbenzene, 
methylundecylbenzene, and methyldodecylbenzene. The 

m/z 119 fragmentogram showed the heptyl 
dimethylbenzene compounds, an indicator of organic 
matter derived from carotenoids as precursors produced 
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by higher terrestrial plants, algae, and cyanobacteria 
during the diagenesis process. In addition, alkylbenzene 
compounds also indicated the presence of bacterial 
activity in the formation of sediment [49-52]. 

Naphthalene derivatives such as cadalene and 
isocadelene were identified based on the fragmentogram 
m/z 183, calamene at m/z 159, norcadalene at m/z 169, 
and 5,6,7,8,9-tetrahydrocadalene at m/z 187. Cadalene 
compounds were observed in all PLM samples. 
Isocadalene and 5,6,7,8-tetrahydrocadalene compounds 
were only identified in PLM 1, PLM 2, and PLM 3. 
Norcadalene compounds were only found in PLM 1 and 
2 while calamene in PLM 1-4. The presence of 
naphthalene derivatives conveyed the source of organic 
matter. The abundance of cadalene, isocadalene, and 
norcadalene compounds in Polaman sediments 
confirmed the contribution of vascular plants 
Angiosperms from the Dipterocarpaceae family [4]. 
Presumably, cadalene was produced by polymerization of 
polycadinene resins in Dipterocarpaceae plants during 
the catagenesis stage [53-56]. In addition, the presence of 
cadalene and isocadalene also justifies the thermal 
maturity [4]. Isocadalene formed at high temperatures 
was a more stable isomer than cadalene [57]. Therefore, 
the high intensity of cadalene compared to isocadalene 
indicates the low maturity of the Polaman sample [58-59]. 
A high abundance of the compound cadalene was also 
found in the coal of the Kutai Basin, Indonesia [53]. 

The presence of calamene biomarkers and 5,6,7,8-
tetrahydrocadalene as derivatives of sesquiterpenoids 
supported the contribution from Angiosperms plants 
(Dipterocarpaceae family) and Gymnosperms plants 
(Cupressaceae family) [57,60-61]. These compounds were 
also present in rocks Upper Cretaceous petroleum 
resource, Gipssland Basin, Australia [12]. 

Phenanthrene derivatives 
The phenanthrene group was identified based on the 

m/z 178, 228, 259, and 218 fragmentograms. The presence 
of phenanthrene compounds in the sediments of PLM 1, 
PLM 2, PLM 3, and PLM 5 was identified based on the 
m/z 178, conveying Angiosperms and Gymnosperms as 
the source of organic matter. This compound existed in 
geological samples of the Middle Miocene [53,62]. The 

m/z 228 confirmed the chrysene in PLM 2, the m/z 259 
assigned 3,4,7-trimethyl-1,2,3,4-tetrahydrochrysene 
compounds in PLM 1 as well as PLM 3, and the m/z 218 
for the compound 3,3,7-trimethyl-1,2,3,4-
tetrahydrochrysene. These compounds are isomers yet 
originated from different structural origins. The 
compound 3,4,7-trimethyl-1,2,3,4-tetrahydrochrysene 
is derived from ursane, while 3,3,7-trimethyl-1,2,3,4-
tetrahydrochrysene is derived from oleanane [39,63-64]. 
The presence of these compounds confirmed the 
contribution of Angiosperm plants, which originated 
from the degradation of β-amyrin in the early stages of 
diagenesis [61,63,65]. Hence, these two compounds 
were promising indicators of Angiosperm contribution 
in Polaman sediment. The existence of these compounds 
was also found in the Upper Cretaceous petroleum 
source rocks of the Latrobe Group, Gippsland Basin, 
Australia [12]. 

Pentacyclic aromatic triterpenoids 
The pentacyclic triterpenoid aromatic compounds 

in Polaman sediments were identified based on the 
fragmentograms m/z 145, 257, 295, 324, and 356 
[10,12,38,40]. The dinoroleane-1,3,5(10),12-tetraene, 
and dinoroleane-1,3,5(10)-triene in PLM 1, PLM 2, PLM 
3, and PLM 5 were studied according to the specific 
fragmentogram m/z 145. Dinorursa-1,3,5(10),12-
tetraene biomarkers were identified in PLM 1, PLM 3, 
and PLM 5, while dinorlupa-1,3,5(10)-triene was only 
identified in PLM 2 sediments. Dinoroleane-
1,3,5(10),12-tetraene, dinorursa-1,3,5(10),12-tetraene, 
dinoroleane-1,3,5(10)-triene, and dinorlupa-1,3,5(10)-
triene are a group of pentacyclic triterpenoid 
monoaromatic compounds with oleanane, ursane and 
lupane frame. These compounds were derived from β-
amirin and α-amirin as precursors of higher terrestrial 
plants, especially Angiosperms. It is worth noted only a 
small number of Gymnosperm plants can produce these 
compounds [10,66]. Therefore, the presence of these 
three compounds in Polaman sediments indicates the 
dominance of organic matter from higher vascular 
plants, especially Angiosperms. These three compounds 
were also identified in siliclastic deposits of the Orava-
Nowy Targ Basin [66]. 
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Based on the m/z 257 fragmentogram, the 1,2,4a,9-
tetramethyl-1,2,3,4,4a,5,6,14b-octahydropysene and 
2,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-octahydropycene 
were observed in PLM 1, PLM 2, and PLM 3. These two 
compounds indicated that organic matter originated from 
β-amyrin and α-amyrin as precursors in higher plants 
Angiosperms [10,40]. The presence of these compounds 
1,2,9-trimethyl-1,2,3,4-tetrahydropicene and 2,2,9-
trimethyl-1,2,3,4-tetrahydropycene in the analyzed 
Polaman samples proved of the vascular plant as the 
source of organic matter [10,53,60]. This pentacyclic 
tetraaromatic compound was also found in the Eagle Ford 
Group drilling Central Texas [48]. In addition, PLM 1, 
PLM 2, PLM 3 consist of 8,14-triaromaticsecolupane and 
8,14-triaromaticsecooleanane compounds based on the 
m/z 356 fragmentogram, providing evidence of higher 
plants Angiosperms as the origin of organic compounds 
[10,47]. These two compounds were also found in 
sediments from Mulga Rock, Australia [38]. These two 
biomarkers were synthesized from the alteration and 
aromatization of triterpenoids present in Angiosperms 
during the diagenesis stage. This aromatization process 
took place as the temperature increased, forming simpler 
compounds [10,38]. Therefore, the presence of these two 
biomarkers in the sediment indicated immature samples 
[10,38,47]. 

Based on the m/z 324 fragmentogram, the 
biomarkers of 1,2,9-trimethyl-1,2,3,4-tetrahydropycene 
and 2,2,9-trimethyl-1,2,3,4-tetrahydropycene were 
identified in PLM 3. Biomarkers formed due to bacterial 
contribution in the early stages of diagenesis were 
diagenetic products of β-amyrin, namely pentacyclic 
triterpenoid with oleanane framework [10,48,53,60]. The 
same compound was also found in Sangata coal, East 
Borneo, Kutai Basin coal, and Eagle Ford Group source 
rock, Texas [10,48,53]. 

■ CONCLUSION 

Organic geochemical analysis of Polaman sediment 
samples, the Ngrayong formation as source rock was 
carried out to determine its potential as an oil and gas 
producer. Geochemical characteristics are related to the 
source of organic material, sediment maturity, and 

ancient depositional environment. The n-alkane 
biomarker with a bimodal distribution in all samples 
indicated that the organic material came from various 
sources. Several parameters such as CPI > 1.00, C31/C19 
ratio > 0.40, Paq 0.37–0.47, and the presence of 
naphthalene, phenanthrene, and pentacyclic 
monoaromatic triterpenoid derivatives indicate that the 
source of organic matter comes from higher plants, 
algae, and bacteria. This dominant source of terrigenous 
organic matter is also proven by a TAR value > 1, a C29/C17 
ratio > 1, and the presence of aromatic hydrocarbon 
compounds derived from naphthalene, phenanthrene, 
pentacyclic triterpenoids, and alkyl benzene. Apart from 
that, the inclusion of bacteria in the formation of organic 
matter is also proven by the presence of hopanoid 
compounds. This varied source of organic material is 
also proven by the C17/C31 ratio < 1 as an indicator of 
allochthonous organic material. The presence of 
pentacyclic monoaromatic triterpenoids and hopanoids 
with β isomers indicates low thermal maturity. The oxic 
deposition environment in the coal formation process is 
indicated by a Pr/Ph ratio > 1, a high abundance of de-A-
lupan. The existence of several biomarkers with the 
above parameters indicates that coal is a source rock that 
has the potential to produce oil and gas. 
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 Abstract: The rapid development of the aquaculture industry has contributed to the 
high amount of nutrients in wastewater that subsequently led to eutrophication and 
deterioration of water quality. Aquaculture wastewater consists of uneaten fish feed, fecal 
and other excretion or residue of chemicals used. Thus, this study aimed to evaluate the 
performance of hybrid coagulants of Moringa oleifera (MO) and copperas for 
aquaculture wastewater treatment. In this present study, different formulations of MO 
and copperas were explored in the coagulation treatment of aquaculture wastewater 
using a jar test experiment. The FTIR and SEM analysis are used to determine the 
morphology and surface of MO. This study focuses on the effect of coagulant aids 
formulation, coagulant dosage, the effect of initial pH and coagulation time on turbidity 
and ammonia removal in the coagulation of aquaculture wastewater. The finding shows 
that the highest removal of turbidity and ammonia was obtained with the use of 80% MO 
and 20% copperas at the condition of initial pH of 6 at 20 min of coagulation time, with 
the highest percentage removal of 66% and 91%, respectively. The coagulation isotherm 
of hybrid coagulant 80:20 is well described with the Freundlich isotherm model which 
describes the surface heterogeneity. 

Keywords: aquaculture wastewater; coagulation-flocculation; copperas; Moringa oleifera 

 
■ INTRODUCTION 

The aquaculture industry is one of the fastest-
growing industries all around the world. However, the 
long-term sustainability of the aquatic environment has 
raised worries over the environmental impact of this 
imperative sector because of its negative impact on 
aquatic ecology and systems. This is due to aquaculture 
intensification requiring the use of highly nutritious feeds 

and other compounds that produce waste that is hard to 
curb and is harmful to aquatic life in most cases [1]. Most 
aquaculture systems produce great amounts of 
wastewater containing compounds such as suspended 
solids, nitrogen, and phosphorus [2]. Any discharge of 
wastewater into aquatic ecosystems in the form of 
effluents may lead to changes in the receiving 
environment. High organic load in wastewater from 
aquaculture will contribute to the eutrophication of 
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receiving water bodies, which causes a lot of havoc in 
aquatic ecosystems on biodiversity. The aquaculture 
sector contains a complex mixture of pollutants. 

The most common toxic pollutants are ammonia, 
nitrogen, phosphorus, pathogens, and ammoniacal 
nitrogen. Ammonia is a colorless gas with a strong scent 
which contains compounds of nitrogen and hydrogen [3]. 
Ammonia in water is converted to nitrite and nitrate 
through the nitrification process by two bacteria, 
Nitrosomonas and Nitrobacter [4]. When the levels of 
nitrogenous compounds (ammonia, nitrite, and nitrate) 
exceed the prescribed limits can affect aquatic life. One of 
the main reasons for unexplained losses in hatcheries is 
the toxicity of ammonia. Although the ammonia molecule 
is an essential nutrient, excessive amounts of ammonia 
may accumulate and alter the organism’s metabolism or 
raise the pH level in the body. 

Because hazardous contaminants and other factors 
affecting water quality have a direct impact on the 
effectiveness of feed and growth rates for fish health and 
survival. Due to the evident cause of environmental 
climate change, these characteristics have not remained 
constant for a while now. There is a need for improvement 
in the development and transfer of technology in catfish 
breeding and hatchery to stabilize the supply of fish. 

Treatment of wastewater for pollutant removal is 
very crucial since it can cause a threat to potable drinking 
water sources, fisheries, and recreational water bodies. 
Membrane technology [5-6], liquid membrane [7], and 
adsorption [8-11] are a few of the treatment techniques 
and technologies utilized to treat wastewater. However, 
certain technologies already in use still struggle to comply 
with the standard of discharge, the restrictions that have 
been set up, difficulty in scaling up, and come at a high 
cost. Several studies have been conducted for efficient 
systems for wastewater treatment, including constructed 
wetland technology [12], the use of fish meal in removing 
heavy metals [13], microalgae [14], and others [15]. It is 
believed that wetland was one of the most cost-effective 
and well-known treatment methods that have been 
established [16]. 

Another method for treating aquaculture 
wastewater is coagulation-flocculation which helps to 

remove suspended solids, turbidity, and other inorganic 
compounds that can disturb the water quality and water 
ecosystem. Coagulation-flocculation is considered an 
excellent pre-treatment method for wastewater since 
there is low energy required, the cost is reasonable, and 
it is easy to operate. The removal mechanism is primarily 
caused by cationic hydrolysis products' ability to charge-
neutralize negatively charged colloids, which facilitates 
the formation of microflocs by encouraging early 
colloidal particle aggregation [17]. Two types of 
coagulants used for the removal of pollutants are either 
natural coagulants or chemical coagulants. Using 
chemical coagulants such as aluminum sulphate (alum) 
is a very common treatment method that is used mainly 
in the water treatment process. Inorganic coagulants 
such as alum, ferrous sulphate, and ferric chloride has 
been used to recover pollutant removal through 
coagulation-flocculation and was demonstrated 
successfully efficient in achieving the aims. However, 
excessive use of chemical coagulants may be 
unacceptable for aquaculture purposes as they have 
negative effects on aquatic life. 

It has been demonstrated that a natural coagulant 
like Moringa oleifera (MO) can be utilized to treat effluent 
from aquaculture mainly to remove ammoniacal 
nitrogen, phosphorus, and turbidity [18-20]. Treatment 
sequence of wastewater using MO seeds by coagulation–
flocculation to sedimentation-filtration showed 
maximum turbidity and elimination of suspended 
materials. Powdered seeds produce less volume of sludge 
and promote the removal of chemical oxygen demand 
(COD) [21]. The seeds have successful properties of 
coagulation that were verified in laboratory studies. The 
seeds do not hurt humans or animals. It is also very 
effective in reducing the presence of microorganisms in 
raw water. The physicochemical treatment shows 
encouraging pollutant mitigation efficiency. These may 
be due to relatively active flocs produced at the relatively 
high dosage of seeds. The extreme flocs are more likely 
to resist the hydraulic shear forces encountered during 
filtration. 

Water handled with MO seeds is therefore better 
compared to alum. The seeds did not affect the water's 
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pH value significantly, but they served as a pH corrector. 
For comparison, when treated with alum, the pH value 
decreased to 4.2. It has shown that MO seeds will be more 
economical and environmentally important for wastewater 
treatment than aluminum or other chemicals. A by-
product of the titanium industry, copperas is chemically 
known as ferrous sulfate. By lowering the electrostatic 
surface charge in an acidic or alkaline pH range, the 
presence of this hydrolyzed metal species can encourage 
the agglomeration of particles in wastewater. Copperas 
and MO seeds have lately gained interest in water and 
wastewater treatment technologies due to their exceptional 
efficacy and cost-effectiveness. Hybrid components are 
novel materials with a high potential to treat wastewater 
when compared to inorganic coagulants and organic 
flocculants, respectively [22]. There have recently been 
many previous works of coagulation/flocculation 
techniques for treating water and wastewater. However, 
the hybrid materials chosen in this study have not been 
extensively compared and discussed. 

The ultimate objective of this present study is to 
determine the efficiency of hybrid coagulants (copperas 
and MO seed) for aquaculture wastewater treatment. 
Copperas and MO were characterized in terms of 
morphology and chemical composition, using scanning 
electron microscopy (SEM), Fourier transform infrared 
(FTIR), and X-ray diffraction (XRD). The removal of 
turbidity and ammonia with this hybrid coagulant is 
being studied at various formulations, dosages, and initial 
pH levels. The Freundlich and Langmuir isotherm models 
were utilized in a coagulation equilibrium investigation, 
and ANOVA was used to statistically validate the data. 

■ EXPERIMENTAL SECTION 

Materials 

The aquaculture wastewater used in this study was 
obtained from the discharged point of a catfish pond in 
UMT Hatchery. Aquaculture effluent that was discharged 
was collected in 40 L plastic containers in an acceptable 
amount. Before being taken to the lab, the containers were 
labelled and sealed appropriately. Prior to use, this 
wastewater was maintained below 4 °C to prevent sample 
degradation brought on by microbial activity. 

Venator Asia Sdn. Bhd., Teluk Kalung, 
Terengganu, Malaysia, provided the copperas while the 
analytical grade of calcium hydroxide (Ca(OH)2), 
sodium hydroxide (NaOH), and hydrochloric acid 
(HCl) were acquired from Sigma-Aldrich in the United 
States. 

Instrumentation 

A JEOL JSM-6360 LA model SEM was used to 
analyze the surface morphology of copperas. The sample 
was transferred to the microscope and viewed at 2,000× 
magnification after sputtering with gold. FTIR analysis 
was used to identify the functional groups found in 
copperas (Shimadzu/IRTracer-100 model). In a sample 
holder, an FTIR scan was carried out at frequencies 
ranging from 4,000 to 400 cm−1 with a spectral resolution 
of 4 cm−1. 

Procedure 

Preparation of hybrid coagulant solution 
copperas/Moringa oleifera 

MO was rinsed with distilled water slowly and 
dried at 35 °C in an oven, then grounded to obtain a fine 
powder. The MO powder was dissolved in distilled water 
to a final concentration of 1000 mg/L and mixed for 
30 min using a stirrer to get a uniform solution and the 
extract was then passed through a muslin cloth. This 
solution was prepared freshly to avoid the reduction in 
its coagulation efficiency, and it was kept in a cool place 
at around 20 °C to avoid viscosity and pH changes. The 
prepared MO solution was integrated with 1000 ppm 
copperas solution based on different ratios (100% MO, 
100% copperas, 50:50, 80:20 and 20:80 MO:copperas) to 
form hybrid coagulant. 

Coagulation-flocculation process (jar test 
experiments) 

To coagulate aquaculture effluent, flocculation 
tests were performed using a standard jar-test apparatus 
with six paddle rotors. For each test run, a 1 L beaker 
containing 500 mL of wastewater was used. The ambient 
temperature for all tests was between 24 and 28 °C. 
Using either an acid (1.0 M HCl) or a base (1.0 M 
NaOH), the pH value was changed to the desired value. 
Different coagulant dosages (40–200 mg/L) and the 
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sample's initial pH (3–8) were used in the jar test. The 
aquaculture wastewater sample was subjected to 150 rpm 
of rapid mixing for 10 min, then 20 min of slow mixing at 
25 rpm. After coagulation, samples of the treated 
wastewater were taken for analysis from a depth of 2 cm. 
Eq. (1) was used to calculate the turbidity and ammonia 
removal efficiency; 

i f

i

C C
Removal (%) 100%

C


   (1) 

where Ci and Cf are the initial and final readings, 
respectively, of turbidity and ammonia. 

Determination of aquaculture wastewater 
characteristics 

The characterization of aquaculture wastewater 
involves two methods: field measurement and laboratory 
experiments. The tests involved were pH, turbidity, and 
ammoniacal nitrogen (HACH Method 10031). The pH 
and turbidity were tested using pH and turbidity meters 
(Orion AQ3010), respectively, while ammoniacal 
nitrogen was tested using DR900. All testing was 
performed in triplicates and the results were presented as 
the average of three values. 

Coagulation equilibrium 
The isotherm model, which can also explain the 

interaction between the coagulant and the sample of 
aquaculture effluent, can describe coagulation 
equilibrium. In order to assess the efficacy of two 
isotherm models, the Freundlich and Langmuir models 
were used to determine whether coagulation results from 
multilayer or monolayer development of the coagulant 
particles. By setting the coagulant and its dosage for 
wastewater samples at the optimum condition for 
turbidity reduction, the adsorption experiments were 
carried out. 

Surface heterogeneity of the adsorbates is 
introduced by the Freundlich isotherm model with a 
variable energy level distribution of adsorption [23-24]. 
This model shows whether the coagulant particles have 
adsorbed the adsorbent in a multilayer formation [23,25]. 
According to Eq. (2), this isotherm model is an empirical 
representation of the Langmuir isotherm model. 

 1 n
e f eq K C  (2) 

The linear form of the Freundlich isotherm is presented 
in Eq. (3): 

e f e
1log logq log K logC
n

   (3) 

where qe is the coagulation adsorption capacity 
(mg/mg), Kf is the Freundlich affinity coefficient (L/mg), 
Ce is the equilibrium concentrations of turbidity in 
aquaculture wastewater, and n is the exponential 
constant of the Freundlich model. Hussain et al. [25] 
stated that the adsorption intensity, qe, usually decreases 
as the values of 1/n increase and decreases as Kf 
decreases. Lin et al. [24] mentioned that favorable 
adsorption would occur if the value of 1/n is less than 1. 

The surface homogeneity of the adsorbent serves 
as the foundation for the Langmuir isotherm model [23]. 
This model explains how a monolayer form on the 
adsorbate's adsorbent surface [24-26]. According to 
Nhut et al. [18], this model also demonstrates that once 
the adsorbent is linked to the particular adsorbent site, 
no further adsorbent molecule can occupy the adsorbent 
site. Once a sorbate molecule resides at a location, no 
more adsorptions will take place there. The Langmuir 
isotherm model suggests that the adsorbed molecules do 
not interact with one another in order to explain 
adsorption in an aqueous solution [22]. The Langmuir 
isotherm model was determined as Eq. 4. 

 
 

e
e

e

abC
q

1 aC



 (4) 

The linear form of the Langmuir isotherm is presented 
in Eq. (5): 

 e e

1 1 1
q abC b

   (5) 

where a is the Langmuir constant and b is the maximum 
coagulation value  

Statistical analysis 
An important step in carrying out various 

statistical procedures is statistical data analysis. ANOVA 
is a statistical technique for testing a hypothesis about 
the model's input parameters by breaking down the total 
variation in a set of data into components linked to 
certain sources of variation. ANOVA's null hypothesis 
states that there are no significant differences between 
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the groups that were chosen, but the alternative 
hypothesis holds that there are at least one or more 
significant differences between the groups that were 
chosen [22]. 

■ RESULTS AND DISCUSSION 

Characteristics and Properties of Hybrid Coagulant 

Fig. 1 shows the surface morphology of MO and 
copperas viewed under SEM. The morphology of MO 
(Fig. 1(a)) shows a heterogeneous and relatively porous 
matrix. This structure facilitates ion adsorption processes 
due to the interstices and, more importantly, the presence 
of the seed protein component. The coagulant surface 
tends to be irregular and rough at some points and at 

others smooth. Small pores were found around the 
edges, indicating the possibility of sorption at a smaller 
magnitude. Thus, based on these characteristics, it can 
be concluded that this material has an adequate 
morphological profile for retaining metal ions. 

Copperas morphology shows that this compound 
has much asperity and is more coarsely grained, creating 
a large contact area [22]. The depicted image also shows 
a compact gel network structure which is more favorable 
for coagulating colloidal particles and forming bridge 
aggregation between flocs than a branched structure [27]. 

Using FTIR analysis, it was possible to determine 
the chemical composition and functional group of 
copperas and MO, as shown in Fig. 2. Generally, all spectra  

 
Fig 1. Morphology of (a) MO and (b) copperas 

 
Fig 2. FTIR analysis of MO (black line) and copperas (blue line) [22] 
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display the same profile, which is a broad band attributed 
to O–H stretching with a center at 3,317 cm−1. This 
functional group is mostly found in the fatty acid and 
protein structures of MO seeds. The N–H stretching of 
amide groups also contributes to this region because of 
the high protein content in seeds. The C–H of the CH2 
group found in fatty acids is stretched symmetrically and 
asymmetrically, resulting in peaks at 2,353 and 
2,044 cm−1, respectively. Three strong bands with the C–
O bond stretching are located between 1,597 and 
1,400 cm−1. The fatty acid and protein structures 
contained the carbonyl group. It is possible to attribute 
the presence of a peak at 1,068 cm−1 to C–N stretching or 
N–H deformation. The existence of this band 
demonstrates the MO seeds' protein structure. In the 
treatment of contaminated water, the high protein 
content of MO is functional as an electrical cationic. 

Physical and Chemical Characteristics of 
Aquaculture Wastewater 

The initial parameters of aquaculture effluent that 
came from a catfish pond are shown in Table 1. According 
to high levels of turbidity and ammonia, the aquaculture 
effluent needed additional treatment before being 
discharged to a neighboring watercourse. However, 
research on the technology used to remove ammonia 
from aquaculture wastewater is relatively limited. Since 
the coagulant and coagulant aids employed in this study 

have strong removal capacities for this type of pollutant, 
ammonia removal is one of the parameters that has been 
focused on in the present study. 

Coagulation of Aquaculture Wastewater Using 
Hybrid Coagulant of MO and Copperas 

Coagulation of aquaculture wastewater was 
initially done using different formulations of hybrid 
coagulant MO/copperas at different dosages varied from 
40 to 200 mg/L with 40 mg/L intervals. Other 
parameters were kept constant, with rapid mixing at 
150 rpm for 10 min, slow mixing at 25 rpm for 20 min, 
and settling down for 30 min. 

Effect of Hybrid Coagulant Formula and 
Coagulant Dosage 

The coagulants used were native MO, native 
copperas and the integrated MO and copperas at 
different formulations (50:50, 80:20, 20:80). Fig. 3(a) and 
(b) display the results for this stage of the coagulation 
study. 

Table 1. Physico-chemical characteristics for examined 
aquaculture wastewater 

Parameter Value 
Turbidity 77.0 NTU 
Ammonia 2.3 mg/L 
pH 6.0 

 
Fig 3. Effects of coagulant formulation and dosage on turbidity removal in aquaculture wastewater treatment 
(Experimental condition: pH 6, ambient temperature) 
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From observation, the best removal was obtained by 
coagulant formulation of 80% MO and 20% copperas at 
160 mg/L coagulant dosage. At this condition, optimum 
turbidity and ammonia removal reached 66% and 91%, 
respectively. The use of 80% MO as a coagulant provides 
high cationic polyelectrolytes of protein, which 
destabilizes the particle charge in wastewater and 
eventually forms a bridge between the particles. These 
bridging particles then formed a large aggregate and 
precipitated during the sedimentation process [28]. The 
addition of 20% copperas during coagulation results in 
the formation of corresponding gel such as hydroxides 
and some positively charged mononuclear and 
polynuclear species. The positively charged Fe2+ interacts 
with negatively charged colloidal particles present in the 
wastewater by charge neutralization mechanism and 
when these hydroxides and complexed hydroxides are 
settled under gravity, they sweep away and precipitate 
remaining uncharged or charged colloidal particles from 
the wastewater. However, at higher dosage of coagulant 
(more than 160 mg/L) the coagulation activity decreased 
due to the repulsion between the same charge from the 
coagulant protein of MO and Fe2+ species. The excessive 
cationic polyelectrolytes were also cause destabilization of 
aggregates and deflocculation [29]. 

Effect of Initial pH Wastewater 

In this experiment, the pH of aquaculture 
wastewater was adjusted from pH 3 to 8 at fixed 
coagulant dosages 160 mg/L of 80:20 MO:copperas. The 
initial solution of pH was adjusted by H2SO4 and NaOH. 
The pH is one of the most important parameters 
affecting any wastewater treatment process. According 
to the result, pH 6 is identified as the optimum pH due 
to the highest removal efficiency of turbidity and 
ammonia. As seen from Fig. 4, the percentage removal 
efficiency of turbidity and ammonia had reached the 
highest removal of pollutants which was 66 and 91%, 
respectively. This dependence is closely related to the 
acid-base properties of various functional groups on the 
adsorbent surfaces [30]. The literature shows that an 
aqueous heterogeneous mixture of MO seeds presents 
various functional groups, mainly amino and acid 
groups. These groups are capable of interacting with 
metal ions, which is dependent on the pH. An increase 
in metal adsorption with increasing pH values can be 
explained by rivalry between the proton and metal ions 
for the same functional groups and a decrease in the 
positive surface charge resulting in a higher electrostatic 
attraction between the surface and the metal. The pH 
value of the point of zero charge for the proposed  
 

 
Fig 4. Effects of initial pH on turbidity and ammonia removal in aquaculture wastewater treatment (Experimental 
conditions: 160 mg/L of 80:20 MO:copperas at ambient temperature) 
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adsorbent was within the range of 6 to 7. Thus, above this 
pH range, the surface of the sorbent will be negatively 
charged and will adsorb positively charged species. 

Effect of Coagulation Time 

Coagulation time is one of the crucial parameters in 
the coagulation/flocculation process to ensure that the 
coagulant is mixed properly in order to treat the sample 
at the optimal time [31]. This hybrid coagulant showed a 
good performance as the coagulation time was up to 45 
min with the turbidity removal about 80%. For ammonia 
removal, 80% MO with 20% copperas gave a good 
performance at a lower coagulation time with 91% 
removal as represented in Fig. 5. Increasing the 

coagulation time resulted in poor removal of ammonia 
since the pollutant and the coagulant used had a low 
collision between them hence lowering down the 
formation of floc during sedimentation [32]. 

ANOVA 

ANOVA is a one-way test used in this study to 
validate the experimental data for the effect of coagulant 
dosage, initial pH and coagulation time for the best 
coagulant which was 80% MO with 20% copperas as 
tabulated in Tables 1-3. The analysis was accomplished by 
employing the final value of turbidity and ammonia. The 
findings showed that there was a significant difference 
(p-value < 0.05) in all parameters studied,  indicating that  

 
Fig 5. Effects of coagulation time on turbidity and ammonia removal in aquaculture wastewater treatment 
(Experimental conditions: 160 mg/L of 80:20 MO:copperas at ambient temperature and pH 6) 

Table 1. ANOVA test of 80% of MO and 20% of copperas at different coagulant dosage for both turbidity and ammonia 
removal 

Source of 
variation 

Sum of square 
(SS) 

Degree of 
freedom (DF) 

Mean square 
(MS) 

F-test p-value 

 Turbidity removal 
Treatment 21372.130 1 21372.130 10.682 0.011385 
Error 16006.090 8 2000.762   
Sum 37378.220 9    
 Ammonia removal 
Treatment 35617.020 1 35617.020 17.808 0.002916 
Error 16000.770 8 2000.097   
Sum 51617.800 9    
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Table 2. ANOVA test of 80% of MO and 20% of copperas at different initial pH value for both turbidity and ammonia 
removal 

Source of 
variation 

Sum of square 
(SS) 

Degree of 
freedom (DF) 

Mean square 
(MS) F-test p-value 

 Turbidity removal 
Treatment 1948.2010 1 1948.201 253.0514 1.99E-08 
Error 76.9883 10 7.698833   
Sum 2025.1890 11    
 Ammonia removal 
Treatment 51.6675 1 51.6675 26.1541 0.000455 
Error 19.7550 10 1.9755   
Sum 71.4225 11    

Table 3. ANOVA test of 80% of MO and 20% of copperas at different coagulation time for both turbidity and ammonia 
removal 

Source of 
Variation 

Sum of square 
(SS) 

Degree of 
freedom (DF) 

Mean square 
(MS) F-test p-value 

 Turbidity removal 
Treatment 1176.1200 1 1176.1200 17.5159 0.001872 
Error 671.4600 10 67.1460   
Sum 1847.5800 11    
 Ammonia removal 
Treatment 709.9408 1 709.9408 9.0269 0.013242 
Error 786.4683 10 78.6468   
Sum 1496.4090 11    

 
Table 4. Isotherm model for aquaculture wastewater 
treated with 80:20 MO:copperas 

Isotherm model Unit 80:20 (MO:copperas) 
Langmuir a 18.93706 

b 0.033385 
R2 0.499216 

Freundlich n 0.933595 
Kf 0.717376 
R2 0.992175 

the null hypothesis should be rejected which assumes the 
dosage and initial pH (treatment) were equal for all the 
parameter removals. This means that the data have a 
significant difference between the means of groups. 

Coagulation Equilibrium 

Coagulation equilibrium studies were to evaluate 
their performance and determine whether coagulation 
occurs due to multilayer or monolayer formation of the  
 

coagulant particles in describing the interaction between 
the used coagulant and the aquaculture wastewater 
sample. The adsorption experiments were conducted by 
fixing the coagulant and its dosage for wastewater 
samples at the optimum condition for ammonia 
removal. 

Table 4 shows the coagulation equilibrium studies 
performed by using both Langmuir and Freundlich 
isotherm models. As tabulated in Table 4, the Langmuir 
isotherm model shows the a and b values are positive and 
stipulated that the 80:20 MO:copperas based on 
monolayer adsorption supported by Hussain et al. [25]. 
Fig. 6 represents the linear form of both isotherm 
models, Langmuir and Freundlich. The coagulation-
adsorption analysis revealed that 80:20 MO:copperas 
showed monolayer formation of the coagulant, which is 
well-described in the Freundlich Isotherm model, which 
describes surface heterogeneity. 
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Fig 6. (a) Langmuir and (b) Freundlich Isotherm model for 80:2 MO:copperas in treating aquaculture wastewater 

 
■ CONCLUSION 

Overall results showed that for the aquaculture 
wastewater sample employing 80:20 MO:copperas as a 
hybrid coagulant with the optimal conditions for 
pollutant removal in aquaculture wastewater were 
160 mg/L of coagulant dose, pH 6, and 20 min of 
coagulation time. This ratio of MO:copperas shows 
monolayer development of the coagulant, which is well-
described in the Freundlich isotherm model, according to 
the coagulation-adsorption analysis. These results could 
be a baseline research for creating a pilot plant for 
effective hatchery wastewater treatment as well as 
important information for the aquaculture sector in 
implementing efficient chemical treatment. 
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 Abstract: In this study, AuNPs were reduced using ortho-hydroxybenzoic acid (o-HBA) 
and various stabilizing agents (α-CDs and β-CDs). The stability, shape, size, and 
sensitivity of the Fe3+ detection of AuNPs α-CDs and AuNP β-CDs are compared. Both 
nanomaterials were characterized using ultraviolet-visible (UV-vis) spectroscopy, Fourier 
transform infrared (FTIR) spectroscopy, and transmission electron microscopes (TEM). 
After the addition of Fe3+, the absorption rate of surface plasma resonance (SPR) 
increased to 524 nm, and the color of AuNPs α-CDs and AuNPs β-CDs was changed from 
pink to red and purple, respectively. AuNPs α-CDs are more uniform in shape and size 
than AuNPs β-CDs with a size of 23.34 nm. Further, AuNPs α-CDs are more stable, and 
the absorption rate at 524 nm wavelength decreases by 17.76%. AuNPs α-CDs have a 
good linear relationship with a linear regression coefficient of 0.996. The sensitivity of 
AuNPs α-CDs was good with LoD and LoQ both with 1.21 and 4.02 ppm, respectively. 
These results show that the sensor is superior in determining Fe3+. In addition, AuNPs α-
CDs were used to detect Fe3+ in the tap water in South Tangerang, Banten, Indonesia. 

Keywords: AuNPs α-CDs; AuNPs β-CDs; colorimetric detection; Fe3+; tap water 

 
■ INTRODUCTION 

Heavy metals have become the most dangerous 
chemical for water bodies, soil, and air due to the growth 
of contemporary industry [1]. Heavy metals are non-
biodegradable and cannot be digested, therefore, they will 
be accumulated in living organisms after entering their 
food chain [2] which has become an issue due to their 
significant impact on environmental and health problems 
[3]. An example of a toxic heavy metal is elemental iron 
(Fe). Fe element is the most important element and is also 
important in the natural environment [4]. Ion Fe3+ plays 
critical roles in many pathological and physiological 
processes, including cell metabolism, enzyme catalysis, 
nucleic acid synthesis, and electron transport [5]. Neither 
excess accumulation nor lack of Fe3+ leads to several 
diseases, such as cancer, Parkinson’s syndrome, 
Alzheimer’s disease, and anemia [6-7]. Therefore, it must 

be controlled at a significant level to avoid disease. This 
condition has been driving researchers and academicians 
to focus on constructive methods for the qualitative and 
quantitative detection of Fe3+ ions [8]. On the other 
hand, several methods have been developed for the 
determination of Fe3+, including inductively coupled 
plasma mass spectroscopy (ICP-MS) [9], high-
performance liquid chromatography (HPLC) [10], 
atomic absorption spectroscopy (AAS) [11], fluorescence 
spectroscopic analysis [12], electrochemical methods 
[13], and UV-visible spectrophotometer [14]. However, 
these methods require advanced equipment, technical 
expertise, and need time for sample preparation steps. 
Therefore, it is thought that these techniques are not 
economical and user-friendly. In order to overcome 
these disadvantages, the colorimetric method has been 
developed for the detection of metal ions in aqueous 
solutions [15]. Nowadays, metallic nanoparticle sensors 
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have been widely used for colorimetric detection of Fe3+ 
ions due to their strong surface plasmon resonance (SPR), 
stable dispersion, biocompatibility, and controllable 
physical/chemical properties [16]. Due to this reason, 
colorimetric sensors are the best way to detect Fe3+ ions. 

In recent years, gold nanoparticles (AuNPs) have 
attracted a lot of attention as research materials recently 
and have been widely used in a wide range of applications, 
such as sensing, electronics, surface-enhanced Raman 
spectroscopy, drug delivery, bioimaging, catalysis, 
colorimetric sensors, gene therapy, and so on [17]. The 
AuNPs exhibit specific optical characteristics in the 380–
750 nm wavelength region (visible region). The SPR 
phenomenon is the result of surface plasmon 
confinement near a nanoparticle in which the size of the 
nanoparticle is smaller than the wavelength of incident 
light; this is known as the optical characteristics of the 
metallic nanoparticles. This phenomenon stems from the 
coherent oscillation of the surface conduction electrons 
excited by electromagnetic radiation. This phenomenon 
can be found in materials with a negative real and small 
positive imaginary dielectric constant [18]. The 
mechanism of SPR sensors is based on the sensitivity of 
the frequency of the oscillating electron to the 
environment of the plasmonic nanoparticles [19]. The 
dependency of frequency and intensity of the surface 
plasmon resonance adsorption bands on the type, shape, 
size, and size distribution of the nanoparticles provide a 
wide variety of sensing applications [20]. Additionally, 
AuNPs can be used to provide a method for detecting iron 
concentration in tap water samples. 

Cyclodextrins (CDs) are cyclic oligosaccharides 
consisting of (α-1,4)-linked D-glucopyranose units. The 
most common natural CDs and the only ones used in 
pharmaceutical products are α-CDs and β-CDs consisting 
of 6 and 7 D-glucopyranose units. The α-CDs and β-CDs 
are doughnut-shaped molecules with a hydrophilic outer 
surface and a slightly lipophilic central cavity. The outside 
of the CDs toroid is hydrophilic due to the hydroxyl 
groups, giving the molecules with good water solubility, 
whereas the inside is relatively hydrophobic because of 
the glycosidic oxygen bridges [21]. CDs are non-toxic, 
biodegradable and biocompatible, along with the 

collective effects of inclusion, size specificity, controlled 
release capability, and transport properties, making 
them suitable as host molecules [22]. 

Both α- and β-CDs can be used as the stabilizing 
agent to synthesize AuNPs. For instance, the work of 
Gopalan [23] using β-CDs to stabilize metal 
nanoparticles (AuNPs and AgNPs), concluding gold and 
silver nanoparticles are relatively stable and make it 
possible to control the size and distribution of the 
nanoparticles using β-CDs as a stabilizer. Also, Liu et al. 
[24] report control of the size and distribution of AuNPs 
were synthesized by the reduction of hydrogen 
tetrachloroaurate(III) trihydrate by sodium citrate and 
different CDs (α-, β- and γ-) used as the stabilizer, 
concluding the main reason for why cyclodextrins 
stabilize gold colloids is considered to be hydrophobic-
hydrophobic interactions between CDs and AuNPs. The 
work of Lakkakula et al. [25] synthesized gold 
nanoclusters using β-CDs to stabilize for bioimaging 
and selective label-free intracellular sensing of Co2+ ions, 
concluding highly selective, rapid detection method 
using gold nanoclusters stabilized by CD and highly 
biocompatible with did not affect cell growth phases. 
Furthermore, Co2+ can be detected fast (within 5 min) 
with high sensitivity and selectivity. 

In this study, we described the fabrication of 
AuNPs using ortho-hydroxybenzoic acid (o-HBA) with 
α-CDs and β-CDs, namely AuNPs α-CDs and AuNPs β-
CDs. The o-HBA contains hydroxyl phenolic and 
carboxylate functional groups that would be suitable to 
act as reducing. Furthermore, we also compare the 
synthesis of AuNPs with a combination of α-CDs and β-
CDs to act as stabilizers to obtain stability, sensitivity, 
selectivity, LoD (limit of detection), and LoQ (limit of 
quantitation). In the last, AuNPs combination with α-
CDs was utilized to determine Fe3+ in tap waters. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were o-
hydroxybenzoic acid from Central Drug House, New 
Delhi, India. α-CDs, β-CDs, sodium hydroxide, HAuCl4, 
and ethylenediaminetetraacetic acid (EDTA) were 
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purchased from Sigma-Aldrich. The standard solutions 
like Fe3+, Ni2+, Cd2+, Pb2+, Cu2+, Sn2+, Co2+, and Mg2+ were 
obtained from Merck KGaA, Darmstadt, Germany. HCl 
and HNO3 were purchased from Mallinckrodt. All these 
chemical agents were used as received. 

Instrumentation 

The instrumentations used in this study were 
ultraviolet-visible (UV-vis) spectra using Agilent Cary 60 
UV-vis spectroscopy between 200–800 nm range. The size 
distribution and morphology of nanoparticles were 
analyzed by transmission electron microscope (TEM) 
Tecnai G2 20S-Twin Function. Fourier transform 
infrared spectroscopy (FTIR) spectra were measured 
using Shimadzu IR Prestige 21 in the 400–4000 cm−1 
range. The Fe3+ content of the tap water samples was 
determined using an Agilent 280FS AA. 

Procedure 

Synthesis of AuNPs-CDs 
The synthesis of AuNPs α-CDs and AuNPs β-CDs 

was carried out by mixing 100 ppm HAuCl4, 0.01 M o-
HBA at pH 12, and a concentration of 0.02 M CDs (α or 
β) with the volume ratio of 1:1:1 in a water bath at 98 °C 
for 20 min. 

Stability of AuNPs-CDs 
The stability of AuNPs α-CDs and AuNPs β-CDs 

was carried out by storing the synthesized AuNPs for 3 
months in the refrigerator at 4 °C, then examining them 
with UV-vis spectrometry to compare with the SPR 
spectra results of the AuNPs-CDs when they were 
synthesized. 

Colorimetric response of AuNPs-CDs towards metals 
The synthesized AuNPs α-CDs and AuNPs β-CDs 

were evaluated for their colorimetric response to Fe3+, 
Mg2+, Ni2+, Cd2+, Pb2+, Cu2+, Sn2+, and Co2+. One mL of 
10 ppm heavy metal solution at room temperature was 
combined with 1 mL of AuNPs α-CDs and β-CDs 
synthesized under optimum conditions (100 ppm 
HAuCl4, 0.01 M o-HBA at pH 12, and 0.02 M α or β CDs 
with a 1:1:1 volume ratio). The combination was then 
shaken to homogenization and analyzed using UV-vis 
spectrometry. 

Other metal ion interference in the reaction of 
AuNPs-CDs with Fe3+ 

The interference is evaluated by including 
additional heavy metal ions in the AuNPs α-CDs + Fe3+ 
and AuNPs β-CDs + Fe3+. One mL of Fe3+ (10 ppm) and 
1 mL of each of the additional (10 ppm) heavy metal 
ions: Mg2+, Ni2+, Cd2+, Pb2+, Cu2+, Sn2+, and Co2+ were 
added to the mixture with a 2:1:1 volume ratio, which 
was then shaken to homogenization and subjected to 
UV-vis spectrometric analysis. 

Analytical performance 
For the calibration plot, the absorbance values at 

524 nm versus the concentration of Fe3+ were applied. 
The LoD and LoQ were determined from three times the 
standard deviation of the blank signal and ten times the 
standard deviation of the blank signal, respectively [26]. 
The LoD and LoQ of the developed colorimetric sensor 
were calculated using Eq. (1) and (2): 

SyLoD 3
a

   (1) 

SyLoQ 10
a

   (2) 

where Sy is the standard deviation, and a is the slope of 
the calibration curve, were used to estimate the LoD and 
LoQ with variation in concentration of Fe3+ (2, 6, 10, 14, 
18 ppm). Three times of the detection Fe3+ standard 
solution analysis using AuNPs α-CDs and AuNPs β-
CDs under ideal conditions were tested for repeatability 
and reproducibility. The spiking method was used to 
determine the accuracy parameters. In tap water, the 
measurement of the Fe3+ standard solution's recovery 
value was analyzed. 

Reusability of AuNPs-CDs as Fe3+ colorimetric sensor 
The reusability test was performed by introducing 

1 mL of Fe3+ 10 ppm and 1 mL of EDTA 25 ppm to 1 mL 
of AuNPs α-CDs and adding 1 mL of EDTA 40 ppm to 
AuNPs β-CDs with a 1:1 volume ratio. The resulting 
mixture was then homogenized by shaking and analyzed 
using UV-vis spectrometry. 

Application test to tap water 
Three water samples collected from different tap 

water areas in South Tangerang, Banten, Indonesia, were 
filtered with 0.45 μm filter paper and preserved with 
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HNO3 to pH < 2. Samples were analyzed by AAS to 
compare the results. The application test was performed 
by 1 mL samples added with 1 mL of AuNPs α-CDs 
analyzed by UV-vis spectrometry. 

■ RESULTS AND DISCUSSION 

Synthesis of AuNPs-CDs 

o-HBA was chosen as the reducing agent of AuNPs 
due to its ability to convert Au3+ to Au0 with an 
optimization peak which is found in o-HBA at pH 12 [27]. 
α- and β-CDs were selected as a stabilizer because CDs are 
hollow compounds that have steric hindrance, so they can 
stabilize the nanoparticles. After the production of 
AuNPs α-CDs and β-CDs, the maximum wavelength for 
the SPR is detected at 524 nm which is included in the 
specific optical SPR of AuNPs in the wavelength region of 
350–750 nm (visible region) [18] with an absorbance of 
0.49 for AuNPs α-CDs and 0.51 for AuNPs β-CDs with 
the color of the resulting solution is bright pink (Fig. 1). 
The size of AuNPs α-CDs and β-CDs was relatively small 
because the SPR peak was sharp [28]. The size of AuNPs 
α-CDs and β-CDs was confirmed by the TEM. 

The stability of AuNPs after 3 months of incubation 
of AuNPs α-CDs and AuNPs β-CDs in the refrigerator at 
4 °C did not change the color solution. There is a decrease 
in absorbance at the same wavelength at 524 nm from 
0.49 to 0.40 (17.76%) for AuNPs α-CDs and from 0.51 to 
0.39 (22.95%) for AuNPs β-CDs. Thus, AuNPs α-CDs are  
 

more stable than AuNPs β-CDs (Fig. 2). 
After testing using TEM, the average results of 

nanoparticle size for AuNPs α-CDs and AuNPs β-CDs 
were 23.34 and 40.74 nm, respectively. The shape of the 
AuNPs α-CDs is spherical, and the shape of the AuNPs 
β-CDs is various (triangle, hexagon, and square). Thus, 
AuNPs α-CDs nanoparticles are more uniform in shape 
than AuNPs β-CDs (Fig. 3). 

Colorimetric Response of AuNPs-CDs toward 
Metals 

The comparison of AuNPs using different 
stabilizers of α-CDs and β-CDs with the presence of heavy  
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Fig 1. The UV-vis spectra of AuNPs α-CDs and AuNPs 
β-CDs with their color solution as inset 
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Fig 2. SPR spectra of the stability of AuNPs after 3 months incubation (a) AuNPs α-CDs and (b) AuNPs β-CDs with 
their color solution as inset 
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Fig 3. TEM images of (a) AuNPs α-CDs and (b) AuNPs β-CDs 

 
metal ions. Several heavy metal ions such as Fe3+, Mg2+, 
Ni2+, Cd2+, Pb2+, Cu2+, Sn2+, and Co2+ with a concentration 
of 10 ppm were added with AuNPs-CDs in a 1:1 ratio 
volume. The SPR of AuNPs α-CDs and AuNPs β-CDs 
before being added with metal ions are 524 nm. The only 
metal ions that changed the color and absorbance of 
AuNPs-CDs at 524 nm were Fe3+ [29-30]. The color of 
AuNPs α-CDs and AuNPs β-CDs were changed from 
bright pink to red and purple, respectively. The response 
time of color change by the addition of Fe3+ is about 2 s 
because there was a rapid color change when Fe3+ drops 

into AuNPs (less than 1 min, rapid detection). 
Moreover, the change in color is visible to the naked eye 
(Fig. 4). On the other hand, the selectivity of AuNPs α-
CDs and AuNPs β-CDs with the addition of several 
heavy metal ions. Some heavy metal ions did not change 
the absorbance of AuNPs α-CDs and AuNPs β-CDs at 
524 nm. However, only Fe3+ increases the absorbance of 
the AuNPs α-CDs and AuNPs β-CDs at 524 nm from 
0.18 to 0.37 and 0.23 to 0.39, respectively. This indicates 
that AuNPs α-CDs and AuNPs β-CDs are selective for 
detecting ion Fe3+ (Fig. 5). 
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Fig 4. The UV–vis spectra of AuNPs using different stabilizer agents, (a) α-CDs and (b) β-CDs in the presence of 
various metal ions (10 ppm) 
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Fig 5. The selectivity of AuNPs in the presence of different stabilizers, (a) α-CDs and (b) β-CDs and metal ions 
concentration of 10 ppm from the absorbance data at 524 nm 
 
Other Metal Ions Interference in the Reaction of 
AuNPs-CDs with Fe3+ 

The other metal ions were added, and their effects 
on the selectivity of AuNPs α-CDs or AuNPs β-CDs 
towards Fe3+ were investigated using a UV-vis 
spectrophotometer three times. It was shown that the 
absorbance of AuNPs α-CDs or AuNPs β-CDs with Fe3+ 
was not significantly affected by the addition of the other 
metal ions (Fig. 6). Thus, under the optimum conditions 
of Fe3+ sensing using AuNPs α-CDs or AuNPs β-CDs, the 
addition of other metal ions does not cause interference 
which proves good selectivity of AuNPs α-CDs or AuNPs 
β-CDs for colorimetric sensors of Fe3+. 

Analytical Performance 

The dynamic linear range of the calibration curve 
is one crucial factor to consider when assessing the 
effectiveness of AuNPs α-CDs and AuNPs β-CDs as 
colorimetric sensors of Fe3+. Changes in the absorbance 
(ΔAbs) of AuNPs α-CDs and AuNPs β-CDs at 524 nm 
towards the changes in Fe3+ concentration were 
monitored with UV-vis spectrometry. As the Fe3+ 
concentration increased, the color changed AuNPs α-
CDs and AuNPs β-CDs to red and purple, respectively, 
and the absorbance at 524 nm increased. The Δ 
absorbance of AuNPs α-CDs and AuNPs β-CDs versus 
concentration of Fe3+  was plotted as a  linear  calibration  

 
Fig 6. The interference of AuNPs in the presence of different stabilizers, (a) α-CDs and (b) β-CDs and metal ions 
concentration of 10 ppm from the absorbance data at 524 nm 
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plot in the range of 2–18 ppm. The rise in absorbance 
following the addition of Fe3+ is compared to the original 
absorbance before the addition of Fe3+ to determine Δ 
absorbance. 

The calibration curve at 524 nm as a function of Fe3+ 
concentration is given in (Fig. 7). When the relationship 
between the absorbance of AuNPs and the concentration 
of Fe3+ is linear, this plot can be used to determine the level 
of Fe in the sample. The value of R2 obtained was 0.996 for 
AuNPs α-CDs and 0.902 for AuNPs β-CDs with LoD 
1.21 ppm, LoQ 4.02 ppm for AuNPs α-CDs and LoD 
6.21 ppm, LoQ 20.72 ppm for AuNPs β-CDs, respectively. 
In the same concentration range, AuNPs α-CDs are more 
sensitive than AuNPs β-CDs evidenced by the LoD value 
of AuNPs α-CDs smaller than AuNPs β-CDs. Based on 
the same correlation coefficient (R2) value obtained, it can 
be categorized into a good linear regression equation 
(R2 ≥ 0.99) for AuNPs α-CDs, so it is used for the 
detection of Fe3+ in tap water. 

Table 1 shows the list time of analysis and the LoD 
for some colorimetric Fe3+ sensors developed based on 
SPR sensitivity as others [31-32]; it was more sensitive 
than other works [33-34]. The sensor developed here 
had the advantage of a short analysis time (less than 
1 min). It proved that this research developed a Fe3+ 
colorimetric sensor that provided better sensitivity and 
rapid detection. 

Precision and Recovery 

The repeatability and reproducibility for 
colorimetric of AuNPs α-CDs and AuNPs β-CDs are 
given in Table 2. The repeatability of the sensor reflected 
the quality of sensor response and was investigated by 
measuring its absorbance at 524 nm in optimum 
conditions for 3.0 determination (n = 3) on the same day 
resulting in an acceptable relative standard deviation 
(RSD) lower than that determined by AOAC (7.3%) and 
Horwitz  (11.3%) [35]  confirms  good  repeatability. The  
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Fig 7. The linear relationship between the concentration of Fe3+ and Δ Absorbance of (a) AuNPs α-CDs and (b) AuNPs 
β-CDs at 524 nm. UV-vis Spectra of (c) AuNPs α-CDs and (d) AuNPs β-CDs with various concentrations of Fe3+ from 
2 to 18 ppm 
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Table 1. Comparison of AuNPs α-CDs based UV-vis spectrometric method with the reported methods for detection 
of Fe3+ 

Capping Reagents Samples Time of analysis LoD Ref. 
pyrophosphate Lake water samples 30 min 312 ng/mL [31] 
oxamic acid, 
p-aminobenzoic acid 

Water, urine, and 
plasma samples 

15 min 330 ng/mL [32] 

acidic thiourea mixture - 15 min 50 ppm [33] 
ascorbic acid, some proteins 
and flavonoids from Hibiscus 
cannabinus 

- 2 min 8.1 ppm [34] 

o-hydroxybenzoic acid and α-
cyclodextrin 

Tap water < 1 min 1.2 ppm This work 

 
Table 2. Repeatability and reproducibility of (a) AuNPs 
α-CDs and (b) AuNPs β-CDs at 524 nm 

(a) Repeatability Reproducibility 
Concentration 

Fe³⁺ (ppm) 
RSD (%) RSD (%) 

AOAC Horwitz AOAC Horwitz 
2 0.02 1.80 6.63 1.80 
6 0.32 1.53 4.30 1.53 

10 0.18 1.41 1.29 1.41 
14 0.45 1.34 2.40 1.34 
18 0.06 1.29 3.32 1.29 
(b) Repeatability Reproducibility 

Concentration 
Fe³⁺ (ppm) 

RSD (%) RSD (%) 
AOAC Horwitz AOAC Horwitz 

2 0.03 1.80 4.12 1.80 
6 0.10 1.53 4.15 1.53 

10 0.06 1.41 0.86 1.41 
14 0.02 1.34 1.46 1.34 
18 0.05 1.29 0.93 1.29 

reproducibility was examined at an absorbance of 524 nm 
in optimal conditions on different days so that the 
obtained RSD was lower than that determined by the 
AOAC (7.3%) and Horwitz (11.3%) [35] confirming good 
reproducibility. 

AuNPs α-CDs are used in recovery because of their 
average size, shape uniformity, stability and sensitivity 
better than AuNPs β-CDs. Recovery tests with real 
samples were carried out using tap water taken at 3 
different places in South Tangerang, Banten, Indonesia. 
Tap water samples were spiked with standard ion Fe3+ 
solutions (10 ppm) and then analyzed. The results 
summarized in (Table 3) demonstrated the recovery 

range of 86.4 to 109.9% when compared with acceptable 
recovery percentages according to the concentration 
level of analyte in 10 ppm (80–110%) [35]. The results 
obtained are within that range so that the recovery 
results are acceptable and clearly confirm the 
applicability of the developed colorimetric sensor for the 
accurate determination of Fe3+ ions in tap water. 

Reusability 

The reusability of AuNPs α-CDs and β-CDs was 
carried out by adding EDTA which is commonly used as 
a binding agent or ligand for several metal ions or 
elements, especially Fe³⁺. The use of EDTA is expected 
to bind Fe3+ ions so that AuNPs-CDs can be used again. 
In order to recover the initial absorbance from AuNPs 
α-CDs and β-CDs, the concentration EDTA for AuNPs 
α-CDs and β-CDs is 25 and 40 ppm, respectively. Further, 
the color change AuNPs α-CDs and AuNPs β-CDs after 
the addition of Fe3+ is red and purple, respectively.  
 
Table 3. Recovery of AuNPs α-CDs for the analysis of 
Fe3+ in the samples 

Samples Spiked (ppm) Detected 
by AAS (ppm) 

Recovery 
(%) 

Sample I 6.68 0.51 86.4 
8.05 0.51 92.4 

Sample II 5.75 ND 97.8 
6.30 ND 93.7 

Sample III 9.66 0.59 109.9 
10.52 0.59 105.1 

ND: Not Detected is the content of Fe3+ is below the limit of detection 
(LoD) of AAS 
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The color change after the addition of EDTA in AuNPs α-
CDs + Fe3+ and AuNPs β-CDs + Fe3+ was from red and 
purple to bright purple, respectively. The change in color 
and widening of the absorbance peaks indicate (Fig. 8) 
that the shape and size of the AuNPs α-CDs and β-CDs 
cannot return to their original shape and size. Thus, AuNPs 
α-CDs and β-CDs can be reused only twice (Fig. 9). 

Application Test to Tap Water 

The average size, shape uniformity, stability and 
sensitivity of AuNPs α-CDs are better than AuNPs β-CDs, 
so AuNPs α-CDs are chosen for application test to tap 
water. The analytical results of Fe3+ using the AuNPs α-
CDs which were obtained by the proposed method, were 
not significantly different from those obtained by AAS, as 
shown in Table 4. That’s because the correlations between 
the as-developed method and the AAS obtained t-test 

values of 0.04; 0.52; and 0.04, respectively (the t-test 
value is 4.30 at a 95% confidence level); it is possible that 
the two methods did not reveal significantly different 
results. The outcomes of this application, therefore, 
demonstrated the applicability of the AuNPs α-CDs 
sensor method to the samples. 

Characterization of AuNPs-CDs 

TEM analysis 
AuNPs α-CDs are used for test applications to tap 

water, so for  characterization  using TEM,  only AuNPs  

Table 4. Results of Fe3+ detection in samples of tap water 
Samples Developed method (ppm) AAS (ppm) 
Sample I 0.55 0.51 
Sample II 0.52 ND 
Sample III 0.55 0.59 
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Fig 8. Reversibility of Fe3+ in the presence of various EDTA by using different stabilize agents, (a) α-CDs and (b) β-
CDs. The color of AuNPs α-CDs and β-CDs (A) with change color after the addition of Fe3+ (B) and after the addition 
of EDTA (C). Bar diagram exhibiting magnitude of absorbance for reversibility as inset 

 
Fig 9. Reversible cycles of AuNPs α-CDs (a) and AuNPs β-CDs (b) addition with Fe3+ system with EDTA 
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Fig 10. TEM images of the AuNPs α-CDs + Fe3+ 

α-CDs + Fe3+ are used. The average results of nanoparticle 
size for AuNPs α-CDs + Fe3+ were 24.02 to 72.23 nm. The 
TEM images (Fig. 10) show that the presence of Fe3+ reduces 
the distance between the AuNPs α-CDs, but the AuNPs 
α-CDs retain their original shape, and aggregation occurs. 

FTIR analysis 
The IR spectra of AuNPs α-CDs and AuNPs α-CDs 

+ Fe3+ (Fig. 11(a)) and AuNPs β-CDs and AuNPs β-CDs 
+ Fe3+ (Fig. 11(b)) state an absorption peak which 
corresponded a C–H stretching + C–H (CH2) stretching 
and C–H stretching at 2920 and 2860 cm−1 probably 
owned by cyclodextrin (α-CDs and β-CDs) [36]. 
Absorption peak which corresponded to a ketone C=O 

stretching ortho for AuNPs α-CDs and AuNPs α-CDs + 
Fe3+ (Fig. 11(a)) at 1732 cm−1, for AuNPs β-CDs at 
1732 cm−1 and AuNPs β-CDs + Fe3+ at 1730 cm−1, 
proved that o-HBA acts as a reducing agent and 
cyclodextrin acts as a stabilizer [37]. Stretching vibration 
of C=O carbonyl for AuNPs α-CDs and AuNPs β-CDs 
emerge at 1642 and 1643 cm−1 due to the presence of an 
electrostatic bond C=O with Au metal (Table 5). After 
the addition of Fe3+ (AuNPs α-CDs + Fe3+ and AuNPs β-
CDs + Fe3+), the wavenumber at the C=O stretching 
vibration carbonyl was shifted to 1647 and 1695 cm−1. 
The shift of wavenumber was caused by the C=O 
carbonyl groups that were believed to bind with Fe3+ 
[37]. Other than that, O–H bending carbonyl and C=C 
stretching aromatic of AuNPs α-CDs and AuNPs β-CDs 
appeared at 1602 and 1452 cm−1. After the addition of 
Fe3+ (AuNPs α-CDs + Fe3+), the wavenumber at the O–
H bending carbonyl and C=C stretching aromatic were 
shifted to 1608 and 1455 cm−1, respectively. The shift of 
wavenumber was caused by the O–H bending carbonyl 
and C=C stretching aromatic to form bridges between 
AuNPs, causing a decrease in the distance among 
AuNPs α-CDs and AuNPs β-CDs. Therefore, the 
schematic between AuNPs α-CDs, AuNPs β-CDs, and 
Fe3+ based on FTIR results may be interpreted as shown 
in Scheme 1. 
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Fig 11. FTIR spectra of (a) AuNPs α-CDs and AuNPs α-CDs + Fe3+ and (b) AuNPs β-CDs and AuNPs β-CDs + Fe3+ 
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Table 5. Wavenumbers (cm−1) of AuNPs CDs and AuNPs CDs-Fe3+ complexes 
AuNPs α-CDs AuNPs α-CDs + Fe³⁺ AuNPs β-CDs AuNPs β-CDs + Fe³⁺  

2920 2920 2920 2920 C–H stretching + C–H (CH2) stretching 
2860 2860 2860 2860 C–H stretching 
1732 1732 1732 1730 Ketone C=O stretching ortho 
1642 1647 1643 1695 C=O stretching vibration carbonyl 
1602 1608 1602 1602 O–H bending carbonyl 
1452 1455 1452 1451 C=C stretching aromatic 

 
Scheme 1. Scheme illustration of AuNPs AuNPs α-CDs and AuNPs β-CDs 

 
■ CONCLUSION 

This study's results indicated that AuNPs α-CDs 
were more stable than AuNPs β-CDs, with an absorbance 
drop of 17.76% at a 524 nm wavelength. With the average 
size of 23.34 nm, AuNPs α-CDs have a more consistent 
nanoparticle size and shape. The linear calibration curve 
at 524 nm's R2 value of 0.996 with a LoD of 1.21 ppm and 
a LoQ of 4.02 ppm confirms the AuNPs α-CDs are more 
sensitive than AuNPs β-CDs. From this comparison, 
AuNPs α-CDs can be utilized to detect Fe3+ in tap water 
because it exhibits good precision, accuracy, and recovery. 
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 Abstract: New and simple spectrophotometric method was applied for amoxicillin 
determination by oxidative coupling with an organic reagent 1-(4-aminophenyl)-3-(5-(4-
nitrophenyl)-furan-2-yl)-yl)-prop-2-en-1-one (H) to form an orange colored dye with λmax 
of 490 nm. The molecular structure of the new compound H was characterized using 
spectral analysis including 1H-NMR, FTIR, Mass spectroscopy, and UV-visible. The 
concentration range of oxidative coupling obeyed Beer's law was 2–50 μg/mL, the 
correlation coefficient was 0.9995, molar absorptivity was 0.63 × 104 L/mol cm, and the 
detection limit was 0.189 μg/mL. The concentration range of flow injection obeyed Beer's 
law was 1–150 μg/mL, the correlation coefficient was 0.9994, molar absorptivity was 
0.295 × 104 L/mol cm, and the detection limit was 0.407 μg/mL. The proposed method 
was successfully applied in pharmaceutical formulation for amoxicillin determination. 
The results showed that amoxicillin could be reacted with a new compound H in the 
alkaline medium in the presence of oxidative agent NaIO4 and automated by flow 
injection analysis. The proposed methods have the advantage of simple, fast, very 
sensitive, good precision and accuracy. The suggested technique was effectively used to 
estimate amoxicillin in both its pure form and pharmaceutical formulations. 

Keywords: amoxicillin; chalcone; spectrophotometric; flow injection; oxidative coupling 

 
■ INTRODUCTION 

Amoxicillin (6-[(R)-(-)-2-amino-2-(p-hydroxyl 
phenyl)acetamido]-3,3-dimethyl-7-oxo-4-thia-1-
azabicyclo[3.2.]heptane-2-carboxylicacid trihydrate, 
AMX, (Fig. 1), is one of the mostly given semisynthetic 
penicillins for acute bacterial sinusitis and community-
acquired pneumonia [1-2]. Several methods for AMX 
determination in pharmaceutical formulations and 
biological fluids have been reported including HPLC [3-
5], chemiluminescence [6-8], spectrofluorimetric [9], and 
flow-injection analysis [10-14]. 

Chalcone has a unique structure that consists of two 
aromatic rings connected by a three-carbon unsaturated 
carbonyl system with a wide range of functional groups 
[15-17]. Chalcone and its derivatives have shown a wide 
spectrum of biological activities [18] such as anti-fungal, 
anti-microbial, anti-inflammatory, anti-malarial, 

antiviral, anti-tumor, antioxidant, anti-leishmanial, and 
anti-cancer [19-20]. These activities were originated 
from the presence of a reactive keto-ethylenic moiety  
(–CO–CH=CH–) in their structure. The objective of this 
study is an alternative method that is more effective and 
inexpensive because it utilizes agriculture used or by-
products such as grain, soybean husk, straw, cottonseed, 
bark, used newspaper, and others. Paper, such as 
newspaper, is a material that contains cellulose (50.1%), 
hemicellulose, and lignin (18.1%); thus, it can be used as  

 
Fig 1. Structure of amoxicillin 
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an adsorbent [1]. In this work, a simple 
spectrophotometric method was established for AMX 
determination by oxidative coupling with a new chalcone 
reagent. 

■ EXPERIMENTAL SECTION 

Materials 

The chemicals and solvents were obtained from 
Sigma Aldrich and BDH companies and were used 
without further purification to create the compounds in 
this study. 4-amino acetophenone, absolute ethanol, 
hydrochloric acid, 5-(4-nitrophenyl)furan-2-
carbaldehyde and ethanol were obtained from Sigma-
Aldrich company. Sodium hydroxide, sulfuric acid, 
sodium periodate, and nitric acid were obtained from 
BDH company. AMX was obtained by SDI, a general 
corporation for the production of pharmaceuticals and 
medical supplies, in Samara, Iraq. 

Instrumentation 

Using an open capillary tube in a Gallen-Kamp 
MFB-600 melting point apparatus, the melting point of 
produced chalcone was measured. A Shimadzu FTIR-
8400S was used to register infrared spectra in the region 
of 4000–600 cm−1. A mass spectroscopic was captured 
with Shimadzu QP 2010 Plus. With tetramethylsilane as 
an internal standard, the model ultra-shield 1H-NMR 
spectra (DMSO-d6 solvent) were registered at 300 MHz. 
The absorbance measurements were done in a 
spectrophotometric single-beam UV-visible 295 (Lasany-
India) with 1.0 cm and 0.5 cm quartz cells. For the flow 
injection analysis (FIA), the configuration with the three 
channels (Fig. 2) was used. The peristaltic pump and 
reaction coil were both powered by a poly(vinyl chloride) 
tube (0.8 mm internal diameter) peristaltic pump 
(ALITEA, C4, produced in Sweden). 

Procedure 

The general procedure of preparation of compound H 
Compound H was prepared using the method given 

in reference [20] with some changes. A 4-
aminoacetophenone (0.005 mol, 0.67 g) was dissolved 
and stirred in a mixture of 30 mL of absolute ethanol and 
4 mL of 10% NaOH  solution at room  temperature. Then,  

 
Fig 2. FIA manifolds, peristaltic pump (P), sample 
injection (S), reaction coil (R.C), flow cell (FC), detector 
(D), waste (W) 

5-(4-nitrophenyl)furan-2-carbaldehyde (0.005 mol, 
1.08 g) was added and stirred for 48 h. After the 
disappearance of the initial materials, as monitored by 
TLC, hydrochloric acid was added drop-wise with 
stirring to the reaction mixture until the formation of a 
precipitate which was collected after filtration. The 
product was washed with cold distilled water, dried, and 
purified by ethanol to afford the orange crystals. 

Analytical methods 
Preparation of stock solution and reagents 
solution. To prepare an AMX stock solution 
(1000 mg/mL), 0.1 g of AMX was dissolved in 100 mL of 
distilled water. By combining 0.5 mL of sulfuric acid and 
0.1 g of the organic reagent in distilled water and 
stirring, a stock solution of H 1000 g/mL was obtained. 
NaOH 2 M was obtained by dissolving 8 g of NaOH in 
100 mL of distilled water. A 2.13 g of NaIO4 and 1 mL of 
HNO3 were dissolved, stirred, and added to 100 mL of 
distilled water to create 0.1 M NaIO4. 
The general procedure of oxidative coupling 
reaction 1000 μg/mL. The oxidative coupling reaction 
was prepared for AMX in 20 mL volumetric flask by the 
addition of 2 mL AMX (1000 μg/mL), 2 mL 1000 μg/mL 
from organic reagent H with 1 mL of NaIO4 0.1 M in 
present of NaOH 1 M that produced orange colored dye 
at λmax 490 nm. The blank solution was prepared in the 
same way without the addition of AMX. 

The procedure of flow injection 
AMX was injected into a carrier stream made of 

three channels that were mixed together. The first 
channel carried 0.2 M organic reagent H, and the second 
channel carried 0.1 M NaIO4 in a T-shape. The reaction 
is carried out by thoroughly mixing the ingredients in a 
50 cm reaction coil, allowing the mixture to flow 
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through an injector, and then reacting the end product 
with a stream of 1 M NaOH. The absorbance of the 
resulting orange dye was then measured at 490 nm. 

The Procedure for AMX in capsules 
The AMX capsules 500 mg pharmaceutical, 

equivalent to 100 mg of pure AMX, were transferred into 
100 mL volumetric flask to prepare 1000 μg/mL and 
completed to 100 mL distilled water. Afterward, the 
solution was filtered to remove any interference. The 
diluted solution was prepared from the pharmaceutical 
and then used in the measurement of oxidative coupling 
and FIA. 

■ RESULTS AND DISCUSSION 

Compound H was prepared by the reaction of 
equivalents moles of 4-aminoacetophenone with 5-(4-
nitrophenyl)furan-2-carbaldehyde in an appropriate 
solvent through the Claisen-Schmidt condensation using 
NaOH as a catalyst. Compound H showed a band at 3483 
and 3388 cm−1 related to NH2, bands at 3230 and 
3089 cm−1 regions due to CH=CH and aromatic C–H 
bonds, respectively. The C=O absorption band appeared 
at 1639 cm−1, while the C=C stretching frequency of 
compound H appeared at 1585 cm−1. Bands at 1502 and 

1332 cm−1 were related to the NO2 absorption. The 1H-
NMR of compound H revealed a singlet band at 5.4 ppm 
due to NH2, the doublet appears at 7.03 ppm related to 
two Ar–H, while the multiple signals at 8.05–8.73 ppm 
due to other aromatic hydrogens and two hydrogen of 
the CH=CH of chalcone. 

Scheme 1 shows the proposed reaction pathway 
between the prepared reagent and drug to produce the 
colored dye derivative. From the mole ratio method 
shown, the ratio between the drugs and reagents was 1:1, 
and the proposed formula for the resulting dye produced 
are therefore as follows [21-22] shown in Scheme 1. 

Spectrophotometric Study 

Oxidative coupling reaction preliminary 
investigation showed that the reaction of AMX with 
organic reagent H in the presences oxidizing of agent 
and in alkaline media was used to produce the orange-
colored dye that has λmax 490 nm, where the absorption 
spectra of the orange dye were measured against blank. 

Effect of Experimental Conditions of Oxidative 
Coupling 

The factors that effect on the stability and sensitivity 
of the  colored  product  from  the oxidative  coupling  of  

 
Scheme 1. Synthesis of dye derivative 
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AMX with the organic reagent and oxidative reagent 
NaIO4 present in an alkaline medium were studied. 
Different parameters that affected the colored intensity of 
the oxidative dye were studied, such as the addition of 
order and medium. The optimal amount of alkaline was 
1.5 mL, as shown in Fig. 3(a), when several volumes of 
NaOH (0.25–2.50 mL) were investigated. Different 
volumes (0.5–3.0 mL) of 0.2 M organic reagent H were 
used; the results are shown in Fig. 3(b). The optimal 
volume of a reagent to produce the most intensely colored 
product was 2 mL. The amount of oxidizing agent 0.1 M 
NaIO4 was studied by adding various amounts (0.25–
2.50 mL) of an oxidizing agent into a volumetric flask of 
20 mL. The greatest absorbance was achieved when 1 mL 
was employed, and the findings are shown in Fig. 3(c). 
Effects of temperature, reagent concentration, oxidizing 
agent quantity, NaOH concentration, and period of 
oxidation. It depended on experiments that affected the 
nature of the medium for the oxidative coupling reaction; 
diverse medium (alkaline, acidity, and neutral) was tested, 

and the sequence addition (R+D+O+B) for AMX 
offered the larger intensity of colored. To increase the 
effectiveness of the oxidative coupling process, as shown 
in Fig. 3(d), oxidation reactions at different 
temperatures (0, 25, and 50 °C) were employed to 
explore the effects of temperature while maintaining the 
same circumstances. The time required to reach the 
output has been found to be stable, and it is composition 
is complete using optimal conditions of interaction. 
Under these conditions, the product is formed and 
stabilized after a period of 10 min, the absorption 
remains stable for not less than 2 h. The result was 0.852 
for AMX. 

Stoichiometric Ratio Determination 

The stoichiometry of the oxidative reaction 
between AMX and chromogenic reagent H was 
investigated using the mole ratio method. Fig. 4 shows 
that the orange dye is formed in the ratio 1:1 
chromogenic reagent H:AMX. 

 
Fig 3. Effect of experimental conditions of oxidative coupling (a) Base, (b) reagent, (c) NaIO4, and (d) temperature 
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Study the Optimum Reaction Conditions for AMX 
Determination Using Flow Injection 

The concentration of the reagent, the concentration 
of the oxidizing agent, and the concentration of NaOH 
were all studied as the chemical parameters' to get ideal 
conditions for this method. The highest absorbance 
intensity colored was into 0.2 M when several 
concentrations (0.025–0.300 M) organic reagent H for the 
AMX were examined; the findings are shown in Fig. 5(a). 
The best oxidizing agent concentrate, as shown in Fig. 
5(b), was NaIO4 0.1 M at various concentrations 
(1 × 10−3–3 × 10−1 M). NaOH is used as the best alkaline 
in the flow injection for the AMX to accumulate into. 
When several NaOH concentrates (0.2–2 M) were 
examined, the greatest absorbance was at 0.8 M, as shown 
in Fig. 5(c). 

Different physical parameters, such as reaction coil, 
were also investigated. The reaction coil’s length ranged 
from 25 to 230 cm, and the best reaction coil was 50 cm 
because it gave the highest absorbance and was most 
sensitive to low dispersion. The results are shown in Fig. 

6(a). The largest absorption occurred when the total flow 
rate was 2 mL/min because it took a long time for the 
reaction to complete and result in significant absorption, 
as shown in Fig. 6(b). Various injection sample volumes 
between (50–200 μL) were investigated. A volume of 
100 μL was chosen as the optimal volume to yield the 
greatest absorbance and was used in all future trials. The 
findings are shown in Fig. 6(c). 

The calibration graph for the AMX was established 
by plotting various concentrates of (2–50) and (1–
150) μg/mL,  respectively.  From  the  calibration  graph, 

 
Fig 4. Mole ratio for oxidative AMOX coupled with 
chromogenic reagent H 

 

 
Fig 5. Effect of experimental conditions of flow injection chemical parameters, (a) Concentration of reagent,  
(b) concentration of oxidative agent, (c) concentration of NaOH 
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Fig 6. Effect of experimental conditions of flow injection physical parameters, (a) reaction coil, (b) flow rate, and (c) 
injection sample volume 
 
the linear regression equation, correlation of coefficient 
(r), slop (a), and intercept (b), and optimal experimental 
conditions of oxidative coupling and flow injection were 
obtained. Fig. 7(a, b), and Table 1 display analytical results 
for the regression equation of the suggested oxidative 
coupling and FIA methods. 

Studies on accuracy and precision were conducted  
 

for the suggested methods of flow injection and 
oxidative coupling under ideal conditions and utilizing 
a range of concentrations, measuring absorbance at least 
five times for each concentration. As stated in Tables 2 
and 3, relative error (%RE), recovery (%R), and relative 
standard deviation (%RSD) were used to calculate 
precision and accuracy. 

Table 1. Characteristic parameter for the proposed oxidative coupling and flow injection regression equation 
Parameters Oxidative coupling Flow injection 
λmax (nm) 490 490 
Color Orange Orange 
Regression equation Y=0.0174x–0.0053 Y=0.0086x+0.1618 
Linearity range (μg/mL) 2–50 1–150 
Correlation Coefficient (r) 0.9995 0.9995 
ε (L/mol.cm) 0.630×104 0.295×104 
Sandal’ sensitivity (μg/cm2) 0.0580 0.1200 
Slope (b) 0.0174 0.0081 
Intercept (a) −0.0082 −0.0066 
Limit of detection (μg/mL) 0.1890 0.4070 
Limit quantification (μg/mL) 0.5710 1.2300 

LOD = 3.3×SDb/S, SDb = the standard deviation of intercepts of regression lines [22-23] 
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Fig 7. Calibration curve of AMX: (a) Oxidative coupling and (b) flow injection 

Table 2. The precision and accuracy of suggested techniques for estimating pure samples 

Drug 
Amount of drugs 

(μg/mL) %RE %R Average 
%R 

%RSD 
(n=5) 

Taken Found 
 Oxidative method 

AMX 10 9.97 −0.30 99.70 
99.94 

0.13 
20 19.99 −0.05 99.95 0.42 
30 30.05 0.16 100.16 0.22 

 Flow injection method 
AMX 10 9.89 −1.10 98.90 

99.72 
0.26 

30 29.94 −0.40 99.60 0.59 
50 50.33 0.66 100.66 0.43 

Table 3. The proposed method's accuracy and precision for identifying commercial medications 

Type of drugs 
Amount of drugs 

(mg) %RE %R Average 
%R 

%RSD 
(n=5) 

Taken Found 
 Oxidative method 

Amoxicillin trihydrate 500 mg 
Capsules (Global, UAE) 

10 10.04 0.40 100.40 
100.26 

0.31 
20 19.97 −0.15 99.85 0.43 
30 29.95 −0.16 99.83 0.51 

Amoxicillin 500 mg 
Capsules (Ajanta, India) 

10 9.98 −0.20 99.80 
99.97 

0.76 
20 19.98 −0.10 99.90 0.21 
30 30.07 0.23 100.23 0.32 

 Flow injection method 
Amoxicillin trihydrate 500 mg 
Capsules (Global, UAE) 

10 9.98 −0.20 99.80 
99.96 

0.65 
30 29.99 −0.03 99.98 0.22 
50 50.05 0.10 100.10 0.12 

Amoxicillin 500 mg 
Capsules (Ajanta, India) 

10 10.01 0.10 100.10 
99.95 

0.44 
50 49.97 −0.16 99.83 0.54 
30 29.95 −0.06 99.94 0.65 

Average of five repeats, %E = relative error (Found-taken/taken×100), %R, and %RSD% 
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■ CONCLUSION 

In this paper, amoxicillin reacts with a new 
chromogenic reagent, (E)-1-(4-aminophenyl)-3-(5-(4-
nitrophenyl)furan-2-yl)prop-2-en-1-one (compound H), 
in the alkaline medium in the presence of oxidative agent 
NaIO4 and automate by flow injection analysis. The ideal 
chemical parameters, such as the reagent concentration, 
oxidizing agent concentration, and sodium hydroxide 
concentration, were studied. These methods have the 
advantage of being simple, rapid, very sensitive, and 
having good precision and accuracy. 
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 Abstract: Nanoparticles and nanocomposites prepared by the hydrothermal method 
(ZnO, ZnO/MnO2) were used to build dye-sensitized solar cells (DSSCs), which were used 
as photoelectrodes using two natural dyes as the absorbent media: red (Hibiscus 
sabdariffa) and green (Apium graveolens). The results showed the efficiency of the green 
dye in DSSCs is superior to the red dye in terms of conversion efficiency (η). The purpose 
of the study is to improve the performance of dye solar cells. The properties of 
nanomaterials were studied by X-ray diffraction (XRD), scanning electron microscopy 
(FE-SEM), and transmission electron microscopy (TEM) for the analysis of ZnO NPs and 
ZnO/MnO2, whereas the sizes of the prepared materials are within the size of 1–100 nm. 
The solar cell parameters were obtained from simple (I-V) measurements for 
nanomaterials prepared using two-dye DSSCs where Isc represents the short circuit 
current through the solar cell when the voltage across the solar cell is zero, and Voc 
represents the open circuit voltage across the solar cell and is the maximum voltage 
available from the solar cell. The photoelectrochemical properties of the two dye DSSCs 
in this study were calculated at 22.53 mW/cm2 of the light intensity. 

Keywords: semiconductors; nano chemical synthesis; photoelectrodes; establishment of 
DSSCs; conversion efficiency 

 
■ INTRODUCTION 

Concerns about greenhouse gas emissions and 
climate change have increased along with the 
corresponding energy demands as the world's population 
keeps growing [1-2]. Dye-sensitized solar cells (DSSCs) 
[3], organic solar cells (OSCs) [4], and perovskite solar 
cells (PSCs) [5-6] are examples of third-generation 
photovoltaic technologies that have been developed using 
inexpensive, simple, plentiful materials, and scalable 
fabrication techniques. Nonetheless, they are perfect for 
portable electronics [7] since they can be produced as 
small, light, and flexible solar modules [8-9]. 
Furthermore, they are potential for ambient energy 
harvesting for the wireless sensors used in internet of 
things (IoT) devices due to their excellent efficiency in low 
light, which beats other existing technologies under 
typical indoor conditions. [7,10-12]. In this article, new 

materials that can be used to create high-performance 
DSSC-based photovoltaic devices have recently made 
strides [13-22]. Together with the increased possibilities 
for their potential incorporation in portable electronics, 
wireless sensor networks, and IoT devices [12], 
innovative DSSC device designs that have emerged in 
recent years using alternate redox shuttles and catalyst 
materials are discussed. The development in the related 
materials is also compiled in this study, showing how 
each functional component of a DSSC has been 
enhanced using new materials and production 
techniques. Also, a method for creating a novel cell 
design is given, which might be accomplished soon with 
the use of scalable fabrication techniques. Hydrothermal 
was used to create nanomaterials in this study because of 
the ease and speed of the method as well as the formation 
of high-purity nanomaterials in a short time. 
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■ EXPERIMENTAL SECTION 

Materials 

Chemicals used in the preparation of zinc oxide 
nanoparticles included Zn(NO3)2·6H2O purchased from 
Thomas baker (India) with a purity of 98%, sodium 
hydroxide (NaOH) from Fluka with a purity of 97%, and 
ethanol (C2H5OH) Riedel-De-Haen AG, (Germany), 
100% pure. 

The ZnO/MnO2 nanocomposite was prepared using 
manganese chloride tetrahydrate (MnCl2·4H2O) from 
Thomas baker (India) with a purity of 98%, and the zinc 
chloride (ZnCl2) from Thomas baker (India) with a purity 
of 99%. In addition, urea (CH4N2O) from Thomas baker 
(India) with a purity of 98%, and ethylene glycol (C2H6O2) 
Merck, (Germany) with a purity of 99.9% were used as 
well. The materials used in the preparation and 
application of solar cells included iodine (I2) from Merck, 
(Germany) with a purity of 97%, potassium iodide (KI) 
from Thomas baker (India) with a purity of 97%, and 
acetic acid (CDH-INDIA) with a purity of 97%. 

Instrumentation 

A device autoclave (China), centrifuge Hettich 
EBA20 (Made in Germany), and field emission scanning 
electron microscopy (FESEM) TESCAN MIRA3 Hv 300 
Zeiss (Made in Germany) were used in this study. A 
magnetic-stirrer hot plate VS-130-SH(vision)/scientific 
co, LTD (Korea), programmable Keithley electrometer 
(2400)Tektronix Company, and pH-Meter HI 96107 
Water-Tester Reverse Osmosis/Hanna-Instrumentals 
(China) were used in this work. A sensitive balance 
electronic balance type ABS 120-4 Kern & Sohn GmbH, 
transmission electron microscopy (TEM): Zeiss EM 10 C, 
100 kV (Germany), and the electrical furnace 
(CARBOLITE) homemade were used in this study. A UV-
vis spectrophotometer single beam EMCLAB-11-U.V-
1100.Vis 200–1100 nm sinco (Made in Germany), UV-vis 
spectrophotometer double beam SCINCO Mega-2100 
(Korea), volt-meter DT-9205A CE Auto Power, and X-
ray diffraction (XRD) 2700 AB Haoyuan Co. (China) 
were used in this work. 

Procedure 

Synthesis ZnO of nanoparticles using the 
hydrothermal method 

ZnO nanoparticles are synthesized using 
hydrothermal technology. The materials used are 
Zn(NO3)2·6H2O and NaOH pellets. Throughout the 
experiment, all ingredients needed to make the ZnO 
nanoparticles were diluted in deionized water (DIW). 
Zinc nitrate solutions at a concentration of 0.5 M were 
prepared with continuous stirring for 30 min using a 
mild magnetic stirrer to completely dissolve 
Zn(NO3)2·6H2O in 30 mL of DIW. While this was 
happening, 30 mL of DIW was used to prepare a 5 M 
NaOH solution by agitating it for the same amount of 
time that the Zn(NO3)2 granules were dispersed. The 
NaOH solution is gradually added to the Zn(NO3)2 
solution with continuous stirring until the pH of the 
reactants reaches 12. This solution mixture is placed in a 
Teflon-lined autoclave made of stainless steel with a 
capacity of 70 mL and heated to 100 °C for 2 h in the 
electric oven. Then, we take out the autoclave and let it 
cool down gradually to room temperature. After 
washing the precipitate repeatedly with deionized water 
and ethanol, it was dried and collected [23-28]. 

Preparation of ZnO/MnO2 nanocomposites by the 
hydrothermal method 

A hydrothermal technique was used to produce the 
ZnO/MnO2 nanocomposite. The materials, 2.968 g of 
MnCl2·4H2O, 6.133 g of ZnCl2, and 2.342 g of CH4N2O, 
were mixed and dissolved in 150 mL of C2H6O2 under 
constant stirring for 30 min at 350 rpm under ambient 
conditions. Then the solution is transferred to an 
autoclave made of stainless steel and Teflon. The 
autoclave is closed and left in the oven for 24 h at a 
temperature of 200 °C. Then, the autoclave is taken out 
from the oven and left to cool at room temperature. 
Afterwards, the solution and the precipitate are 
separated by a centrifuge. Then, DIW mixed with 
ethanol is used to wash the sample several times until a 
precipitate is produced. The resulting material is then 
dried at 100 °C, crushed, and subjected to calcination at  
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600 °C for 6 h. After drying and cooling, the ZnO/MnO2 

nanocomposites appeared as a dark brownish-colored 
powder [29]. 

■ RESULTS AND DISCUSSION 

Characterization of Prepared Compounds 

XRD analysis 
The density and full breadth at half the maximum 

size and position were found through analysis of the XRD 
results. Peaks at 2θ, 31.67°, 34.34°, 36.20°, 47.46°, 56.54°, 
62.83°, and 67.91°, respectively, were observed in nine 
diffractions and corresponded to crystal levels of (100), 
(002), (101), (102), (110), (103), and (112). Broad 
neutrality and a sharper peak without any peak twisting 
were observed at (101) peaks. The analysis was that these 
many peaks showed crystals with irregular orientation. 
ZnO nanoparticles with an average crystal volume of D 

were created using the Debye-Scherer formula [30]. 
Hexagonal nanostructures are observed in ZnO. The 
XRD results obtained for the ZnO nanoparticles are 
consistent with previous literary studies (Fig. 1) because 
of their strong and narrow diffraction peaks, particularly 
in (100), (002), and (003). The XRD data breakdown 
demonstrates that the ZnO nanoparticles sample has a 
high degree of crystalline quality (101). Fig. 2 illustrates 
how XRD was used to describe the crystalline nature and 
crystal phases of the ZnO/MnO2. The diffraction peaks 
show that there are polycrystalline MnO2 and ZnO 
crystal planes present. According to sources, the 
composite consists of a cubic type MnO2 and a 
hexagonal phase of wurtzite type ZnO (JCPDS card 
number: 65-3411) and (JCPDS card number: 39-0375) 
[31] Using Scherrer's formula, the average crystal size 
ranges between 15.47 and 66.62 nm. 

 
Fig 1. X-ray diffraction pattern of ZnO nanostructures 

 
Fig 2. X-ray diffraction pattern of ZnO/MnO2 nanocomposite 
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FE-SEM analysis 
Fig. 3 displays FE-SEM images of ZnO 

nanostructures and ZnO/MnO2 nanocomposites created. 
The typical diameter is 23.63 nm, more proof that ZnO is 
formed as a tangle of nanoparticles may be found in Fig. 
3. The microstructural and textural properties of the 
prepared samples were decided by consulting the FESEM 
micrographs recorded at various scales. Fig. 4 shows the 
FESEM images of ZnO/MnO2 at different magnification 
values, which demonstrated that the nanocomposite 
particles are composed of highly fibrous, gritty, and 
porous microstructures of 13–65 nm diameters with 

vastly bumpy and uneven surfaces. Due to this, the 
surface area of the prepared is enhanced which has 
facilitated the adsorption and catalytic performance 
greatly. 

TEM analysis 
Analysis of TEM was employed to evaluate the 

created nanoparticles and nanocomposite materials. Fig. 
5 illustrates the spherical shape of ZnO nanoparticles 
with sizes between 17.99 and 77.40 nm. The nanoparticles 
of the ZnO/MnO2 nanocomposite are shown in Fig. (6) in 
terms of their shapes and sizes, and they range in size from 
62.48–68.99 nm. 

 
Fig 3. FE-SEM images of ZnO nanoparticles with a magnification of (a) 1 μm, (b) 2 μm, and (c) 4 μm 

 
Fig 4. FE-SEM images of ZnO/MnO2 nanocomposite with a magnification of (a) 100 nm, (b) 200 nm, and (c) 5 μm 

 
Fig 5. TEM images of ZnO nanoparticle with a magnification of (a) 250 nm, (b) 60 nm, and (c) 60 nm and an image 
of the oxide nanoparticles from another direction 
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Fabrication of Dye-Sensitized Solar Cells 

In order to prepare DSSCs, ZnO nanoparticles and 
ZnO/MnO2 nanocomposite were synthesized in the study 
and employed as a photoelectrode with two natural dyes 
as absorbent media: red dye from Hibiscus sabdarriffa and 
green dye from Apium graveolens. The I-V and 
characteristics of DSSCs made from nanosurfaces and 
natural dyes are shown in Fig. 7 and 8. As demonstrated 
in Table 1, the results indicated that the green dye 
improves the DSSCs conversion efficiency (η) over the red 
dye. There are various causes, one of which is the energy 
gap, which is different for the red and green dyes and is 

larger for the green dye. As a result, more ray wavelengths 
travel through the cells and are absorbed by the dye [32]. 
Second, since each of them has a unique surface area, 
there are differences between the surface areas of various 
nanomaterials. The effectiveness of the constructed 
DSSC rises as the green dye's adsorption on nanoscale 
surfaces increases. Moreover, due to the increased 
concentration of natural dye impurities, the current yield 
of DSSCs made with the natural red dye is lower than 
that of DSSCs rises as the green dye's adsorption on 
nanoscale surfaces increases. Moreover, due to the 
increased  concentration  of  natural dye  impurities,  the  

 
Fig 6. TEM images of ZnO/MnO2 nanocomposite with a magnification (a) 40 nm, (b) 40 nm and an image of the oxide 
nanoparticles from another direction, and (c) 150 nm 
 

 
Fig 7. I-V characteristics of prepared DSSCs nanoparticles 
and nanocomposite prepared with red dye 

 
Fig 8. I-V characteristics of prepared DSSCs nanoparticles 
and nanocomposite prepared with green dye 

Table 1. Photoelectrochemical characteristics of DSSCs (A = 5.4 cm2 red dye and 4.5 cm2 green dye) at 22.53 mW/cm2 
of light intensity 

Catalyst/dye ISC (mA) Voc (V) Imax (mA) Vmax (V) Pmax FF η % 

ZnO 
Red dye 0.980 430 0.974 368 358.43 0.8506 0.6640 
Green dye 1.000 435 0.980 380 372.40 0.8561 0.8276 

ZnO/MnO2 
Red dye 0.959 440 0.946 360 340.56 0.8071 0.6310 
Green dye 0.970 463 0.938 365 342.37 0.7623 0.7610 
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current yield of DSSCs made with the natural red dye is 
lower than that of DSSCs made with the green dye [33]. 
Also, the low intensity of 22.53 mW/cm2 of the light 
source used is another factor contributing to the low value 
found for the manufactured DSSCs and the use of carbon 
as the cathode electrode on the FTO solar cell's rear 
surface. Moreover, a conduction electrolyte composed of 
an I2/iodide solution is created. DSSCs produced using 
Keithley 2400 were used to measure the photovoltaic 
performance (Fig. 9). Most solar cell parameters can be 
obtained from simple I-V measurements. Table 1 shows 
the IV measurement of solar cells under forward 
prejudice and brightness. The short circuit current (Isc) is 
the current through the solar cell when the voltage across 
the solar cell is zero. The open circuit voltage (Voc) is the 
voltage across the solar cell when the current through the 
solar cell is zero and it is the maximum voltage available 
from the solar cell [34]. The maximum power point (Pmax) 
is the state under which the solar cell generates its 
maximum power. The current and voltage in this 
condition are defined as Imax and Vmax, respectively. The 
fill factor (FF) and the conversion efficiency (η) are 
metrics used to characterize the performance of the solar 
cell [35]. The fill factor is defined as the ratio of Pmax 
divided by the product of Voc and Isc. The conversion 
efficiency is defined as the ratio of Pmax to the product of 
the input light irradiance (E) and the solar cell surface area 
(Ac) (see Eq. (1–4)) [36]. 
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Preparation of the Anode Electrodes 

As mentioned earlier, the hydrothermal process is 
used to prepare the nanomaterials. A small amount of 
prepared nanomaterials is added and mixed with acetic 
acid and DIW (paste form) and spread on FTO glass 
plates as an anode electrode, one of the types of solar cells, 
leaving the  cell edges not  coated  with the  nanomaterial. 

 
Fig 9.  The measurement setup of the solar cells under the 
light effect using the Keithley device 

Then, the solar cell is placed in an oven at a temperature 
of 40–50 °C to dry sufficiently. The anode electrode 
prepared from the nanosurface and the FTO glass was 
immersed in the red dye solution (the first dye) in the 
vessel to allow it to adhere to the surface of the 
nanomaterial for 24 h in a dark place. Then, the solar 
cells were removed from the dye solution the next day 
and also dried in a dark place to obtain the anode 
electrode. The prepared binary nanocomposite 
(ZnO/MnO2) goes through the same steps to form the 
anode electrode in this way with the two dyes. 

In order to prepare the cathode electrode, carbon 
(craft) is applied to the solar cell's surface, leaving the edges 
unaffected. The cathode pole was therefore furnished. 

■ CONCLUSION 

ZnO nanoparticles and ZnO/MnO2 
nanocomposites were developed using a single-step 
hydrothermal process. ZnO nanoparticles and 
ZnO/MnO2 nanocomposites have been used as 
electrodynamic catalysts, and the effectiveness of 
nanomaterials (semiconductors) in the formation of 
DSSCs has been investigated. The use of solar cells in 
daily life applications was also performed because of 
their wide characteristics in terms of surface area and 
smallness, size and the power it provides. The study also 
shows the possibility of producing nanomaterials in 
several ways, including the simple chemical method. To 
know the effectiveness of the green dye on DSSCs 
compared to the red dye in terms of transduction 
efficiency (η). The effect of prepared ZnO nanoparticles 
and ZnO/MnO2 nanocomposites on the conversion 
efficiency (η) with the red (Hibiscus sabdariffa) and 
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green (Apium Gravolens) dyes was studied. One of the 
benefits of using different characterizations is to know the 
nature of the surfaces of nanomaterials and their 
effectiveness as photoelectrodes, in addition to their 
crystal structures and different shapes. We also conclude 
the possibility of developing solar cells using various 
nanomaterials to improve their work and electrical 
properties and use them in the future to provide energy 
and electricity at the lowest cost. The functionality 
improvement in solar cells is also affected by the size of 
the nanocrystals during the solid-to-solid phase 
transition. Therefore, phase control is a critical step. 
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 Abstract: Poly(ethylene terephthalate) (PET) waste was depolymerized by trans-2,3-
dibromo-2-butene-1,4-diol in the presence of manganese acetate as a catalyst using 
microwave irradiation as opposed to the conventional heating process in order to reduce 
the time required for PET depolymerization. The depolymerization product bis(trans-2,3-
dibromo-4-hydroxy-2-butenyl)terephthalate (BDBHBT) was isolated, characterized, and 
evaluated as a green inhibitor for mild corrosion steel in corrosive 1 M H3PO4 medium. 
This product was characterized using FTIR and 1H-NMR. The effects of immersion time, 
inhibitor concentration, and reaction temperature were studied. The chemical technique 
utilized in this study was weight loss, while the electrochemical technique employed an 
open circuit potential. With 0.6 g/L of BDBHBT inhibitor, the highest corrosion 
inhibition efficiency of 83.3% was observed. The kinetic and thermodynamic functions 
were calculated, and the results indicated that the investigated inhibitor was physically 
adsorbed on the surface and confirmed to the Langmuir adsorption isotherm. This study 
aims to lessen pollution of the environment by transforming PET waste to a beneficial 
oligomer BDBHBT and estimating the inhibitory effect of this product on the corrosion of 
mild steel in 1 M H3PO4. 

Keywords: poly(ethylene terephthalate) waste; green corrosion inhibitor; phosphoric 
acid; weight loss; open circuit potential 

 
■ INTRODUCTION 

Poly(ethylene terephthalate) (PET) is an important 
polymer in the world of plastics and packaging due to its 
most significant applications [1-2]. Due to its non-
biodegradability in the environment, it is widely used in 
thermoplastics, which generate tons of waste that would 
destabilize the ecosystem equilibrium; therefore, it is an 
excellent material for recycling [3-4]. Recycling PET is 
one of the most successful and widespread examples of 
polymer recycling, which has become the most important 
process from an ecological standpoint and provided a 
business opportunity due to the widespread use of PET 
bottles, fibers, and packaging [5-6]. PET waste can be 
recycled through various processes, including chemical 
and physical recycling. Chemical recycling can be defined 
as the reaction of PET with different chemicals to produce 
chemical industry-relevant products [7]. Various chemical 

recycling methods for PET, including glycolysis, 
methanolysis, hydrolysis, ammonolysis, aminolysis, and 
hydrogenation, have been used to investigate the chain 
scission-induced degradation of PET's main chain [8-9]. 
Nathaniel Wyeth patented the PET container in 1973, 
and it became widely used in the 1980s to make 
throwaway soft drink bottles. In 1987, over 700 million 
pounds of PET were utilized to make them [10]. 

Besides, corrosion is the deterioration of metals and 
alloys in corrosive environments. Constantly occurring 
in nature, the corrosion reaction process of metals is one 
of the primary concerns of the gas and oil industry. 
Globally, the annual economic loss caused by corrosion 
is enormous; thus, controlling and reducing the cost of 
this economic issue costs billions of dollars [11-12]. 
Corrosion protection of metal constructions is therefore 
considered a very important subject. Acidic solutions are 
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utilized extensively to clean, descale, pick, and acidify oil 
wells. Inhibitors of corrosion are necessary to prevent 
corrosion of metal alloys in these acid solutions [13]. 

Phosphoric acid has numerous industrial uses and it 
is compatible with a great deal of chemical and petroleum 
apparatus [14-15]. The majority of this apparatus is 
composed of mild steel that is susceptible to corrosion 
when exposed to acid. For this reason, corrosion 
inhibitors are used to shield mild steel from different 
forms and corrosive conditions, and the presence of these 
inhibitors decreases the corrosion rate of steel, thereby 
increasing its lifetime [16-17]. The majority of efficient 
acid inhibitors are organic compounds with oxygen, 
nitrogen, and/or sulfur, and these compounds bind on the 
surface of the steel to inhibit corrosion [18-19]. 

This is one of a series of works aimed at mitigating 
environmental contamination by transforming waste 
PET into beneficial materials and evaluating the 
inhibitory effect of these useful products on the corrosion 
of certain metals and alloys in various aqueous media. In 
this study, trans-2,3-dibromo-2-butene-1,4-diol was used 
to convert PET waste into the oligomer bis(trans-2,3-
dibromo-4-hydroxy-2-butenyl)terephthalate (BDBHBT). 
The product (oligomer) was investigated as a green 
inhibitor for the corrosion of mild steel in 1 M H3PO4. 

■ EXPERIMENTAL SECTION 

Materials 

After removing covers and labels, used PET bottles 
were collected, washed, and dried before being reused. 
These bottles have been split into tiny chips (6 × 6 mm2). 
The materials trans-2,3-dibromo-2-butene-1,4-diol and 
manganese acetate were purchased from Sigma Aldrich 
Chemical Company in England. The corrosive solution 
(1 M H3PO4) was made by diluting H3PO4 of analytical 
grade with double-distilled water. Specimens of mild steel 
were used in all experiments; these specimens contained 
metals listed in Table 1. 

Instrumentation 

Using Fourier transform infrared spectral data 
recorded over the 400–4000 cm−1 wavenumber range, a 
Bruker FTIR-spectrometer was utilized to determine the 
chemical's structure. The prepared substance was 
thawed by DMSO-d6 and investigated with a 1H-NMR 
spectrometer model Bruker spectrophotometer 
(500 MHz) as an additional spectroscopic method for 
determining the chemical structure. 

Procedure 

Microwave depolymerization of PET: The reaction of 
PET with trans-2,3-dibromo-2-butene-1,4-diol 

PET waste (1 g) was depolymerized with trans-2,3-
dibromo-2-butene-1,4-diol (7.37 g) using 0.5% 
manganese acetate (0.005 g). PET was depolymerized 
using an electromagnetic source for microwave 
generation oven (LG, 2.45 GHz, maximal power: 
900 W). The mixture was introduced into a reaction vial 
with a loose stopper, which was then placed in a 
microwave reactor. The reaction was permitted to 
continue with 450 W for a prolonged duration of time 
(30 min). This mixture was permitted to cool at room 
temperature. At the end of the reaction, an excess 
amount of distilled water was added to the mixture while 
vigorously stirring. The mixture was then separated. The 
collected filtrate was stored in a refrigerator for 24 h. 
Black crystalline powder was obtained in the filtrate, 
indicating that an oligomer BDBHBT had precipitated 
from the product, and it was separated and desiccated 
[20-21], yielding 4 g. The mechanism was illustrated in 
Scheme 1. 

Weight loss measurements 
Mild steel coupons of 4 × 8 × 0.1 cm dimensions 

were used as test specimens. Emery paper was used 
manually to clean them, degreased with acetone, rinsed 
with distillate water, and dried. The described treatment 
was  performed  promptly  prior  to  each  measurement.  

Table 1. Contents of mild steel specimens 
Element C Mn P Mo Al Sn V Nb Ni Cu Fe 

Weight (%) 0.170 0.057 0.011 0.022 0.011 0.005 0.004 0.007 0.027 0.043 Balance 



Indones. J. Chem., 2023, 23 (6), 1627 - 1637    

 

Rasha Jasim Tuama 
 

1629 

 
Scheme1. Preparation of bis(trans-2,3-dibromo-4-hydroxy-2-butenyl)terephthalate (BDBHBT) 

 
Weight loss studies were conducted on specimens of mild 
steel submerged in 1 M H3PO4 medium in various 
concentrations of inhibitor (0, 0.1, 0.2, 0.4, and 0.6 g/L) at 
different temperatures (303, 323, and 333 K) for different 
immersion time (2, 4, and 8 h). The corrosion rate and 
efficiency of the inhibitor were determined based on 
weight loss for every coupon of every test configuration in 
every group. Corrosion rate (CR) is calculated from the 
change in weight of specimens in mils per year (mpy) 
using the relationship [22-23], Eq. (1): 

534.WCorrosion rate (mpy)
A.d.t

  (1) 

W is weight loss due to corrosion (mg), d is specimen's 
density (mg/cm3), A is exposed surface area (in2), and t is 
time of the immersion (h). 

Regarding inhibitor efficiency (%IE) and surface 
coverage (θ), Eq. (2) and (3) are utilized [24-25]: 

0

0

W W
%IE 100

W


   (2) 

0

0

W W
W


   (3) 

where W0, W indicate loss of weight the metal without 
and with inhibitor, respectively. 

Adsorption mechanism for inhibitor on metal sample 
In order to understand the relationship between an 

inhibitor (adsorbate) and an adsorbent surface, 
adsorption isotherms were utilized. Using the Langmuir, 
Freundlich, and Temkin adsorption isotherms, the 
mechanism of adsorption for inhibitor molecules on mild 
steel was predicted. Optimal adsorption isotherm was 
determined by using the equations of linear for their 

models, plotting their individual graphs with the 
appropriate parameters, and comparing the R2 values 
calculated from the line of best-fit plots for the three 
isotherms. 

Open circuit potential measurements 
The potential of a mild steel electrode was 

measured against a saturated calomel electrode (SCE) in 
a 1 M H3PO4 solution as a function of time of immersion 
without and with various concentrations of BDBHBT 
derived from PET waste until open circuit potential was 
reached. The open circuit potential test lasts a total of 
30 min, allowing the electrochemical test system to reach 
equilibrium. 

■ RESULTS AND DISCUSSION 

Characterization for BDBHBT Inhibitor 

From FTIR spectra, the structure of the obtained 
compound, BDBHBT was confirmed. The presence of a 
strong band at 3428 cm−1 in the spectra of BDBHBT in 
Fig. S1 indicates that the product terminates with 
hydroxyl groups. An absorption band at 3031 cm−1 
corresponds to aromatic =C–H stretching, whereas the 
peaks at 893 and 723 cm−1 correspond to aromatic and 
olefinic =C–H out-of-plane bending, respectively. The 
other peak at 2972 cm−1 is determined to be stretching of 
vibration aliphatic C–H. The presence of peaks at 1722 
and 1267 cm−1 are ascribed to stretching vibration of 
C=O ester and stretching vibration of C–O ester, while 
the peaks at 1507 and 1408 cm−1 indicate stretching of 
C=C, and the peak at 607 cm−1 correspond to C–Br 
bending. Fig. S2 shows the 1H-NMR of BDBHBT, the 
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peaks at 8.03, 8.05, 8.08, 8.10, and 8.13 ppm are imputed 
to protons of the aromatic ring, while the peak at 
4.85 ppm is singlet attributed to the terminal O-H group. 
At the same time, 4.59 and 3.85 ppm are attributed to H-
atoms of methylene groups nearer to carbonyl ester and 
O–H group, respectively. Whereas a peak at 2.50 ppm is 
assigned to the solvent DMSO-d6. 

Weight Loss Measurements 

Effect of immersion time and inhibitor concentration 
on the corrosion process 

Table 2 shows the effect of increasing the immersion 
duration in 1 M H3PO4 containing the BDBHBT green 
inhibitor on the weight loss rate (W) and rate of corrosion 
(CR) of mild steel at various concentrations and 
temperatures. In general, as immersion time increased at 
a particular temperature, the weight loss of steel 
increased, and consequently, the corrosion rate 
decreased. As shown in Fig. 1-3, the relationship between 
weight loss and time in uninhibited and inhibited 1.0 M 
H3PO4 is linear. This demonstrates that during corrosion, 
there are no insoluble surface films. In this instance, an 
inhibitor is initially adsorbed on the surface of a metal,  
 

and then it inhibits corrosion either by blocking the 
reaction sites (anodic and cathodic) or by changing the 
mechanism of anodic and cathodic partial processes [26-
27]. In addition, at temperatures 303, 323, and 333 K, an 
increase in BDBHBT inhibitor concentration led to a 
decrease in the weight loss and corrosion rate. Thus, a 
BDBHBT inhibitor  concentration  of 0.6 g/L  resulted in  

 
Fig 1. Curves of weight loss-time of mild steel in 1 M 
H3PO4 without and with various concentrations of PET 
waste-derived BDBHBT inhibitor in 303 K 

Table 2. Weight loss and corrosion rate of steel in 1.0 M H3PO4 in the presence and absence of various concentrations 
of BDBHBT in various temperatures 

Conc. 
g/L 

T  
(K) 

Time (h) 
2 4 8 

W (g) CR (mpy) W (g) CR (mpy) W (g) CR (mpy) 
blank 

303 

0.0562 401.6000 0.1125 330.0900 0.2799 333.2300 
0.1 0.0449 320.3400 0.0924 254.0800 0.1898 224.3000 
0.2 0.0269 195.9800 0.0498 151.0900 0.1231 144.8000 
0.4 0.0134 97.1080 0.0234 69.4360 0.0632 62.0430 
0.6 0.0109 89.0050 0.0185 66.0950 0.0475 55.0090 

blank 

323 

0.0633 452.0600 0.1345 365.1100 0.3861 459.7600 
0.1 0.0450 393.0000 0.0970 309.0000 0.2776 304.8000 
0.2 0.0335 243.7900 0.0621 178.0000 0.1914 177.6000 
0.4 0.0183 132.7100 0.0389 95.0090 0.0989 93.4000 
0.6 0.0112 128.2300 0.0256 91.1900 0.0849 89.9000 

blank 

333 

0.0694 495.0000 0.1566 462.1100 0.4335 531.9000 
0.1 0.0552 465.6000 0.1339 406.8700 0.3147 395.8000 
0.2 0.0395 287.2000 0.0745 230.4500 0.2167 227.2000 
0.4 0.0201 182.0900 0.0413 150.2200 0.1611 148.6000 
0.6 0.0172 197.8200 0.0368 167.0500 0.1287 163.0000 
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Fig 2. Curves of weight loss-time of mild steel in 1 M 
H3PO4 without and with various concentrations of PET 
waste-derived BDBHBT inhibitor in 323 K 

 
Fig 3. Curves of weight loss-time of mild steel in 1 M 
H3PO4 without and with various concentrations of PET 
waste-derived BDBHBT inhibitor in 333 K 

Table 3. Effect of temperature on the rate of corrosion and effectiveness of preventing corrosion for mild steel in 1 M 
H3PO4 with various concentrations of BDBHBT inhibitor produced from PET waste for 8 h 

Conc. 
(g/L) T (K) CR (mpy) %IE θ 

blank 

303 

333.2300 - - 
0.1 224.3000 32.20 0.3220 
0.2 144.8000 56.02 0.5602 
0.4 62.0430 77.42 0.7742 
0.6 55.0090 83.30 0.8330 

blank 

323 

459.7600 0.00 0.0000 
0.1 304.8000 28.10 0.2810 
0.2 177.6000 50.42 0.5042 
0.4 93.4000 74.38 0.7438 
0.6 89.9000 78.01 0.7801 

blank 

333 

531.9000 0.00 0.0000 
0.1 395.8000 27.40 0.2740 
0.2 227.2000 50.00 0.5000 
0.4 148.6000 62.83 0.6283 
0.6 163.0000 70.31 0.7031 

 
the least amount of weight loss at each temperature 
considered. As the weight loss decreased as the 
concentration of the inhibitor increased, this indicated 
that the inhibitor was effective at inhibiting corrosion 
reactions. 

Effect temperature on inhibition efficiency 
Table 3 shows the results of CR and %IE of the 

inhibitor BDBHBT on mild-steel specimens when these 

specimens were exposed to an acidic solution of 1 M 
H3PO4 for 8 h at various concentrations of inhibitor 
BDBHBT and temperatures. It is clear that as the 
temperature went up, the values of inhibition efficiency 
went down. That is, when the temperature went up, the 
rate of corrosion went up, which made the inhibitors less 
effective and sped up the corrosion process. This was 
because the molecules of the reactants had more kinetic 
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energy at higher temperatures, which made them move 
and crash into each other more quickly. This increased the 
rate of oxidation, or corrosion [28]. Fig. 4 shows how 
temperature affects the effectiveness of an inhibitor 
BDBHBT in the presence of different concentrations of 
the inhibitor. Fig. 5 shows how temperature affects the 
rate of corrosion in steel without and with different 
concentrations of the inhibitor. 

Kinetic Study of the Corrosion of Steel in 1 M H3PO4 

Thermodynamic parameters are essential for 
comprehending the inhibitive mechanism, activation 
energy (Ea

*) and thermodynamic functions of activations 
like activation enthalpy (ΔHa

*) and activation entropy 
(ΔSa

*) are studied. Thus, activation energy is calculated 
according to Arrhenius, Eq. (4): 

*
aE

CR Aexp
RT


  (4) 

A represents the pre-exponential factor. Arrhenius plots 
for the corrosion of mild steel in 1 M H3PO4 (Fig. 6), 
slopes of these linear plots allow us to calculate Ea

* values, 
which are stated in Table 4. The results showed that the 
Ea

* value of the inhibited solutions was greater than that 
of the blank solution; this indicates that the corrosion 
process became more difficult in the presence of 
BDBHBT by increasing the energy barrier for the 
corrosion process [29-30]. Thermodynamic functions of 

activation, such as ΔHa
* and ΔSa

*, can be determined 
using Eq. (5) of the transition state: 

* *
a aS HRTCR exp exp

Nh R RT

                    
 (5) 

The plot of log (CR/T) versus 1/T of mild steel in 
1 M H3PO4 solution with various concentrations of 
BDBHBT yields straight lines, as depicted in Fig. 7. The 
positive indications ΔHa

* indicate the endothermic 
character and mean that mild steel corrosion is difficult 
in the presence of a BDBHBT inhibitor [31-32]. Whereas  

 
Fig 4. Relationship between percentage inhibition 
efficiency and temperature for steel in 1 M H3PO4 with 
various concentrations of BDBHBT obtained from PET 
during 8 h 

 

 
Fig 5. Relation between rate of corrosion and temperature 
for steel in 1 M H3PO4 with various concentrations of 
BDBHBT obtained from PET during 8 h 

 
Fig 6. Arrhenius plots for mild steel after 8 h in corrosive 
solution in the absence and presence different 
concentrations of BDBHBT 
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Table 4. Parameters of thermodynamic activation of 
adsorption of steel in 1 M H3PO4 without and with 
different concentrations of BDBHBT inhibitor 

Conc. 
(g/L) 

Ea
* 

(kJ/mol) 
ΔHa

* 

(kJ/mol) 
ΔSa

* 

(kJ/mol K) 
Blank 13.08 10.45 −0.16 

0.1 15.33 12.69 −0.16 
0.2 11.90 9.26 −0.17 
0.4 23.15 20.52 −0.14 
0.6 28.68 26.04 −0.13 

ΔSa
* value is higher and negative, this indicates that the 

activated complex favors an association step over a 
dissociation step, resulting in a reduction of the disorder 
[33-34]. 

Results of Adsorption Isotherm of Corrosion 
Process 

A mechanism for corrosion inhibition in the 
phosphoric acid solution can be explained by using an 
adsorption isotherm. The adsorption process findings 
demonstrated that the plot of the Langmuir isotherm 
model was the best appropriate isotherm for describing 
the adsorbed BDBHBT on a mild steel surface and gave 
R2 values closer to 1, as shown in Fig. 8. The linear 
equation of this model is, Eq. (6) [35]: 

ads

C 1 C
K

 


 (6) 

where C is the amount of inhibitor and Kads is the 
adsorption  equilibrium constant,  and θ is the  amount of  

 
Fig 7. Transition state for mild steel after 8 h in corrosive solution in the absence and presence of different 
concentrations of BDBHBT 

 
Fig 8. Langmuir isotherm of BDBHBT on steel in 1 M H3PO4 in various temperatures 
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Fig 9. Open circuit potential of mild steel in 1 M H3PO4 without inhibitor and with different concentrations of 
BDBHBT 
 
Table 5. Values of ΔG°ads and Kads registered in various 
temperatures using the Langmuir isotherm model 

T 
(K) 

Kads 

(L/g) 
ΔG°ads 

(kJ/mol) 
303 4.808 -21.357 
323 4.072 -22.321 
333 4.299 -23.163 

surface coverage for various concentrations of inhibitor in 
acidic conditions. Table 5 illustrates values of the Gibbs 
free energy ΔG°ads for the adsorption of BDBHBT 
inhibitor on steel surface in 1 M H3PO4 in various 
temperatures. The data of ΔG°ads in Table 5 are negative, 
which shows that the adsorption of BDBHBT on mild 
steel in 1 M H3PO4 happens spontaneously and that the 
data are also approximately −20 kJ/mol, which shows that 
the process is physical [36-37]. 

Open Circuit Potential Measurements 

Corrosion potential can be used to characterize the 
tendency of metals to corrode in a particular acidic 
environment. As depicted in Fig. 9, open circuit potential 
curves of mild steel in 1 M H3PO4 in the absence of 
inhibitor and the presence of various concentrations of 
BDBHBT inhibitor were plotted to provide a better 
understanding of this phenomenon. It is evident that the 
mild steel electrode's potential when submerged in 1 M 
H3PO4 solution (blank curve) first increased and then 

tended gently; the constant state of each sample persists 
until the conclusion of the test. This shows the initial 
dissolution of the air-formed oxide film on the surface 
of mild steel [38]. The addition of BDBHBT inhibitor 
molecules in concentrations 0.1 and 0.2 g/L to the 
aggressive medium exhibited no difference in open 
circuit potential, whereas the corrosion potential of mild 
steel in concentrations 0.4 and 0.6 g/L moved to a more 
favorable state. 

■ CONCLUSION 

PET waste could be depolymerized by microwave 
irradiation with trans-2,3-dibromo-2-butene-1,4-diol 
with the presence of manganese acetate (0.5%, w/w). 
When compared to the traditional thermal glycolytic 
process, which needs at least 8 to 9 h, the use of a 
microwave could significantly shorten the reaction time 
needed for recycling (30 min). The weight loss 
measurements showed that oligomer BDBHBT obtained 
from PET waste was an excellent green inhibitor of 
corrosion of mild steel in H3PO4 solution. The corrosion 
inhibition efficiencies of BDBHBT rise with the rising of 
inhibitor concentration and with decreasing of 
temperatures. Adsorption of inhibitor BDBHBT on steel 
is slowed down corrosion and obeys Langmuir isotherm. 
Negative free energy (-ΔG°ads) values imply spontaneous 
and strong adsorption of inhibitor BDBHBT on the mild 
steel surface. 
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 Abstract: Natural polymers are often non-toxic, biodegradable, biocompatible, and 
safe. A novel ligand was synthesized as a natural polymer using chitosan and oleander 
plant extract [(2R,3S,4R,5S)-5-(acetoxyamino)-4-hydroxy-3,6-dimethoxytetrahydro-
2H-pyran-2-yl) methyl (16R)-3-(((2S,4S,5R)-4-methoxy-2,5-dimethyltetrahydro-2H-
pyran-2-yl)oxy-10,13,16-trimethyl-17-(5-oxo-2,5-dihydrofuran-3-yl) hexadecahydro-
14H-cyclopenta [a] phenanthren-14-yl) phthalate] (Chitosan-Ph-Oleander). This 
ligand and its complexes with several metals  (Cr+3, Mn+2, Fe+3, Ni+2, Cu+2, Zn+2) were 
characterized using FTIR, UV-visible and 1H-NMR spectroscopy, as well as by molar 
conductivity, magnetic moment, and TGA analysis. The biological activity for the 
prepared polymer and its complexes was studied to inhibit the effectiveness of some 
bacteria found in polluted water taken from hospitals wastewater. The effectiveness 
of inhibition was tested on Fusarium oxysporum fungus, which causes wilting, 
rotting and seedling death diseases in various types of plants. The elemental and 
spectral investigation results showed that all prepared compounds had octahedral 
geometry. Compared to the free ligand, all metal complexes showed discernible 
antibacterial activity. The zinc(II) complex, in comparison to other metal complexes, 
showed higher antibacterial activity against Faecal streptococci bacteria (G+) and 
Pseudomonas aeruginosa bacteria (G−). In addition, the inhibition rate of the 
effectiveness of the F. oxysporum fungus reached ~50%. 

Keywords: chitosan; contaminated water; inhibiting effectiveness; natural polymer 

 
■ INTRODUCTION 

Biological contaminants including several micro-
organisms can interfere the other life forms. The most 
common transmission mode of these organisms is the 
fecal–oral pathway, where the major biological 
contaminants include pathogenic bacteria, coliforms, and 
Fecal streptococci [1-3]. 

Chitosan is produced by living organisms like fungi 
and crustaceans (whose shells serve as biomass) [4]. 
Chitosan is a non-toxic, biocompatible, and 
biodegradable polymer with antibacterial properties. 
Chitosan is the second most abundant non-synthetic 
biopolymer. Most chitosan studies have been used to 
remediate wastewater [5]. On the other hand, chitosan has 
been extensively used in synthesis research studies as a 

functional polymer or a supporting matrix [6]. Amino 
and hydroxyl groups found in chitosan can interact with 
the functional groups of the template molecule. 
However, chitosan’s fundamental weaknesses (poor 
mechanical strength) must be remedied to improve its 
chemical and physical properties [4]. Recently, chitosan 
has been used in various studies as an unconventional 
adsorbent to remove metallic pollutants with high metal 
adsorption affinities [7-8], as well as for the development 
of novel materials for wastewater treatment [9]. 

Apocynaceae is a family of evergreen, lovely 
flowering shrubs that includes Nerium oleander, known 
as karabi. N. oleander’s blooms have four lobes and they 
are funnel-shaped. They bloom in clusters in terminal 
branches and are either white or pink. The bark extract 
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of N. oleander has been found to contain a variety of plant 
secondary metabolites, including steroids, terpenoids, 
flavonoids, cardenolides, cardiac glycosides, and long-
chain esters. Massive biological effects have been noted, 
including cardiac tonic, diuretic, cytotoxic, antibacterial, 
anti-platelet aggregation, anti-inflammatory, 
hepatoprotective, anticancer, anti-hyperlipidemic, anti-
ulcer, and anti-depressant action in the central nervous 
system [10]. Plant extracts are rich in phytochemicals, 
which operate as reducing and stabilizing agents and 
demonstrate antibacterial activity against some bacterial 
and fungal strains. Plant components, including roots, 
leaves, stems, seeds, and fruits, have also been employed 
for nanoparticle manufacturing [11]. The plant extracts 
were economically and environmentally sustainable, 
opening up new opportunities for water treatment, 
biosensors, and nanotechnology [12]. The present work 
described the synthesis of some transition metal 
complexes using chitosan and oleander plant extract as 
ligands and then studied the ligand’s antibacterial activity 
and its metal complexes against two types of bacteria 
found in polluted water. 

■ EXPERIMENTAL SECTION 

Materials 

The oleander leaves were obtained from the 
University of Baghdad gardens in Al-Jadriya and sent to 
Ibnu Sina Company in the Ministry of Industry and 
Minerals to obtain the oleander extract. Chitosan (90%, 
Glentham, United Kingdom), acetic anhydride (99% 
B.D.H), phthalic anhydride (99% B.D.H), ethanol (99% 
B.D.H), and metal salts of (CrCl3·H2O, MnCl2·4H2O, 
FeCl3, NiCl2·6H2O, CuCl2·2H2O, and ZnCl2, B.D.H) were 
used in this study. 

Instrumentation 

GMMallen Kampm measured the melting points of 
the synthesized compounds. MF-370 devised electro-
thermal was measured at the University of Baghdad, 
College of Sciences for Women. SHIMADZU FTIR 8400S 
Fourier transform within the wavenumber region 
between 4000 and 400 cm−1 using KBr disc and 4000 and 
200 cm−1 using CsI disc was used to test Fourier transform 

infrared (FTIR) spectra. The UV-visible spectra at 200–
1100 nm were measured using a SHIMADZU 1800 
double-beam UV-vis spectrophotometer at the 
University of Baghdad. 1H-NMR tested using a Bruker 
Ultra Shield 500 MHz in Tehran University (Iran). 
Thermal analyses (TGA) of samples were performed 
under nitrogen atmospheres at a heating range of (0–
800 °C) and a heating rate of 20 °C/min using STA500-
Germany in Tehran University (Iran). Molar 
conductivity measurements (μs/cm) out using LASSCO 
Digital Conductivity Meter for metal complexes 
(10−3 M) in ethanol at room temperature (25 °C). 
Magnetic moments (eff. B.M) were measured according 
to Faraday’s method using Bruker magnet B.M-6 for the 
prepared complexes in the solid state at room 
temperature (25 °C). 

Procedure 

Synthesis of [(2R,3S,4R,5S)-5-(acetoxyamino)-4-
hydroxy-3,6-dimethoxytetrahydro-2H-pyran-2-
yl)methyl (16R)-3-(((2S,4S,5R)-4-methoxy-2,5-
dimethyltetrahydro-2H-pyran-2-yl)oxy-10,13,16-
trimethyl-17-(5-oxo-2,5-dihydrofuran-3-yl) 
hexadecahydro-14H-cyclopenta[a] phenanthren-14-
yl)phthalate]. (Chitosan-Ph-Oleander) ligand 

To prepare Chitosan-Ph-Oleander, 2 g (0.0135 mol) 
of chitosan (off-white color) powder was dissolved in 
30 mL of glacial acetic acid (5% v/v) with continuous 
stirring at room temperature. A solution of 1 M NaOH 
was added to reach pH 4. In a water bath, 2 mL of acetic 
anhydride was added and refluxed with continuous 
stirring at 60–75 °C for 6 h [13]. 

The second was the reaction of the mixture with 
0.827 g of phthalic anhydride dissolved in 10 mL of 
DMF, for 6 h at 70 °C. In the last step, the product was 
reacted with 0.7315 g of oleander extract dissolved in 
ethanol for 6 h at 70 °C. The product was dried at room 
temperature (25 °C) for a whole night before being 
washed with diethyl ether (Scheme 1). 

Synthesis of Chitosan-Ph-Oleander complexes 
The Chitosan-Ph-Oleander complexes were 

prepared at a ratio of 1:1 from the ligand to the element, 
whereby 0.1732 g (0.001 mol) of the ligand was dissolved 
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Scheme 1. Preparation of ligand (Chitosan-Ph-Oleander) 

 
in 5 mL of distilled water and 20 mL of absolute ethanol 
with continuous stirring. Then, the mixture was added by 
the corresponding weight of 0.001 mol for element salt 
that dissolved in 10 mL of absolute ethanol with heating 
at 45 °C for 3 h. 

Inhibition activity of ligands and complexes test 
In this work, and for studying the biological 

effectiveness of the compounds that were prepared on 
each (F. streptococci and P. aeruginosa) in contaminated 
water. These compounds were applied using different 
concentrations (250, 500, and 1000 μg/mL) on each of the 
bacteria above [12]. The number of bacteria in 
contaminated water before and after applying these 

compounds was calculated using the aerobic bacteria 
total count (ABTC) method. 

■ RESULTS AND DISCUSSION 

FTIR Spectra of L and Its Complexes 

Specific vibrations of chemical bonds or functional 
groups within molecules appear as FTIR spectra peaks 
(Fig. 1). KBr in the 4000–400 cm−1 and CsI in the 4000–
250 cm−1 range were used to determine the experimental 
and theoretical structure of the Chitosan-Ph-Oleander 
ligand and its complexes. The two absorption peaks at 
2819 and 2929 cm−1 were due to the asymmetric 
stretching of chitosan by –CH3 and –CH2, respectively. 
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Due to –NH symmetry and O–H stretching, the signal at 
3433–3176 cm−1 in ligand spectra was identified [4]. 

New bands at 1691–1716 cm−1 may be attributed to 
ν(COO) stretching vibrations [14], whereas bands in the 
area 3433–3454 cm−1 may be assigned to ν(OH) modes. 
For Chitosan-Ph-Oleander ligand, the bands at 1413 and 
1614–1634 cm−1 can be attributed to C–N and C=O 
amide, respectively [15]. The ν(C–N) and ν(C=O) 
frequencies often rise during complexation. The 
coordination of the metal ion to the nitrogen of the amide 
group and the carbonyl oxygen of the carboxylate group 
could account for these frequency shifts relative to the 
bands of the ligand. Bands that emerge at 414–487 and 
520–597 cm−1 were attributed to ν(M–N) and ν(M–O), 
respectively [16]. The Chitosan-Ph-Oleander ligand 

appears to behave as a neutral tetradentate ligand, with 
metal(II) ions bonding through four oxygen atoms, two 
for the ester carbonyl groups, one for the amide group 
and one for pyran ring of chitosan (see Table 1, Fig. 1 
and 2). 

The UV-vis Electronic Spectra of L and Its 
Complexes 

Intense absorption at 277 nm (36101 cm−1) in the 
UV-vis spectrum of L was ascribed to the n→π* 
transition, while intense absorption at 206 nm 
(48543 cm−1) was ascribed to the π→π* transition [17] 
and three bands appeared for complexes Fig. 3. Table 2 
described the physical properties of the ligand and its 
complexes. Meanwhile,  in  Table 3,  information  can be  

Table 1. FTIR spectra of the Chitosan-Ph-Oleander and its complexes 
Compound ν(OH) ν(COO) ester ν(CO–NH) amide ν(CH2–CH) ν(M–O) ν(M–Cl) 

L 3433 1691 1639 2929 
2962 

-  

CrL 3444 1704 1614 
2929 
2860 557 314 

MnL 3444 1714 1614 2923 
2854 

582 324 

FeL 3444 1697 1614 2927 
2819 

580 327 

NiL 3454 1716 1614 
2925 
2856 597 316 

CuL 3446 1716 1622 2925 
2856 

514 316 

ZnL 3450 1693 1614 2927 
2856 

551 312 

 
Fig 1. The FTIR spectrum for ligand 
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Fig 2. The FTIR spectrum for CuL complex 

 
Fig 3. Electronic spectrum of (a) L and (b) CrL complex 

 
Table 2. Physical properties of the ligand and its 
complexes 

Compounds m.p. (°C) Color 
L 180–182 Greenish brown 
FeL 218–220 Yellowish brown 
CuL 195–197 Green 
MnL 200–202 Light brown 
CrL 260–262 Olive 
NiL 190–192 Yellowish green 
ZnL 210–212 Greenish brown 

found on the spectra, magnetic moments, and molar 
conductivity of all metal complexes of the ligand in 
ethanol. 

Three bands, corresponding to 6A1g→4T1g(G), 
6A1g→4T2g(G), and 6A1g→4A2g+Eg(G) were seen for the 
Mn(II) complex at 664, 606, and 503 nm with 15060, 
16501, and 19880 cm−1 respectively. 

The spectrum of Cr(III) complex olive showed 
three  absorption  bands at 978, 664,  and  574 nm 10224,  
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Table 3. The UV-vis electronic spectra, molar conductivity, spectral parameters, and μeff of L and its complexes 
Comp. Wavelength (nm) Wavenumber (cm−1) Assignments Molar cond. μeff (B.M) Structure 
L 277 

206 
36101 
48543 

n→π* 
π→π* 

- - - 

Cr-L 978 
664 
575 

10224 
15060 
17391 

4A2g→4T2g 
4A2g→4T1g 
4A2g→4T1g 

24.5 3.7 Octahedral 

Mn-L 664 
606 
503 

15060 
16501 
19880 

6A1g→4T1g(G) 
6A1g→4T2g(G) 

6A1g→4A2g+4Eg(G) 

10.2 5.2 Octahedral 

Fe-L 966 
664 
366 

10351 
15060 
27322 

6A1g→4T1g 
6A1g→4T2g 

6A1g→4A1g+4Eg 

27.5 5.6 Octahedral 

Ni-L 890 
662 
450 

11235 
15105 
22222 

3A2g→3T2g 
3A2g→3T1g(F) 
3A2g→3T1g(P) 

7.3 2.3 Octahedral 

Cu-L 652 
394 
284 

15337 
25380 
35211 

2Eg→2T2g 
C.T 

Intra ligand 

4.8 1.2 Octahedral 

Zn-L 343 
218 

29154 
45871 

C.T 
Intra ligand 

9.8 Diamagnetic Octahedral 

 
Scheme 2. The geometrical structure of (a) [MLCl2]·xH2O and (b) [MLCl2]Cl·xH2O 

 
15060 and 17391 cm−1 assigned to 4A2g→4T2g, 4A2g(F)→4T1g 
and 4A2g(F)→4A2g transitions, suggesting an octahedral 
geometry. The spectrum of Fe(III) complex showed three 
bands at 966, 664, and 366 nm, with 10351, 15060, and 
27322 cm−1 assigned to 6A1g→4T1g, 6A1g→4T2g, and 
6A1g→4A1g+4Eg, respectively, suggesting an octahedral 
geometry; the magnetic moment value is 5.6 BM (Scheme 
2(b)). Ni(II) complex spectrum showed three bands at 890, 
662, and 450 nm with 11235, 15105, and 22222 cm−1 

assigned to 3A2g→Eg, 3A2g→3T2g, 3A2g→3T1g(F), and 
3A2g→3T1g(P) transition, respectively. The magnetic 
moment value was 2.3 BM, suggesting an octahedral 
geometry (Scheme 2(a)). Cu(II) complex spectrum 
showed one band at 652 and 394 nm with 15337 and 
15380 cm−1, assigned to 2Eg→2T2g and C.T transition, 
respectively. The magnetic moment value was 1.2 BM 
suggesting an octahedral geometry [18] (Scheme 2(a)). 
The magnetic moment value was diamagnetic for Zn(II) 



Indones. J. Chem., 2023, 23 (6), 1638 - 1651    

 

Zainab Sabeer Abdulsada et al. 
 

1644 

complex, which was attributed to metal-to-ligand charge 
transfer, but the spectra show no d-d electronic 
transitions in the visible region. The absorption bands 
were located at 343 and 218 nm with 29154 and 
45871 cm−1 assigned to C.T transition and intra ligand, 
respectively [19] (Scheme 2(a)). 
1H-NMR Spectrum 

One of the most essential tools for studying 
substances and their structures is 1H-NMR [20]. The 1H-

NMR technique was used to characterize the synthetic 
polymer and its complexes. Fig. 4 and Table 4 showed 
that the methylene protons (H, cyclohexyl CH2) 
corresponded to a signal at 1.12–1.43 ppm, and a signal 
at 1.80–2.99 ppm corresponded to methylene and methyl 
protons [21]. Proton of NH amide was observed at 6.87–
7.85 ppm [22]. Amide-containing compounds are 
among the best examples for clearing the solvent 
influence on the N–H hydrogen NMR chemical shifts 
[23]. The protons of the aromatic ring are represented by 

 
Fig 4. 1H-NMR spectrum of (a) L and (b) FeL 
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Table 4. 1H-NMR spectral data of L and FeL complex 
Chemical shifts (ppm) Assignments in DMSO 

1.12–1.43 Methylene of cyclohexyl protons 
1.80–2.99 Methylene and methyl protons 
6.87–7.85 Amide proton 
8.01–10.09 Hydroxyl group proton 
7.38–8.04 Ar–H proton 

a multiplet at 7.38 to 8.04 ppm. The spectrum of the CuL 
and FeL complexes reveal this change to be accurate at the 
amide group, which gave a signal at 3.25 and 4.17 ppm for 
these complexes, respectively. Also, it showed a signal for 
the hydroxyl group at 8.01–10.09 ppm, whereas the 
methylene proton was represented by 4.40 ppm. CH-
aliphatic protons were referred to as a quintet at 4.71 ppm 
[24]. 

TGA 
TGA was frequently used to understand the effects 

of temperature and time on the weight of polymeric 

materials. Polymeric materials can undergo weight 
changes due to decomposition and oxidation reactions 
and physical processes, including sublimation, 
evaporation, and desorption [25]. TGA curves of L and 
two complexes were illustrated in Fig. 5 and Table 5. The 
result of ligand presents three stages of weight loss 
(degradation patterns). Dehydration was the cause of the 
initial degradation, which begins at 20 °C and lasts until 
temperatures beyond 150 °C and manifests as a 6.3–
8.5% weight loss. The existence of hydrogen bonds 
between functional groups in both polymer and chitosan 
and water molecules was the cause of the extended 
weight loss of water beyond 100 °C. The decomposition 
of chitosan main chains was responsible for the second 
weight loss, which starts at about 200 °C and results in a 
weight loss of roughly 50%. The natural polymer chain 
remnants go through a third step of decomposition that 
ranges from 40%. At roughly 800 °C, the ligand and their 
complexes lose ~85% of their total weight. About 15% of  
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Fig 5. TGA analysis for (a) L, (b) CuL, and (c) FeL 

Table 5. Thermal analyses data for L (Chitosan-Ph-Oleander), CuL, and FeL complexes 
Compound Dissociation stages Temp. range (°C) Weight loss (%) Stable phase 

L 
Stage I 20–150 6.3 Dehydration 
Stage II 200–375 46.2 Chitosan main chains 
Stage III 375–800 38.9 Natural polymer chain residues 

[CuLCl2]·xH2O 
Stage I 20–150 8.5 Dehydration 
Stage II 150–340 42.5 Chitosan main chains 
Stage III 340–800 42.5 Natural polymer chain residues 

[FeLCl3]·xH2O 
Stage I 20–175 7.5 Dehydration 
Stage II 175–375 50.9 Chitosan main chains 
Stage III 375–800 34.2 Natural polymer chain residues 

 
the compounds were still left over, and this residue was 
essentially the result of inorganic complexes, including C, 
N, and O. The literature suggested similar multi-
degradation behavior for chitosan [26-28]. 

Studying of Biological Activity against Bacteria 
Types Found in Polluted Water 

Antibacterial activity 
Since human-specific enteric pathogens are more 

likely to be present in water polluted with human feces 
than animal feces, this is usually thought to pose a larger 
risk to human health [29-30]. Fecal waste contamination 
makes water unsuitable for drinking and contact 
recreation. Warm-blooded animals’ intestines contain 
naturally occurring bacteria that have been used to detect 
fecal contamination. At different times, total coliforms, 
fecal coliforms, and F. streptococci have all been utilized as 
indications of pollution. The Gram-negative, obligatory 

aerobic, rod-shaped bacteria P. aeruginosa is a member 
of the Pseudomonadaceae family. Although P. aeruginosa 
can develop in several environments, it prefers moist 
surroundings [31], even though many studies have 
focused on the characterization of clinical isolates from 
patients with P. aeruginosa infections. Few researchers 
examined the destiny and incidence of fluoroquinolone-
resistant P. aeruginosa in clinical wastewater and in the 
downstream wastewater path [32]. 

Results of the antibacterial action of ligand and its 
metal complexes were described, and photographs of 
growth inhibition zones were illustrated in Fig. 6. 
Chitosan-Ph-Oleander ligand and its complexes CrL, 
MnL, FeL, NiL, CuL, and ZnL showed good antibacterial 
activity at 1000 mg/mL against both bacteria. These 
findings suggested that, compared to some complexes, 
the synthesized L showed outstanding activity against 
the two bacteria under study.  Certainly,  the mechanism  
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Fig 6. Antimicrobial activity of L and its complexes at 250, 
500, and 1000 μg/mL for (a) Fecal streptococci and (b) 
Pseudomonas aeruginosa 

of chitosan's antibacterial activity was still little 
understood [33], and three inhibitory mechanisms have 
thus been suggested. The positive charge amine groups 
(NH3

+) of chitosan and the negative charges on the 
bacterial cell wall were attracted to one another 
electrostatically in the first mechanism, which prompts 
the leakage of intracellular components [34]. 

The second mechanism concerned chitosan's 
chelating capability toward metal ions such as Ca2+, Mg2+, 
and Zn2+ [35]. In addition to their function in the 
metabolic pathways, such as spore formation in Gram-
positive bacteria, these metal ions were essential for 
bacterial growth. The third mechanism involves the entry 
of low-molecular-weight chitosan into the nuclei of 
microorganisms, which can subsequently interact with 
DNA, inhibit mRNA expression, and stop protein 
synthesis, leading to the death of bacterial cells [36]. 

Among the synthesized series of metal complexes, 
the MnL and CuL complexes were active against F. 
streptococci bacteria, while ZnL exhibited excellent 
activity against the two types of bacteria compared to 
another complex. 

Similar observations have been reported by other 
researchers [37]; for instance, it is well known that both 
chitosan and Zn have the properties of disinfection and 
bactericide. After chitosan binds to Zn(II) ions through 
nitrogen, oxygen, or a combination of them, the 
bindings are likely to leave some potential donor atoms 
free, and these free donor atoms enhance biological 
activity. Thus, it stands a good chance that chitosan–Zn 
complexes exhibit an enhanced antimicrobial activity, 
which will be very favorable to chitosan–Zn complexes’ 
applications in the medical and food industries. They 
investigated the antimicrobial activities of chitosan–Zn 
complexes and preliminarily explored structure-activity 
correlation. Five chitosan–Zn complexes with different 
Zn content were prepared, and their compositions and 
structures were analyzed through several physical 
methods. The complexes’ antimicrobial activities against 
four Gram-positive bacteria, five Gram-negative 
bacteria, and two fungi were studied systematically [38]. 
Additionally, the ligand and some of its complexes were 
used in this study to treat dirty water taken from hospital 
effluent, and they showed high efficacy in removing any 
number of bacteria found there (Table 6). 

Application of the Prepared Ligand and Its 
Complexes as an Inhibitor for Fusarium oxysporum 
Fungus 

Fusarium wilt is the most dangerous and 
widespread disease in the world, caused by F. 
oxysporum, the main cause of wilting, rotting, and 
seedling death for more than 100 species of economically 
important plants. It is one of the fungi isolated from 
economic crops or soil [39-40]. Several species of 
Fusarium incite the disease, but the most devastating 
fungus is F. oxysporum [41-42]. 

The inhibition efficacy of the prepared ligand and 
its complexes at 250 μg/mL against F. oxysporum fungus 
was studied. Compared to the control, these compounds 
showed excellent efficacy in inhibiting the growth and 
activity of this fungus (Table 7). Both Tweedy’s chelation 
theory and the overtone concept can be used to explain 
the better activities demonstrated by ligands and the 
inclusion of new complexes [43]. The oxygen that limits 
the ligand’s ability to produce enzymes makes the donor  
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Table 6. The efficacy of Chitosan-Ph-Oleander Ligand and some of its complexes in removing several bacteria from 
wastewater 

Test Sample start L MnL NiL 
M.P.N of Total coli form/100mL >16000 0 0 0 
M.P.N of Fecal coli form/100mL >16000 0 0 0 
M.P.N of E. coli form/100mL 790 0 0 0 
M.P.N of F. streptococcus form/100mL 230 0 0 0 

Table 7. The antifungal activities of studied compounds (n = 2) 

Comp. Average colony diameter 
at 250 (μg/mL) 

The inhibition 
percentage (%) 

Ligand 4.05 46.60 
CrL 3.90 46.60 
MnL 3.75 50.00 
FeL 3.90 48.00 
NiL 3.75 50.00 
CuL 3.85 48.60 
ZnL 3.75 50.00 
Control 7.50  

 
system more sensitive to metal ions deactivating it during 
chelation. 

Numerous agents could be responsible for the 
differences in the synergistic effect between the type of 
metal ion and the associated ligand. The final geometric 
structure of these complexes, the oxidation state, the 
species of atoms connected with metal ions, the chelating 
affinity of the organic molecules utilized as ligands, the 
coordination number, and the arrangement of the ligand 
around the central ions are crucial [44]. The chelation 
mechanism partially shares the positive charge of the 
metal ion and overlaps the donor group of the ligand 
orbital, which decreases the polarity of the metal atom and 
increases the complexes’ entry through the lipid layer of 
the cell membrane. Furthermore, metal complexes impede 
the cell’s ability to respire, obstruct the production of 
proteins, and stop the organism from growing [45]. 

■ CONCLUSION 

The results showed that the Chitosan-Ph-Oleander 
ligand and its six metal complexes were synthesized and 
characterized using various techniques. FTIR, UV-vis and 
NMR spectroscopy, as well as magnetic moment and 
conductivity, ensured the formation of compounds. The 
results explain and ensure metal complexes' geometry and 

find helpful energy parameters. Furthermore, metal 
complexes showed an excellent inhibition of two types 
of bacteria that have all been used as pollution indicators 
at different times. Results of antibacterial activities 
revealed that some of these compounds can be used in 
wastewater treatment or antibiotic development. ZnL, 
MnL, FeL, and CuL complexes were the most active 
against these two types of bacteria. In addition, the 
inhibition rate of the effectiveness of the F. oxysporum 
fungus reached ~50%. Therefore, these results proved 
the success of the prepared compounds in treating water 
contaminated with bacteria. Further efforts should be 
made to explore the possible mechanistic pathways of 
their activity in wastewater treatment and in vitro. 
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 Abstract: Colloidal silver nanoparticles were successfully synthesized via the chemical 
reduction method. The synthesis used AgNO3 as the precursor, chitosan as the reducing 
and stabilizing agents, and NaOH as the accelerator. The synthesis parameters were 
optimized. The samples were tested with a UV-vis spectrophotometer to observe their 
localized surface plasmon resonance (LSPR) phenomenon, a transmission electron 
microscope (TEM), and a particle size analyzer (PSA) to investigate their particle shape 
and size distribution. Further, silver nanoparticles were tested for their storage stability 
and antibacterial performance. The UV-vis spectroscopy data exhibited that the silver 
nanoparticles have been successfully synthesized, validating via the emergence of the 
LSPR absorption band at 402–418 nm. At 50 °C, the optimum synthesis was achieved for 
100 min of reaction time by adding 0.033 M NaOH and AgNO3 4.00% (w/w, 
AgNO3/chitosan). TEM results showed spherical silver nanoparticles of 1–8 nm, while the 
PSA results exhibited particles sizes of about 12–59 nm. The colloidal silver nanoparticles 
were stable in storage for 8 weeks and had good antibacterial performance against E. coli, 
S. aureus, extended-spectrum beta-lactamases (ESBL), and methicillin-resistant S. aureus 
(MRSA). Therefore, colloidal silver nanoparticles have the potential as a material for 
medical applications. 

Keywords: antibacterial performance; colloidal silver nanoparticles; chitosan; synthesis 
optimization 

 
■ INTRODUCTION 

The health sector is crucial in human life, so things 
related to medicine are constantly being developed. 
Studies regarding new antibacterial materials are 
fascinating because of the growing demand for medical 
applications. One of the developed materials for the 
fabrication of antibacterial agents is chitosan. Chitosan is 
a natural polymer derived from chitin isolated from 
fishery garbage, such as shrimp and crab shells. Chitin is 
a natural biopolymer found abundant after cellulose [1]. 
The result of the deacetylation of chitin is called chitosan, 
which has many benefits because of its properties, namely 
non-toxic compound possessing excellent 
biodegradability, antibacterial and antifungal 
characteristics, and biocompatibility [2]. 

Chitosan has antibacterial performance as a result 
of the existence of positively charged clusters [-NH3

+] 
which will interact with the negative charges on the 
bacterial cell membrane and change the cell permeability 
properties [2]. However, the antibacterial performance 
of chitosan is still relatively low and depends on the pH 
[3]. The pH has been considered as the most significant 
factor that influences the antimicrobial activity of 
chitosan. It impacts the solubility and the electrical 
charge of chitosan molecules. So, this is a limitation of 
chitosan as an antibacterial. The antibacterial 
performance of chitosan can be advanced by adding 
other antibacterial materials. Silver nanoparticles 
include metal nanoparticles often studied and act as 
antibacterial material [4]. Completed with their 
antimicrobials [5], anti-inflammatory [6], and drug 
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delivery systems [7], silver nanoparticles are commonly 
applied to the medical world. The incorporation of silver 
nanoparticles into chitosan can produce a colloidal silver 
nanoparticle system. 

Silver nanoparticles can be synthesized with 
numerous methods. Still, chemical reduction is the most 
commonly employed method because it is easy, simple, 
and effective that could yield satisfactory results [8]. 
Besides, the method is relatively affordable and can be 
performed on large-scale production. In general, metal 
nanoparticle synthesis with this method requires a 
reductant to reduce metal ions and a stabilizer to stabilize 
the nanoparticles [9]. Reducing agents widely used are 
sodium borohydride, sodium citrate, ascorbate, and 
Tollens reagent. One of these is sodium borohydride 
(NaBH4), which is the most commonly used reducing 
agent in synthesizing silver nanoparticles. This is because 
NaBH4 is a potent reducing agent that can reduce the 
temperature and reduction time of silver metal ions. 
However, the usage of this chemical in the synthesis can 
lead to health and environmental problems [10]. 

Considering this matter, it is necessary to develop a 
green synthesis to produce silver nanoparticles. Several 
scientists have established the usage of environmentally 
friendly weak reducing agents such as lignosulphonate 
acid [10], banana peel extract [11], n-hexane extract of 
Malachra capitata (L.) leaf [12], glucose [13], and 
chitosan [14]. Chitosan is a biopolymer that can reduce 
metal ions, enabling the synthesis of nanoparticles of 
controlled shape, size, and stability [14]. 

Chitosan is an attractive reducing agent to be 
studied because it can act as a stabilizer simultaneously. 
Referring to previous research, chitosan could reduce 
silver ions, but it required a high temperature (95 °C) and 
a relatively long reaction time (12 h) [15]. Meanwhile, 
other studies succeeded in synthesizing silver 
nanoparticles with glucose as a reducing agent, gelatin as 
a stabilizer, and NaOH as an accelerator which only 
required 60 °C temperature and 15 min reaction time 
[16]. Reducing silver ions with a weak reducing agent 
such as glucose is effective when conducted under alkaline 
conditions [13]. This study provides a solution to 
synthesize silver nanoparticles using chitosan as a 

reducing agent and NaOH as an accelerator to reduce 
the temperature and the formation time of silver 
nanoparticles. Synthesis optimization of silver 
nanoparticles in chitosan needs to be done to find the 
synthesis conditions with the best and most efficient 
results. Furthermore, this result will be important to be 
applied for producing antibacterial materials for medical 
applications, especially for wound dressing. 

Various stabilizing agents, such as gelatin [16] and 
polyvinyl alcohol [17] at different concentrations, affect 
the size and shape of the resulting silver nanoparticles. 
Chitosan is one of the stabilizing agents to be examined 
because of its ability as a stabilizer and antibacterial 
properties. Studies on silver nanoparticle synthesis using 
chitosan as the stabilizing agent have been conducted 
previously [18-19]. Stabilizing agents are essential to 
control the formation of well-dispersed nanoparticles 
with uniform particle sizes. Silver nanoparticles yield a 
colloidal system when dispersed in a chitosan solution. 

Here, colloidal silver nanoparticles were 
synthesized with AgNO3 as the precursor, chitosan as 
the reducing and stabilizing agent, and NaOH as the 
accelerator. The synthesis parameters were optimized to 
determine the best conditions by varying reaction 
temperature and time, NaOH concentration, and 
AgNO3 concentration. Besides, the antibacterial 
performance of colloidal silver nanoparticles was tested 
against standard bacteria (E. coli and S. aureus) and 
multiresistant bacteria (ESBL and MRSA). 

■ EXPERIMENTAL SECTION 

Materials 

The starting materials were chitosan made from 
crab shells (Biotech Surindo Indonesia), glacial acetic 
acid (CH3COOH), silver nitrate (AgNO3), and sodium 
hydroxide (NaOH) (Merck); and distilled water from 
Integrated Laboratory of Universitas Sebelas Maret, 
Indonesia. 

Instrumentation 

To characterize the formation of silver 
nanoparticles, the UV-vis Shimadzu UV-1800 
spectrophotometer was used. The shape and size 
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distribution of the particles were characterized using the 
JIOL JEM-1400 series transmission electron microscope 
(TEM) instrument with a voltage of 80 KeV. The particle 
size distribution was also tested using the Malvern 
Zetasizer particle size analyzer (PSA). 

Procedure 

First, chitosan was diluted in 0.5% (v/v) CH3COOH 
solution, producing a 0.5% (w/v) chitosan solution. Then, 
12.5 mL of 0.5% chitosan solution was added into 0.8 mL 
of AgNO3 solution (0.01 g/mL) while stirred for 5 min. 
Next, it was added with 1.25 mL of NaOH (2 M) solution 
while stirring for 5 min, forming a gel in the solution with 
the color changing to brown. The solution was then 
treated with temperature variations at room temperature 
(26 °C), 30, 40, 50, and 60 °C for 90 min. Afterward, 
47.5 mL of 0.5% chitosan was added to each solution and 
stirred until completely dissolved. The resulting colloid 
was put into bottles and stored at room temperature. 

The same process was performed to optimize the 
synthesis of silver nanoparticles with the independent and 
dependent variables, as shown in Table 1. The silver 
nanoparticle samples with various concentrations of 
AgNO3 were then tested for stability in storage for 8 weeks 
based on the LSPR phenomenon characterized via a UV-
vis spectrophotometer. 

This procedure of analysis was completed to ensure 
the successful synthesis of the silver nanoparticles 
through the LSPR phenomenon. The first step was 
diluting the samples into distilled water as much as 10 

times. The solution was then tested with a UV-vis 
Shimadzu UV-1800 spectrophotometer to measure the 
absorbance and maximum wavelength in the 
wavelength range (λ) of 600–300 nm. 

Analysis using TEM and PSA was performed to 
examine the particle shape and size distribution. In this 
step, the samples were thinned and then placed in a 
copper grid. Then, the samples were observed using the 
TEM instrument with a voltage of 80 KeV. The particle 
shape and size distribution were determined manually. 
The samples were also analyzed with the Malvern 
Zetasizer PSA to investigate the particle size 
distribution. Before testing, the colloid samples were 
diluted and filtered. 

The antibacterial performance of colloidal silver 
nanoparticles with various AgNO3 concentrations was 
tested against S. aureus ATCC 25922, E. coli ATCC 
25923, MRSA, and ESBL with the well-diffusion method 
in duplicate [20]. Tests were carried out using Mueller 
Hinton Agar (MHA) as a material medium. The MHA 
solid media smeared with bacteria was perforated with a 
diameter of 7 mm and then filled with 50 μL of colloidal 
silver nanoparticles samples. It was then followed by 
incubation at 37 °C for 24 h. The clear zone which is the 
diameter of the inhibition zone is measured using a 
digital caliper. 

■ RESULTS AND DISCUSSION 

Here, colloidal silver nanoparticles have been 
successfully   synthesized   by   the   chemical   reduction  

Table 1. Synthesis condition for the optimization process 
No Independent variables Dependent variables 
1 Temperature = 26, 30, 40, 50, and 60 °C Time = 90 min 

[NaOH] = 0.042 M 
[AgNO3] = 2.66% 

2 Time = 20, 40, 60, 80, 100, and 120 min Temperature = 50 °C 
[NaOH] = 0.042 M 
[AgNO3] = 2.66% 

3 [NaOH] = 0, 0.008, 0.017, 0.025, 0.033, 
0.042, 0.050, 0.058, and 0.067 M 

Temperature = 50 °C 
Time = 100 min 
[AgNO3] = 2.66% 

4 [AgNO3] = 0.66, 1.33, 2.00, 2.66, 3.33 
and 4.00% 

Temperature = 50 °C 
Time = 100 min 
[NaOH] = 0.033 M 
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procedure. This research applied green synthesis because 
the chemicals used are non-toxic, environmentally 
friendly solvents and renewable materials. The synthesis 
employed AgNO3 as the silver precursor, chitosan as the 
reducing and stabilizing agents, and NaOH as the 
accelerator. The prior study performed chitosan as the 
reducing agent to synthesize gold nanoparticles under 
alkaline environments through hydrolysis and 
degradation to yield glucosamine [21]. Thus, associated 
with this study, glucosamine will reduce metal ions to yield 
silver zero valences and glucosaminic acid. It is similar to 
reducing glucose under alkaline conditions [13-16]. 

In this study, the colloid color changed from 
transparent to yellow to brown, denoting the success of 
the silver nanoparticle formation [16]. This color 
appeared as a result of the LSPR phenomenon. Metallic 
surfaces possess free electrons in the conduction band 
(CB) and a positively charged nucleus [8]. LSPR is the 
electron excitation group in the CB nearby the surface of 
the nanoparticles. Metal nanoparticles exhibit a particular 
absorption spectrum on the surface so that the LSPR 
phenomenon can be detected by UV-vis 
spectrophotometer [18]. The LSPR band of silver 
nanoparticles produces a typical absorption band 
spectrum in the 400–450 nm wavelength range [22]. Here, 
the mechanism for the silver nanoparticles formation is 
hypothesized as Eq. (1) and (2). 

(aq) (aq) (aq)(aq)
Ag Chit Ag Chit glu cosa mine     

 (1) 

(aq) (aq)(aq)
0

(aq) (aq)

Ag Chit glu cosa minic OH

Ag Chit glucosa minic acid

     

 
 (2) 

When AgNO3 is added to the chitosan solution, Ag+ 
ions will be chelated in the chitosan structure by forming 
coordinate bonds with amino groups (–NH2) and hydroxyl 
(–OH) written as [Ag+/Chit]. In the next step, by adding the 
NaOH accelerator containing OH− ions, the glucosamine 
group from chitosan can perform as a reducing agent, 
which converts Ag+ ions into metal Ag and glucosamine 
acid as a result of the oxidation of glucosamine. Ag crystal 
growth will be limited by chitosan polymer so that Ag 
with nano size (< 100 nm) can be obtained. 

Synthesis Optimization of Silver Nanoparticles 

The effects of heating temperatures on the LSPR 
band were observed. The temperature variations were 26, 
30, 40, 50, and 60 °C with 90 min reaction time, 0.042 M 
NaOH, and AgNO3 2.66% (w/w; AgNO3/chitosan). Fig. 
1(a) shows that the resulting colloid is darker with 
higher heating temperatures. Temperature is an 
important aspect significantly affecting the synthesis 
results of colloidal silver nanoparticles. The typical LSPR 
band for silver nanoparticles is about 407–418 nm. The 
heating temperature is directly proportional to the 
absorbance produced. The higher temperature leads to 
greater absorbance, denoting an enhancement in the 
concentration of silver nanoparticles [5]. The absorbance 
band due to LSPR silver nanoparticles experience a blue 
shift from 418 to 407 nm as the increasing temperature 
from 30 to 60 °C, revealing that the sizes of silver 
nanoparticles decrease with the higher heating 
temperature. It is considered because of the rapid reaction 
rate at high temperatures. At high temperatures, the 
kinetic energy is enhanced, so silver ions are reduced 
more rapidly, thereby reducing the possibility of particle 
size growth. Consequently, at higher heating 
temperatures, smaller particles with uniform 
distribution are produced [5]. In this variation, the 
temperature of 50 °C was chosen for optimization of 
other parameters because it had a high absorbance, 
which was slightly different from the temperature of 60 °C 
and was more efficient from the aspect of energy use. 

Furthermore, the influence of reaction time on the 
LSPR band was also investigated. Fig. 1(b) presents the 
UV-vis absorption spectra and colloid color for each 
sample. In general, the absorbance improves with 
increasing heating time. It shows that the longer heating 
time causes a greater amount of silver nanoparticles to 
be produced. However, the samples have almost the 
same absorbance values at 100 and 120 min. It means 
that, at a certain time, the silver nanoparticles produced 
will be constant, where the formation of silver 
nanoparticles will no longer occur because the silver 
nitrate has been completely reduced [5]. The typical LSPR 
band for silver nanoparticles was about 410–414 nm.  
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Fig 1. UV-vis spectrum of colloidal silver nanoparticles with variations: (a) temperature, (b) reaction time, (c) NaOH 
concentration, and (d) AgNO3 concentrations 
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The absorbance band due to LSPR silver nanoparticles 
experience a blue shift (20–120 min), exhibiting that the 
sizes of the silver nanoparticles decline with the longer 
heating time. The optimal reaction time needed for 
forming silver nanoparticles was 100 min since, after that, 
no addition of silver nanoparticles was observed. 

In this study, NaOH acts as an accelerator, added to 
provide time efficiency and effectiveness in preparing 
silver nanoparticles. Fig. 1(c) shows that the resulting 
colloid's color tended to be darker with a higher NaOH 
concentration. However, at NaOH concentrations of 
0.025–0.067 M, the colloid did not exhibit a significant 
color gradation. It implies that the silver nitrate in the 
colloid has been completely reduced [5]. In comparison, 
at the concentration of 0, 0.008, and 0.017 M, the colloid 
did not experience a color change to brown, which might 
be because the colloid does not contain silver 
nanoparticles. Based on Fig. 1(c), the LSPR band could 
not be identified without NaOH addition. Besides, it also 
could not be identified with the addition of a small 
amount of NaOH at the concentrations of 0.008 and 
0.017 M. The absorbance values at the NaOH 
concentration of 0.025–0.058 M differed slightly. The 
absorbance enhanced from 0.025 to 0.033 M 
concentrations, indicating that the higher NaOH 
concentration resulted in a more significant number of 
silver nanoparticles. However, the introduction of NaOH 
further declined the absorbance (concentrations of 0.042–
0.067 M) and significantly decreased at 0.067 M.  

It is considered due to the construction of a denser 
gel at a higher NaOH concentration which inhibits the 
reduction of silver ions to silver nanoparticles [13]. At the 
NaOH concentrations of 0, 0.008, and 0.017 M, the 
colloidal silver nanoparticles had a pH value of less than 8 
and did not exhibit an absorbance band. In contrast, at 
concentrations of 0.025–0.067 M, they had a pH value 
above 12, which emerged absorbance band. These follow 
the results of previous research, where a pH of about 9–13 
is the most ideal for synthesizing silver nanoparticles [5]. 
The typical LSPR band for silver nanoparticles was at 
407–412 nm wavelength. The absorbance band due to 
LSPR silver nanoparticles experienced a red shift at the 
NaOH concentrations of 0.042–0.067 M, demonstrating 

an enlargement in the size of silver nanoparticles as the 
higher NaOH concentration. The optimal NaOH 
concentration needed to form silver nanoparticles was 
0.033 M since, after that, no addition of the silver 
nanoparticles number was observed. 

Next, the influence of AgNO3 concentration on the 
LSPR band was observed. Fig. 1(d) shows that the higher 
AgNO3 concentration led to a darker color of the colloid 
produced. The higher AgNO3 concentration from 
samples 0.66–4.00% was proportional to the increase in 
the absorbance value. The typical LSPR band for silver 
nanoparticles is at 402–411 nm wavelength. The 
emergence of the LSPR absorption band at around 
400 nm demonstrates that the particles are spherical [8]. 
The absorbance band due to LSPR silver nanoparticles 
experienced a redshift (0.66–4.00%), revealing that the 
sizes of silver nanoparticles enlarge as the higher AgNO3 
concentration. Colloidal silver nanoparticles with a 
further variation of AgNO3 concentration were then 
tested for their stability and antibacterial performance. 

Based on the results of the optimization 
parameters of temperature (Fig. 1(a)), time (Fig. 1(b)), 
and NaOH concentration (Fig. 1(c)), the optimal 
conditions for synthesizing silver nanoparticles were at 
50 °C for 100 min with 0.033 M NaOH. These results are 
more efficient than similar research reported by 
Kalaivani et al. [23], where silver nanoparticles were 
synthesized at 90 °C for 10 h. 

The higher AgNO3 concentration induced a higher 
absorbance, indicating a higher concentration of silver 
nanoparticles formed. Fig. 2 shows that the relationship 
between the AgNO3 concentration was linearly 
proportional to the absorbance with a coefficient of 
determination of R2 = 0.992. It strengthens the argument 
that the higher AgNO3 concentration used induces, the 
greater concentration of silver nanoparticles yielded. 

Stability of Colloidal Silver Nanoparticles 

Colloidal silver nanoparticles are called stable if the 
concentration, size, and shape of the particles do not 
change. The concentration of silver nanoparticles 
correlates with the absorbance intensity in the UV-vis 
spectra. Therefore, the stability of silver nanoparticles can 
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Fig 2. Relationship between concentration precursor of 
AgNO3 and absorbance 

be investigated based on their absorbance and maximum 
wavelength. The stability of colloidal silver nanoparticles 
was carried out by measuring the absorbance and 
maximum wavelength at various AgNO3 concentrations 
every week for 8 weeks. Colloidal silver nanoparticles 
were stored at room temperature. Before measurement, 
the samples were diluted 10 times into distilled water. The 
change in the LSPR band of the UV-vis spectrum is 
presented in Fig. 3(a) and 3(b). Absorbance for AgNO3 
concentration of 0.66–4% (w/w; AgNO3/chitosan) tended 
to decrease at week 1 of storage compared to weeks 2–8. 
This indicates that, in the first week, there may be more 
silver nanoparticle aggregation than in weeks 2–8. At 
lower concentrations, silver nanoparticles tended to be 
more stable than at high concentrations (Fig. 3(a)). 

The results of the UV-vis absorption spectra also 
showed maximum wavelength data for each sample. The 
samples experienced a shift in the maximum wavelength 
to the right and the left, but only slightly. Seen from the 

maximum wavelength, it tended to be a red shift in all 
samples, indicating a larger particle size during storage 
(Fig. 3(b)). This is in line with the decreasing absorption 
band, demonstrating that silver nanoparticles tend to 
experience aggregation during storage. These results 
differ from previous studies, where silver nanoparticles 
were still stable after week 8 of storage using glucose as a 
reducing agent and chitosan as a stabilizer [13]. 

TEM Analysis 

TEM analysis was employed to observe the shape 
and size distribution of silver nanoparticles in the 
colloidal system. The samples observed were AgNO3 with 
concentrations of 2.66 and 4.00% (w/w; AgNO3/chitosan), 
respectively. These two samples represented the 
observed particle size distribution of silver at low and 
high concentrations using TEM. The emergence of the 
LSPR absorption band at about 400 nm denotes the 
spherical-shaped particles that follow the resulting TEM 
images in the previous report [8]. Based on Fig. 4(a) and 
4(b), the use of AgNO3 as silver nanoparticle precursor 
with a concentration of 4.00% produced more silver 
nanoparticles than AgNO3 at 2.66%. The TEM image of 
Sample A4 exhibits flakes on the sample. It may be due 
to the colloid preparation that is too thick. 

The higher AgNO3 concentration induces a higher 
concentration of silver nanoparticles [14]. In the same 
area, there were 65 particles at the AgNO3 concentration 
of 2.66% and 95 particles at the AgNO3 of 4.00%, 
calculated with the ImageJ application. It is in line with 
the rise in absorbance from 0.623 to 0.969 (Fig. 1(d)). 
Fig. 5(a) and 5(b) show that, at the AgNO3 concentration  

 
Fig 3. Stability of colloidal silver nanoparticles changes in (a) absorbance and (b) maximum wavelength 
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Fig 4. TEM images of colloidal silver nanoparticles (a) 2.66% and (b) 4.00% (w/w; AgNO3/chitosan) 

 
Fig 5. Size distribution of colloidal silver nanoparticles (a) 2.66% and (b) 4.00% (w/w; AgNO3/chitosan) 

 
of 2.66%, the average particle diameter was 3.58 nm with 
a range of 1–8 nm. In contrast, at the AgNO3 concentration 
of 4.0, the average particle diameter was 3.30 nm, with a 
1–7 nm range. Thus, the particle size at the AgNO3 
concentration of 2.66% was slightly larger than at 4.00%. 
It does not align with the LSPR absorption band, which 
reveals a redshift from 409.20 to 411.00 nm. In this study, 
the slight difference in maximum wavelength does not 
significantly affect the particle size. According to the 
distribution frequency, silver nanoparticles were conquered 
by particles with 2–4 nm size. On the other, the results of 
other researchers who have synthesized silver nanoparticles 
using Malachra capitata (L.) leaf showed that the particle 
size ranged from 30 to 35 nm with an average diameter of 
35 nm. The size distribution curve revealed that the 
particles ranged from 5–70 nm, and the mean particle 

diameter was about 5 nm [12]. It shows that previous 
research obtained a larger particle size than this research. 

PSA Analysis 

PSA was completed to observe the size and 
distribution of silver nanoparticles. The samples 
analyzed were AgNO3 with 2.66 and 4.00% 
concentrations (w/w; AgNO3/chitosan), respectively. 
Here, the distribution number was exploited to estimate 
the relative number of distribution percentages of each 
size (Fig. 6). Table 2 shows data on the polydispersity 
index (PDI), mean size, and standard deviation of 
samples with AgNO3 concentrations of 2.66 and 4.00%. 
The particle sizes resulting from TEM were smaller than 
those from PSA. The particle sizes from TEM were 1–
8 nm, while those from PSA were 12–38 nm (2.66%) and  
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Table 2. PSA characterization result 
AgNO3 

(as precursor) 
PDI Average 

size (nm) 
Standard 

deviation (nm) 
2.66% 0.341 19.80 4.569 

4% 0.482 38.22 6.776 

 
Fig 6. Particle size distribution of silver nanoparticles by 
frequency (%) 

28–59 nm (4.00%). Measurement with PSA used a water 
dispersion medium so that the chance of small particles 
sticking together is enormous during the measurement. 
Thus, the particle size obtained is larger due to 
agglomeration. In addition, the particle size of the PSA 
characterization is a hydrodynamic diameter measure, 
where the particle size includes the Ag particles and the 
stabilizer agent surrounding the particles [24]. 

The polydispersity index (PDI) reveals the level of 
confidence in the size of the dispersed particles in colloidal 
silver nanoparticles. The PDI value closer to zero indicates 
a uniform particle. If the PDI value is greater than 0.7, it 
reveals high heterogeneity and is probably unsuitable for 
analysis by the dynamic light scattering (DLS) method 
[25]. The use of AgNO3 with concentrations of 2.66 and 
4.00% as a precursor for silver nanoparticles had a PDI 
value of less than 0.5, indicating a relatively good level of 
particle uniformity. The PDI value is associated with the 
standard deviation value and the particle size distribution 
curve presented in Fig. 6. The smaller PDI value means a 
lower standard deviation, representing high accuracy. At 
the AgNO3 concentration of 2.66%, the standard 
deviation value was 4.569 nm, lower than that of a 4.00% 
concentration with a value of 6.776 nm. In addition, the 

smaller PDI value means a narrower particle size 
distribution. The AgNO3 concentration of 2.66% 
exhibited a narrower distribution curve than 4.00%, 
where the particle sizes were about 12–38 nm (2.66%) 
and 28–59 nm (4.00%). These results denote that the 
concentration of AgNO3 as the silver nanoparticles 
precursor has an effect on particle size. At a high AgNO3 
concentration, a larger size of silver is produced. 

Antibacterial Performance of Colloidal Silver 
Nanoparticles 

The antibacterial performance of colloidal silver 
nanoparticles with diverse concentrations of AgNO3 
precursors represents the number of silver nanoparticles 
in colloids. The colloids tested were all samples with 
concentrations of 0.66–4.00% (w/w; AgNO3/chitosan) 
and a chitosan solution without AgNO3 for comparison. 
The ability of colloidal silver nanoparticles to inhibit the 
growth of bacteria was tested by the well-diffusion 
method. The bacteria included gram-positive bacteria (S. 
aureus and MRSA) and gram-negative bacteria (E. coli 
and ESBL). The results are presented in Fig. 7. 

 
Fig 7. Inhibition area of colloidal silver nanoparticles 
with various AgNO3 concentrations (w/w; 
AgNO3/chitosan) against (a) S. aureus, (b) E. coli, (c) 
MRSA, and (d) ESBL 
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Fig 8. Antibacterial performance of colloidal silver nanoparticles 

 
The antibacterial performance was examined based on the 
diameter of the inhibition area indicated by the appearance 
of a clear area around the hole comprising colloidal silver 
nanoparticles. The wide clear area suggests that the samples 
have high antibacterial performance and vice versa. 

Two sources inhibiting bacterial growth are 
chitosan and silver nanoparticles. Chitosan solution (0% 
AgNO3) had lower antibacterial performance than all 
colloidal silver nanoparticles with AgNO3 concentrations 
of 0.66–4.00% as precursor silver nanoparticles. Previous 
researchers proposed several mechanisms for the 
inhibition of bacterial growth by chitosan; however, one 
mechanism is most believed. The mechanism is an 
interaction between the positive charges of chitosan 
(NH3

+) with the negative charges of the outer membrane 
of the microbial cell. It changes the structure and 
permeability of the cell membrane, contaminating 
proteins and other intracellular components. It thereby 
challenges the biochemical and physiological competence 
of the bacteria, causing the loss of replicative ability, and, 
eventually, the bacteria die [2]. 

Several factors influencing the antibacterial 
performance of silver nanoparticles are particle size, 
surface area, morphology, and distribution degree [26]. 
There are three most common mechanisms for silver 
nanoparticles in inhibiting bacterial growth: (1) Ag+ ions 
absorption followed by the interference of ATP 
construction and DNA replication, (2) silver 
nanoparticles and Ag+ ions making reactive oxygen 
species (ROS), and (3) silver nanoparticles directly 
devastating cell membranes [27]. 

Colloidal silver nanoparticles are a sol-colloid type 
system, so all three mechanisms can occur. When silver 
penetrates bacterial cells, some particles can release 
silver ions and silver nanoparticles at the same time, 
form ROS and then prevent ATP production and DNA 
replication. When the colloid diffuses in the bacterial 
medium, the silver nanoparticles insert the bacterial cell 
and impact the permeability and function of the 
membrane [18]. 

Chitosan solution without silver nanoparticles 
possessed the smallest diameter of the inhibition area 
compared to others (0.66–4.00% AgNO3 
concentrations). Thus, it is proven that the addition of 
silver nanoparticles could increase antibacterial 
performance. Colloidal silver nanoparticles had good 
antibacterial performance against all bacteria tested, 
both non-multiresistant bacteria (S. aureus and E. coli) 
and multiresistant bacteria (MRSA and ESBL). Based on 
Fig. 8, in general, the increase in AgNO3 concentration 
was in line with the enlargement in the diameter of the 
inhibition area in the four bacteria. This means that 
colloidal silver nanoparticles with higher concentrations 
have higher antibacterial activity. 

■ CONCLUSION 

Colloidal silver nanoparticles were successfully 
formed by chemical reduction. Chitosan acted as the 
reducing and stabilizing agents, and NaOH was the 
accelerator. The silver nanoparticles formed were 
confirmed with the emergence of the LSPR absorption 
band at 402.0–418.4 nm. At 50 °C and 4.00% (w/w) 
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AgNO3 concentration, the synthesis of colloidal silver 
nanoparticles was optimal at 100 min of reaction time with 
a concentration of 0.033 M NaOH. Based on the LSPR 
phenomenon identified by the UV-vis spectrophotometer, 
colloidal silver nanoparticles were stable in storage for 8 
weeks at room temperature. The nanoparticles were 
spherical with 1–8 nm size based on the TEM analysis, 
while from the PSA analysis, the particle size was 12–
59 nm. The higher silver nanoparticle concentration in 
colloidal resulted in higher antibacterial performance 
against S. aureus, E. coli, MRSA, and ESBL. 
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 Abstract: The complexes of Fe(II), Co(II), Ni(II), and Cu(II) Schiff base ligand 
derived from 2,5-dihydroxy-1,4-benzoquinone and 5-amino-2-methylphenol were 
synthesized. The ligand was synthesized by the reaction between the mentioned ketone 
and amine in 1:2 molar ratio, respectively. The four metal complexes were synthesized 
by refluxing the ligand with the related metal(II) chloride salts. The synthesized 
compounds were characterized using FTIR spectroscopy, UV-visible, 1H-NMR, 
conductivity, atomic absorption, magnetic susceptibility, and thermogravimetric 
analysis. According to the results, the chelation between metals and ligand occurs with 
the imine groups and the deprotonated hydroxyl groups of 2,5-dihydroxy-1,4-
benzoquinone and 5-amino-2-methylphenol in the ligand. The conductivity test of the 
four complexes shows the non-electrolytic nature of them. The magnetic susceptibility 
values of Fe(II), Co(II), Ni(II), and Cu(II) complexes are 4.20, 4.11, 2.97, and 2.34 
B.M, respectively. The thermogravimetric and atomic absorption analyses suggest the 
general chemical formula for the complexes is [M2(L)(H2O)6]. In addition, the ligand 
and one of its metal complexes (Co(II) complex) were examined against breast cancer 
cells, and they gave the IC50 of 101.24 and 129.2 μg/mL, respectively. This result suggests 
that Co(II) complex is a better anti-cancer agent in comparison with the ligand. 

Keywords: metal complexes; Schiff base; 2,5-dihydroxy-1,4-benzoquinone; 5-amino-
2-methylphenol 

 
■ INTRODUCTION 

The German scientist Hugo Schiff gave the term 
"Schiff base" to a compound with the functional group –
HC=N– where the nitrogen atom is attached to the 
organic structure instead of the hydrogen [1-2]. This 
group can be obtained by the reaction between amine 
with carbonyl compounds [3-4]. By this reaction, the 
carbonyl group in the ketone or the aldehyde is replaced 
by the imine group [5]. Many studies have revealed the 
considerable chemical and biological importance of the 
electron lone pair of nitrogen’s imine group [6]. This group 
can be considered crucial for Schiff base exploitation in 
biology and various branches of chemistry and reactions 
[7-9]. For example, in the coordination chemistry, Schiff 
bases have the ability to act as ligands and chelate with  
 

metals through the nitrogen in the imine group and an 
adjacent donor atom such as nitrogen, sulfur, and 
oxygen [10-13]. Schiff bases are the most common and 
favorable ligands thanks to stabilizing metal ions in 
various oxidation states [14]. This stability is due to the 
presence of the basic donor nitrogen atom of the 
azomethine group. Furthermore, Schiff bases are 
designed and synthesized widely because of the 
attachment with metal ions in different manners, their 
stability, and their biological effects [15-16]. 

In this work, a Schiff base ligand was derived from 
2,5-dihydroxy-1,4-benzoquinone and 5-amino-2-
methylphenol. Various Fe(II), Co(II), Ni(II), and Cu(II) 
complexes with this Schiff base ligand were synthesized, 
characterized, and tested against breast cancer-affected 
cells. 
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■ EXPERIMENTAL SECTION 

Materials 

2,5-Dihydroxy-1,4-benzoquinone and 5-amino-2-
methylphenol were purchased from Macklin biochemical. 
Metal(II) chlorides were supplied from Merck and C.D.H. 
ethanol, while hydrochloric acid was supplied from 
Thomas Baker for chemicals. All the chemicals were used 
with no further purification. 

Instrumentation 

The infrared spectra were recorded by Fourier 
transform infrared spectrophotometer (FTIR 8400S, 
Shimadzu). The UV-visible spectrum was measured by 
using a UV-visible spectrophotometer (Peak Instruments 
C-7200) from Shimadzu. Bruker spectrometer 
instruments operating at 400 MHz were used to measure 
1H-NMR spectra. The metal content in all complexes was 
measured using Nova 350 spectrophotometer. The 
compound's decomposition was measured using the 
differential thermal gravimeter (DTG-160-FC-60A). 
Complexes conductivity was recorded by WTW SERIES, 
cond 722. The Sherwood Scientific auto balance magnetic 
susceptibility balance was used to measure magnetic 
susceptibility. Melting points were measured by melting 
point/SMP30 Stuart device. 

Procedure 

Synthesis of Schiff base ligand (L) 
The 2,5-dihydroxy-1,4-benzoquinone (1 g, 

7.138 mmol) was mixed with 5-amino-2-methylphenol 
(1.758 g, 14.276 mmol) in ethanol (25 mL) as a reaction 
solvent. Hydrochloric acid (3 drops) was added and the 
mixture was refluxed for 6 h. The brown precipitate of the 
Schiff base ligand was filtrated, washed with water and 
ethanol, and then recrystallized from ethanol. 

Synthesis of Fe(II), Co(II), Ni(II) and Cu(II) complexes 
The four metal complexes were synthesized by 

dissolving the prepared ligand (0.5 g, 0.95 mmol) in 
ethanol (20 mL). This solution was mixed with the 
corresponding hydrated metal(II) chloride salts in 1:2 
ligand:metal ratio. The reaction mixture was left to reflux 
for 12 h. Brown complexes precipitates were filtered and 
washed with water and ethanol. 

Anti-cancer study 
The human breast cancer cell line (MCF-7) and the 

non-malignant breast epithelial cells (MCF10A) were 
supplied by the National Cell Bank of Iran (Pasteur 
Institute, Iran). The growth of these cells was carried out 
in Roswell Park Memorial Institute medium and 
Dulbecco's Modified Eagle Medium/Nutrient Mixture 
F-12 with 10% of fetal bovine serum and 100 U/mL 
penicillin and 100 μg/mL streptomycin. Cells were kept 
at 37 °C with humid air (5% CO2) and treated with 
trypsin/EDTA and phosphate buffer saline solution. The 
growth process was 3D colonies and a monolayer cell 
culture. 

The cell viability was detected by [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
The cells were cultured and digested with trypsin 
adjusted to a density of 1.4 × 104 cells/well and seeded to 
96-well plates filled with 200 μL fresh medium per well 
for 24 h. Then, these cells were treated with the ligand 
and Co(II) complex in five concentrations (300–
18 μg/mL). After 24 h the supernatant was separated and 
200 μL/well of [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide solution and 0.5 mg/mL 
of phosphate buffer saline were added. The incubation 
for the plate was carried out at 37 °C for an extra 4 h. The 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide solution was then removed and added with 
DMSO (100 μL per well). The crystals were dissolved 
after the incubation of cells in a shaker at 37 °C. Cell 
viability was quantified by measuring absorbance at 
570 nm. 

■ RESULTS AND DISCUSSION 

Ligand and Metal Complexes Synthesis 

The typical procedure for making the Schiff base 
ligand involves the condensation of the ketone (2,5-
dihydroxy-1,4-benzoquinone) and the amine (5-amino-
2-methylphenol) in a 1:2 molar ratio, respectively. In 
this reaction, the two carbonyl groups in the 2,5-
dihydroxy-1,4-benzoquinone structure will be replaced 
by the new imine groups. HCl was used as a catalyst to 
fasten the reaction time and ensure the complete 
conversion of the carbonyl groups to imine groups. The 
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created brown ligand was then used to form complexes 
with Fe(II), Co(II), Ni(II), and Cu(II) in also 1:2 (L:M) 
molar ratio. The use of this molar ratio ensures the 
coordination of two similar metal ions with the separated 
three coordination sites. Scheme 1 shows steps to ligand 
synthesis and its metal complexes, while Table 1 shows 
some properties of them. 

1H-NMR of the Ligand 
1H-NMR spectroscopy was used to determine the 

presence of protons in the Schiff base ligand using 
DMSO-d6 as a solvent which can be detected at 2.50 ppm 
as a single signal. The main signals for the protons of L 
have been detected. Each –CH3 and –OH proton signals 
emerged at  about 1.0 and 9.5 ppm,  respectively.  Several  
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Scheme 1. Schiff base ligand synthesis with its Fe(II), Co(II), Ni(II), and Cu(II) complexes 

Table 1. Some properties of the ligand and the metal complexes 

Complexes and ligand Color 
Melting 

point (°C) 
Molecular weight 

(g/mol) 
Yield 
(%) 

Metal content (%) 
Theoretical value Experimental value 

Ligand Brown 205–207 350.00 78 - - 
[Fe2L(H2O)6] Brown 344 567.03 77 6.08 6.50 
[Co2L(H2O)6] Brown 284–286 572.20 52 6.30 6.80 
[Ni2L(H2O)6] Brown 233–235 571.72 75 6.30 7.20 
[Cu2L(H2O)6] Brown 293–295 585.44 44 6.60 7.30 
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signals between 6 and 9 ppm are related to the aromatic 
protons [17-20]. 

FTIR Spectra 

The FTIR spectra (Fig. 1) of the ligand and the metal 
complexes show the characteristic bands that related to 
the significant groups in ligand structure and how they 
changed upon the complex formation. For example, the 
formation of the imine group was seen as a new band at 
1570 cm−1 in the free ligand. The formation of this group 
was also supported by the absence of both bands of the 
amino group in 5-amino-2-methylphenol and the carbonyl 
group in 2,5-dihydroxy-1,4-benzoquinone which appeared 
at 3385, 3319, and 1647 cm−1, respectively. 

The ν(O–H) stretching frequency was seen around 
3387 and 3323 cm−1 as single bands in the free  ligand 
spectra also. When the metal complexes formed, the 
characteristic bands were changed and shifted which 
confirmed the complexes' formation. The imine group 
frequency is shifted to higher frequencies of 1627, 1600, 
1602, and 1600 cm−1 in [Fe2L(H2O)6], [Co2L(H2O)6], 
[Ni2L(H2O)6] and [Cu2L(H2O)6], respectively. This shift 
confirms the metal coordination with the ligand imine 
groups. This linkage was also confirmed by the new bands 
in the range 559–599 cm−1 which refers to M–N bond in 
these metal complexes. 

The hydroxyl groups at the phenyl ring in the 
ligand structure are deprotonated and coordinated with 
the metal ions through the free oxygen atoms. This was 
confirmed by the absence of hydroxyl group bands at 
3387 and 3323 cm−1. The FTIR spectra of the complexes 
also show broad bands in the region 3600–3200 cm−1, 
which refers to water molecules. The coordination with 
deprotonated hydroxyl groups and water molecules was 
confirmed by the appearance of new bands related to 
ν(M–O) bonds in the range 518–545 cm−1 in the metal 
complexes. Table 2 gives a summary of the FTIR 
characteristic bands of all compounds. 

Conductance Measurements and Magnetic 
Susceptibility 

As a solvent, ethanol was used to test the 
conductivity of the produced complexes at a 
concentration of 1 × 10−3 M. According to the results, all 
complexes are classified as non-electrolytes, as shown in 
Table 3 [21]. 

On the other hand, the magnetic susceptibility 
measurements were carried out at 298 K. It is obvious 
from the magnetic susceptibility values in Table 3. The 
Fe(II) complex is in a high spin electronic configuration 
and its μeff value (4.2 B.M) agrees with the presence of four 
unpaired  electrons in  d-orbitals and  this also  confirms  

 
Fig 1. FT-IR spectra of L and the metal complexes 
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Table 2. A summary of the characteristic bands in the FTIR spectrum in cm−1 of L and metal complexes 
Compound ν(H2O) ν(OH) ν(C=N) ν(M–N) ν(M–O) 

Ligand - 3387–3323 1570 - - 
[Fe2L(H2O)6] 3600–3200 - 1627 597 518 
[Co2L(H2O)6] 3600–3200 - 1600 599 545 
[Ni2L(H2O)6 ] 3600–3200 - 1602 559 522 
[Cu2L(H2O)6] 3600–3200 - 1600 567 518 

Table 3. The value of molar conductivity of metal complexes at 10−3 M concentration in ethanol 

Compound Molar conductivity 
(Ohm−1 cm2 mol−1)  

μeff 

(B.M) 
Suggested 

complex shape 
[Fe2L(H2O)6] 7.70 4.20 Octahedral 
[Co2L(H2O)6] 7.80 4.11 Octahedral 
[Ni2L(H2O)6] 8.90 2.97 Octahedral 
[Cu2L(H2O)6] 8.16 2.34 Octahedral 

 
the octahedral shape of Fe(II) complex [22]. 

Co(II) complex is also paramagnetic with a magnetic 
susceptibility value of 4.11 B.M. Therefore, Co(II) is 
present with a high spin d7 electronic configuration and 
this agrees with the three unpaired electrons in the d-
orbitals of Co(II) and the octahedral shape [23-24]. 

Ni(II) complex has a μeff value (2.97 B.M), which 
shows that it has a paramagnetic property due to the two 
unpaired electrons in d-orbitals and its shape is also 
octahedral [25-26]. For the Cu(II) complex its μeff is 
2.34 B.M also suggests the paramagnetic characteristics of 
this ion and agrees with the octahedral structure of the 
Cu(II) complex and the presence of one electron [8]. 

Electronic Spectra 

The UV-vis spectra (Fig. 2) of the ligand and the 
metal complexes were recorded in ethanol in the range 
200–1000 nm. Table 4. shows the UV-Vis. peaks and the 
related transitions. The ligand spectra show three peaks 
at 344, 421, and 594 nm, which are related to π→π* and 
n→π*, respectively. These peaks were shifted when the 
metal complexes are formed, which suggests the M-L 
coordination and the MLCT [27]. In Fe(II) complex, 
peaks appear at 365, 438, and 573 nm. In [Co2L(H2O)6], 
peaks are shifted to 369, 411, and 578 nm. For 
[Ni2L(H2O)6], they are also shifted to 367, 436, and 
562 nm. While a broad peak at 389 nm is assigned to two 

 
Fig 2. UV-vis spectra of L and the metal complexes 
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Table 4. Transition types in the UV-Vis spectra with their 
λmax for the ligand and the metal complexes 

Compound λmax (nm) Type of transition 
Ligand 344, 421, 594 π→π*, n→π* 
[Fe2L(H2O)6] 365, 438, 573 MLCT 
[Co2L(H2O)6] 369, 411, 578 MLCT 
[Ni2L(H2O)6 ] 367, 436, 562 MLCT 
[Cu2L(H2O)6] 290, 389 intraligand transition 

2B1g→2Eg 
2B1g→2A1g 

transitions 2B1g→2Eg and 2B1g→2A1g, respectively, in 
[Cu2L(H2O)6], and that at 290 nm related to intraligand 
transition. 

Thermal Analysis 

Fig. 3 shows the thermal analysis curves for the 
ligand and the four metal complexes. This analysis was 
carried out under air with a temperature range 0–800 °C. 
Table 5 gives a summary of the decomposition 
temperature range and the mass loss and the proposed 
formed fragments from all the studied compounds. The 
ligand decomposed in two steps in the temperature range 
27.77–429.57 °C. The first step starts at 27.77–331.88 °C 
includes the loss of the –OH and –CH3 groups. At the 
same time, the second step shows the loss of C=N, –OH, 
–CH3, and –C5H6 at 331.88–429.57 °C. 

Fe(II) complex decomposition curve shows three 
steps of decomposition. The first one shows the loss of 
2H2O in 6.86% loss percentage in the temperature range 

34.94–258.46 °C. The second step includes the loss of 
4H2O, 4O and 2CH3 in the temperature range 258.46–
330.07 °C. While the third step shows the loss of 2C5H6 
and C=N in the temperature range 330.07–420.20 °C. The 
decomposition of the cobalt complex shows two steps of 
decomposition in the temperature range 40.68–572.17 °C. 
The first step shows the loss of 3H2O, 4O and CH3 in the 
temperature range 40.68–383.31 °C with a mass loss of 
25.5%, while the second shows the loss of C=N, 3H2O, 
12H, 2C6H5 at 383.31–487.57 °C with a loss of 46.6%. 
The decomposition of [Ni2L(H2O)6] complex also goes 
in two steps. The first one shows the loss of 3H2O in the 
range 37.18–278.34 °C with a loss of 10.2%, while the 
second shows the loss of 3H2O, 4OH, 2CH3, 2(C=N), 6H 
and C6H5 at 278.34–412.07 °C with a loss of 44.0%. 
 

 
Fig 3. TGA curve of Schiff base ligand and the complexes 

Table 5. Thermal analysis results for the ligand, [Fe2L(H2O)6], [Co2L(H2O)6], [Ni2L(H2O)6], and [Cu2L(H2O)6] 

Compound 
Steps of 

degradation 
Decomposition 

temperature (°C) 
Mass loss 

(%) Type of lost species 

Ligand 1 
2 

27.33-331.88 
331.88-429.57 

13.8% 
47.3% 

CH3, 2OH 
C=N, OH, CH3, C5H6 

[Fe2L(H2O)6] 1 
2 
3 

34.94-258.48 
258.48-330.07 
330.07-420.20 

6.86% 
31.3% 
35.0 % 

2H2O 
4H2O, 4O, 2CH3 

2C5H6, C=N 
[Co2L(H2O)6] 1 

2 
40.68-383.31 

383.31-487.57 
25.5% 
46.6% 

3H2O, 4O, CH3 
C=N, 3H2O, 12H, 2C6H5 

[Ni2L(H2O)6] 1 
2 

37.18-278.34 
278.34-412.07 

10.2% 
44.0% 

3H2O 
3H2O, 4OH, 2CH3, 2C=N, 6H, C6H5 

[Cu2L(H2O)6] 1 
2 
3 

43.49-237.65 
237.65-261.27 
261.27-332.47 

13.3% 
19.5% 
27.5% 

3H2O 
3H2O, 2O, 2CH3 

C5H6, C=N, 2O, 6H 
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Copper complex decomposition in the temperature range 
43.49–332.47 °C in three steps. The beginning starts at 
43.49–237.65 °C with the loss of 3H2O and O in 13.3% loss 
percentage. The second occurs in the range 237.65–
261.27 °C with the loss of 3H2O, 2O, and 2CH3 in 19.5% 
loss percentage, while the third occurs in the range 
261.27–332.47 °C with the loss of C6H5, C=N, O2, and 6H 
in 27.5% loss percentage. 

Anti-cancer Activity 

The anti-cancer activity of the ligand and its Co(II) 
complex was tested against MCF-7 and MCF10A with 
the concentration range 18.75–300 μg/mL. The results 
are shown in Table 6. and Fig. 4 and 5. According to the 
results [Co2L(H2O)6] shows a high anti-cancer effect in 
comparison with the ligand with IC50 values of 101.24 
and 129.2 μg/mL, respectively. This shows the increase of 

 
Fig 4. IC50 for the ligand against a human breast cancer cell line 

 
Fig 5. IC50 for [Co2L(H2O)6] against a human breast cancer cell 

Table 6. The effect of complexes and ligand to healthy cell and infected cells 
Compound IC50 (μg/mL) healthy cell IC50 (μg/mL) infected cell 
Ligand 166.25 129.20 
[Co2L(H2O)6] 153.39 101.24 
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the anti-cancer activity when the metal coordinates with 
the ligand. This activity can be attributed to the chelation 
theory. According to this theory, when the metal chelates 
with the ligand, its polarity will decrease due to the share 
of its positive charge with the electron-rich ligand. As a 
result, the lipophilicity of the metal and the resulting 
complex will increase and that leads to better penetration 
of the cell membrane, which consists of lipids [28-29]. 

■ CONCLUSION 

The condensation reaction between 2,5-dihydroxy-
1,4-benzoquinone and 5-amino-2-methylphenol in a 1:2 
molar ratio produced a Schiff base ligand. By the ligand 
imine and phenol groups, it acts as a hexadentate ligand 
and coordinates with Fe(II), Co(II), Ni(II), and Cu(II). 
This coordination takes place with 1:2 molar ratio of 
ligand:metal. The produced compounds were characterized 
by FTIR, UV-vis, thermal analysis, conductivity, magnetic 
susceptibility, and atomic absorption. At the same time, 
the ligand was identified by 1H-NMR and FTIR. All the 
complexes are non-electrolytes and the octahedral 
structure was suggested for them by the obtained results. 
The ligand and Co(II) complex were tested against breast 
cancer cells and the latest complex shows better anti-
cancer activity with IC50 values of 101.24 and 
129.20 μg/mL for the ligand. This result encourages the 
test of the other prepared metal complexes against the 
same type of cancer cells or other types. 
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 Abstract: The objective of this study was to assess the predictive value of inflammatory 
biomarkers in COVID-19 patients, namely the CRP/albumin ratio (CAR), interleukin 6 
(IL-6), IL-6/lymphocyte ratio (IL-6/LY), and neutrophil/lymphocyte ratio (NLR). A 
prospective cohort study was conducted between January to June 2021 at Dr. Saiful 
Anwar General Hospital, Malang, East Java, Indonesia. CRP and albumin levels were 
measured using COBAS C6000. IL-6 was measured using the enzymatic 
chemiluminescence immunoassay (ECLIA) method and NLR was calculated based on 
flow cytometry evaluation of neutrophil and lymphocyte. Patient outcomes were obtained 
from medical records. Out of the 102 COVID-19 patients, 60 were non-survivors. The 
findings revealed that the area under the receiver (AUC) for CAR, IL-6, IL-6/LY, and 
NLR were 0.71, 0.77, 0.75, and 0.65, respectively. Kaplan-Meier curve analysis 
demonstrated significant differences between the groups stratified by these cut-off values. 
Notably, CAR and IL-6 exhibited the most accurate predictive values for mortality in 
COVID-19 patients. These findings suggest that CAR and IL-6 may serve as valuable 
biomarkers for predicting mortality in COVID-19 patients. Importantly, CAR offers an 
advantage over IL-6 as it is relatively more affordable, making it a viable option even if 
COVID-19 becomes endemic. 

Keywords: CAR; IL-6; IL-6/LY; mortality; COVID-19 

 
■ INTRODUCTION 

The global healthcare system has faced 
unprecedented challenges over the past three years due to 
the COVID-19 pandemic caused by SARS-CoV-2 
infection. The management of critically ill patients in 
intensive care settings poses significant difficulties in 
developing predictive models due to the unpredictable 
nature of COVID-19 outcomes, especially in developing 
countries such as Indonesia. 

In Indonesia, the mortality rate among COVID-19 
patients, especially those in critical condition, remains 
relatively high. According to the Indonesian Ministry of 

Health, the country's COVID-19 patient mortality rate 
stands at 3.9%. According to this, Indonesia has the 
eighth-highest number of COVID-19 cases in Asia. 
Although severe COVID-19 cases have a higher death 
rate, there are currently no commonly used prognostic 
tools for estimating in-hospital mortality [1-2]. 

The inflammatory process is essential to the 
development of COVID-19. Cytokine storms or 
hyperinflammatory situations can be brought on by the 
immune system's activation of cytokines and 
chemokines, which can result in life-threatening organ 
malfunction and severe lung damage. Individual 
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differences in the degree of the inflammatory response 
lead to some patients' reactions being more pronounced 
than those of other patients. This emphasizes the value of 
individualized treatment plans that take into account each 
patient's particular immune response and inflammatory 
profile. Furthermore, gaining a deeper understanding of 
the inflammatory mechanisms involved in COVID-19 
can facilitate the development of novel therapies that 
specifically target these processes. This holds the potential 
for more effective treatments and improved outcomes for 
patients [3-4]. 

One of the pro-inflammatory cytokines that exhibit 
an increase in COVID-19 patients is IL-6. Previous 
research has demonstrated a significant disparity in IL-6 
levels between patients receiving intensive care treatment 
and those receiving standard care [3]. This elevation of IL-
6 stimulates the production of acute-phase reactants, 
including CRP, by hepatocytes. CRP, as an acute phase 
reactant, plays a crucial role in the complement system 
and phagocytosis during the body's immune response to 
pathogenic infections. Numerous studies have indicated 
elevated CRP levels in patients with severe pneumonia, 
showing a correlation with the extent of inflammation. 
Conversely, inflammatory conditions lead to a reduction 
in albumin levels, which correlates with the deterioration 
of symptoms in COVID-19 patients [5]. The adaptive 
immune response also contributes to the SARS-CoV-2 
infection. Severe cases of COVID-19 commonly exhibit a 
decline in lymphocyte count, particularly in the CD8+ 
subset [6-7]. Additionally, an upsurge in neutrophil count 
in COVID-19 patients is often associated with bacterial or 
fungal infections, frequently observed in these patients [8-
10]. The utilization of inflammatory marker parameters, 
such as CAR, IL-6, IL-6/LY, and NLR, is expected to assist 
in the management of COVID-19 patients, given the 
pivotal role of the inflammatory process in their disease 
progression. 

■ EXPERIMENTAL SECTION 

Materials 

In this study, various materials were utilized for 
different purposes. Samples from the naso- and oro-
pharynx were collected to confirm the diagnosis of  
 

COVID-19 in patients. Serum from peripheral blood 
was used to measure CRP, albumin, and IL-6 levels. 
Additionally, plasma EDTA samples were obtained to 
measure the counts of neutrophils and lymphocytes. 

Instrumentation 

Several instrumental methods were employed for 
different measurements. The Sysmex XN-1000 series 
was utilized to measure neutrophil and lymphocyte 
counts. The COBAS Chemistry system was used to 
measure CRP and albumin levels. Additionally, the 
Elecsys series, specifically the ECLIA, was employed to 
measure IL-6 levels. Furthermore, medical records were 
also utilized in the study to determine the outcomes of 
the patients. 

Procedure 

The procedures can be divided into several steps. 
Firstly, the study obtained approval (Approval No. 
400/011/K.3/302/2021) from the Saiful Anwar General 
Hospital's ethics committee, ensuring ethical conduct. 
All participants in the study provided informed consent 
and met the requirements of the Declaration of Helsinki. 
The minimum age requirement for participants was 20 
years. It took place from January to June 2021. Patients 
with a history of cancer, liver illness, hemostatic 
dysfunction, autoimmune diseases, or heart failure were 
excluded. 

The diagnosis of COVID-19 was confirmed using 
the RT-PCR method. Following the patients' discharge 
from the hospital, their medical records were examined 
to determine their outcomes. On the first day of 
admission, peripheral blood samples were collected to 
measure CAR, IL-6, IL-6/LY, and NLR. Data analysis 
was performed using IBM SPSS Statistics 26. Initially, 
independent t-tests and chi-square tests were conducted 
to examine the characteristics of the study subjects. 
Receiver operating characteristic (ROC) analysis was 
then carried out to determine the area under the curve 
(AUC) and the cut-off for each variable. Additionally, a 
survival analysis utilizing Kaplan-Meier curves and 
Hazard Ratio (HR) was employed to create a predictive 
model for COVID-19 patients. 
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■ RESULTS AND DISCUSSION 

Since COVID-19 was deemed a global public health 
emergency three years ago, it has posed ongoing 
difficulties for patient care. Numerous reasons, including 
the introduction of novel viral variations that contribute 
to recurrent waves of infection, can be blamed for these 
ongoing medical issues. In addition, the clinical course of 
the illness is highly unpredictable and challenging to 
predict, particularly in critically ill individuals. Hyper-
inflammation is the fundamental pathogenic process 
causing SARS-CoV-2 infection to progress to severe 
symptoms, such as acute respiratory distress syndrome, 
multiple organ failure, and lethal consequences [11]. A 
total of 102 COVID-19 patients were included in this 
study, with 39 subjects (38.23%) were female and 63 
subjects (61.76%) were male. The mean age of the patients 
was 57.51 ± 14.05 years. Data collection was completed at 
the end of the study period. 

Based on Table 1, the p-value for CAR, IL-6, IL-
6/LY, and NLR, which were examined in this study, was 
found to be < 0.05, indicating a significant difference in 
the median value between the survivor and non-survivor 
groups. However, no statistically significant differences 
were found in the parameters of sex, age, albumin, and 
lymphocyte count. 

The development of a panel of standard laboratory 
tests is essential for patient risk assessment, optimum  
 

clinical care, and the effective use of medical resources. 
In this study, we sought to determine the prognostic 
value of inflammatory biomarkers in predicting 
COVID-19 patients' in-hospital mortality. 
Inflammatory markers such as CAR, IL-6, the IL-6/LY 
ratio, and NLR have the potential to be used as 
predictors of in-hospital mortality for COVID-19 
patients, according to our data. These results offer the 
foundation for the creation of a prognostic scoring 
system that can efficiently stratify the risk of COVID-19 
patients who are critically ill. 

Our study indicated that there was a substantial 
increase in CRP, CAR, IL-6, IL-6/LY, WBC, neutrophils, 
and NLR in the non-survivor group compared to the 
survivor group. This study was aligned with other 
studies that have also demonstrated higher levels of 
CRP, CAR, and IL-6 in severe COVID-19 cases and an 
association between increased CRP levels and disease 
severity or poor outcomes [10-11]. In addition, IL-6 was 
found to be a strong independent predictor of mortality 
in a retrospective examination of severely ill COVID-19 
patients who were admitted to the intensive care unit 
(ICU). Similar to this, cohort research focusing on sick 
patients with SARS-CoV-2 infection showed that 
elevated baseline levels of both IL-6 and CRP were 
significantly related to illness progression and increased 
death within a 60-day window [9]. Therefore, it has been 
demonstrated  that excessive  CRP levels can  predict the  

Table 1. Demographic data of the subject 
Variables Survivors (n = 42) Non-Survivors (n = 60) p.s 
Sex 

   

Male 24 (58.06%) 39 (65.00%) 
 

Female 18 (41.93%) 21(35.00%) 0.643a 
Age(year)* 54.29 ± 15.07 59.50 ± 13.15 0.105b _ 
CRP (mg/dL)# 3.94 (2.19–7.45) 12.06 (7.94–18.41) 0.000c _ 
Albumin (g/dL)* 3.50 ± 0.50 3.29 ± 0.54 0.078b _ 
CAR# 1.50 (0.68–3.68) 4.29 (2.23–6.71) 0.001c _ 
IL-6 (pg/mL) # 24.08 (14.25–80.12) 111.55 (52.03–269.23) 0.000c _ 
Lymphocyte count (cells/mm3)# 1210 (770–1680) 1040 (702.50–1382.50) 0.319c _ 
IL-6/LY# 26.26 (9.59–71.6) 106.57 (41.85–292.11) 0.000c _ 
Leukocyte count (cells/mm3)# 8880 (6660–12250) 11640 (8025–18045) 0.021c _ 
Neutrophil count (cell/mm3)# 6360 (4190–10000) 9820 (5872.50–16165) 0.011c _ 
NLR# 5.59 (3.02–9.94) 8.59 (4.81–16.76) 0.000c _ 

*mean (+SD); #median (Q1-Q3) 
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severity and mortality of COVID-19, but low albumin 
levels are linked to higher mortality. It is possible to state 
that albumin levels in COVID-19 patients are 
predominantly affected by this fact, which is directly 
associated with the hyperinflammatory states that are 
frequently discovered in severe cases. Therefore, a CRP-
to-albumin ratio might offer greater performance. 

The optimal cut-off for each parameter (Table 2) 
was determined using ROC analysis (AUROC), with 
COVID-19 patient mortality being used as the 
comparison, where 0 represents survivors, and 1 
represents non-survivors. Fig. 1 shows the area under the 
receiver operating characteristic curve (AUROC) for each 
variable. It is evident that IL-6 has the highest AUROC 
value in predicting mortality in COVID-19 patients, with 
a value of 0.77. Following IL-6, IL-6LY, CAR, and NLR 
had AUROC values of 0.75, 0.71, and 0.65, respectively. 

Fig. 2 shows the survival curves, indicating that 
individuals with elevated levels or ratios of the studied 
parameters exhibit lower survival rates compared to those 
with lower levels or ratios. After performing the logistic 
regression test, HR values of 7.706, 14.131, 0.807, and 
1.926 were obtained for CAR, IL-6, IL-6/LY, and NLR, 
respectively. 

In this study, ROC curve analysis showed IL-6 has 
the highest AUROC value in predicting death in COVID-
19 patients, with a value of 0.77. Following IL-6, IL-6/LY, 
CAR, and NLR had AUROC values of 0.75, 0.71, and 0.65, 
respectively. These findings are comparable with those of 
a prior study, which also established the predictive 
usefulness of these inflammatory markers in COVID-19 
patients. IL-6 shows a strong correlation and the greatest 
performance in predicting the severity and death of 
COVID-19 patients [12]. The study conducted by Zhou et 
al. [13] indicated that people who were seriously ill with 
COVID-19 had increased levels of IL-6. This conclusion 

was similarly observed in a study by El-Shabrawy et al. 
[14], albeit with a different cut-off value of 32.3 pg/mL. 
Similarly, a different study with a lower cut-off value of 
26.09 pg/mL revealed equivalent sensitivity. According 
to these findings, our study also found that people with 
severe and very severe COVID-19 cases had 
considerably higher IL-6 levels than those with mild to 
moderate instances [13-14]. 

In COVID-19 patients with severe disease, elevated 
IL-6 levels are frequently seen. This is related to a hyper-
inflammatory condition brought on by excessive 
synthesis of pro-inflammatory cytokines, such as IL-6. 
The IL-6 level in our investigation had a cut-off value of 
47.5 pg/mL, showing potential as a predictor of mortality 
with a sensitivity of 80%, a PPV of 83.3%, and an 
AUROC value of 77.3% (95% CI: 66–88.6%; p = 0.000). 
A study by El-Shabrawy et al. [14] revealed a cut-off 
value of 32.3 pg/mL, and our results were in agreement 
with that study's findings. A level of IL-6 greater than 
25 pg/mL is regarded as a risk factor for fatal illness. IL-
6 levels could therefore be a potential indicator of serious  

 
Fig 1. ROC Curve of CAR, IL-6, IL-6/LY, and NLR 

Table 2. CAR, IL-6, IL-6/LY, NLR cut-off values and performance in determining mortality 
Variables Cut off units Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) 
CAR 2.70 ratio 74 67.7 78.7 61.8 71.6 
IL-6 47.50 pg/mL 80 74.2 83.3 69.7 77.8 
IL-6/LY 39.30 ratio 80 67.7 80.0 67.7 75.3 
NLR 5.59 ratio 68 58.1 72.3 52.9 64.2 
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Fig 2. CAR, IL-6, IL-6/LY, and Kaplan-Meier curves NLR's blue line designates the group above the cut-off, and its 
green line designates the group below the cut-off 
 
illness and mortality. Sabaka et al. [15] also included IL-6 
value > 24 pg/mL to screen COVID-19 individuals at risk 
of worsening, particularly those requiring supplemental 
oxygen due to hypoxemia [14-15]. 

The predictive value of IL-6/LY in COVID-19 
mortality is consistent with that of IL-6. IL-6/LY is a new 
marker used to predict worsening symptoms and 
mortality in COVID-19 patients [16]. The 
hyperinflammatory process associated with severe 
COVID-19 symptoms leads to an increase in 
inflammatory markers, including IL-6, and a decrease in 
lymphocyte count, particularly the T lymphocyte subset. 
The combination of these markers has been reported to 
have better clinical value in describing 
hyperinflammatory condition and immune system 
dysfunction [16-17]. In this study, the optimal cut-off 
value for IL-6/LY was 39.3, with an AUROC of 75.5% 

(95% CI: 64.3–86.8%; p = 0.000) and a sensitivity and 
PPV of 80%. This value is higher than that reported in 
several other studies, possibly due to differences in the 
population of research subjects. For instance, a study 
limited to patients with severe COVID-19 treated in the 
ICU reported a cut-off value of 2.5 for IL-6/LY, whereas 
another study with a more heterogeneous population 
from asymptomatic to severe symptoms found a higher 
cut-off value of 19 [18-19]. 

This study indicated that NLR has the lowest 
predictive value for mortality compared to other 
markers. NLR has been frequently utilized to screen for 
systemic inflammatory illnesses such as ischemic heart 
disease and acute pancreatitis, and it has also been 
extensively investigated in COVID-19 as a predictor of 
severity and death [20]. High NLR values have been 
associated with greater severity of the disease. In this 
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study, the NLR cut-off value was determined to be 5.59, 
with an AUROC value of 64.6% (95% CI: 52.3–76.9%; 
p = 0.028) and a positive predictive value of 72.3%. A 
study by Bellan et al. [21], which discovered an NLR cut-
off value of 4.68 as a predictor of death in COVID-19 
patients [21], reported a similar value. Increased 
neutrophil counts or decreased lymphocyte counts can 
also contribute to increased NLR [22]. Neutrophils play 
several roles in the infection process, including the 
formation of NETs, which are known to be associated 
with hyperinflammatory conditions that can lead to a 
cytokine storm. However, an increase in neutrophils can 
also be caused by a bacterial infection. In contrast, the 
depletion of CD8+ T cells, which are frequently present in 
severe cases of COVID-19, is the key factor contributing 
to the decrease in the number of lymphocytes in COVID-
19 [21-22]. The fact that data were only gathered once 
during the patient's initial hospital admission is one of the 
study's shortcomings. This restriction may have an impact 
on how well the mortality predictors function, 
particularly for the IL-6/LY and NLR parameters. Serial 
studies of these variables may offer a more thorough 
understanding of their functions in predicting patient 
outcomes because it is known that the levels of these 
inflammatory biomarkers fluctuate throughout the 
progression of COVID-19 disease. 

The research findings have several implications for 
developing countries. First, CAR and IL-6 may be useful 
biomarkers for predicting mortality in COVID-19 
patients in developing countries. This is important 
because developing countries often have limited access to 
sophisticated medical equipment and expertise. CAR and 
IL-6 are relatively simple and inexpensive biomarkers that 
can be measured using widely available assays. 

CAR may be a more cost-effective option for 
predicting mortality in COVID-19 patients in these 
settings. Second, the findings suggest that CAR and IL-6 
may be useful for identifying patients who are at high risk 
of mortality from COVID-19. This information could 
then be used to prioritize these patients for early 
treatment or admission to the ICU. This could help to 
improve their chances of survival. 

■ CONCLUSION 

Our study demonstrated that inflammatory 
biomarkers, such as CAR, IL-6, the IL-6/LY ratio, and 
NLR, were predictive of in-hospital mortality in 
COVID-19 patients. Following IL-6/LY, CAR, and NLR 
as the best predictors of mortality, IL-6 had the highest 
AUROC value. These findings imply that routine 
monitoring of these inflammatory biomarkers may help 
to better classify COVID-19 patients' risks, particularly 
for those with severe disease. CAR, which performs as 
well as IL-6, is relatively simple, inexpensive, and easy to 
measure. Therefore, it has the potential to serve as a 
promising biomarker for patient stratification, not only 
in COVID-19 but also in other hyperinflammatory 
diseases. 
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 Abstract: A plastic composite consisting of polylactic acid (PLA), linear low-density 
polyethylene (LLDPE), oleic acid-grafted linear low-density polyethylene (LLDPE-g-OA) 
compatibilizer, and organo-precipitated calcium carbonate (O-PCC) have been 
successfully made in the molten state. This study aims to characterize the mechanical, 
physical, thermal, and morphological characteristics of the PLA/LLDPE/O-PCC plastic 
composite in the presence of an LLDPE-g-OA compatibilizer. The plastic composite was 
prepared by blending PLA, LLDPE, LLDPE-g-OA, and O-PCC using an internal mixer 
with a heating of 160 °C and a rotation of 100 rpm. LLDPE and LLDPE-g-OA are put 
together into the inner mixer chamber until melted, followed by PLA and O-PCC. The 
most optimum plastic composite composition is PLA/LLDPE/LLDPE-g-g-OA/O-PCC 
(67.5:22.5:5:5). The mechanical properties showed an increase in tensile strength of 
9.78 MPa. The physical properties showed that the minimum water absorption was 
0.74%, the biodegradation in humus soil showed a degradation rate of 0.09% per day, 
and the thermal properties showed better stability with a melting point of 146.5 °C. The 
FTIR spectrum is similar to the polymer blend without O-PCC. The morphology indicates 
that the composite is compatible and homogeneous. This semi-biodegradable plastic 
composite has significant implications for reducing the accumulation of plastic waste in 
the environment. 

Keywords: PLA; LLDPE; O-PCC; LLDPE-g-OA; composite 

 
■ INTRODUCTION 

Over the past decade, the demand for plastic has 
increased significantly, which has been widely applied to 
households, industry, electronics, food packaging, and 
various other sectors. Plastics that are quite popular for 
use by the public as food packaging are synthetic plastics 
such as Linear Low-Density Polyethylene (LLDPE). 
LLDPE is synthetic plastic obtained from non-renewable 
materials and difficult to degrade in the soil, which causes 
severe problems for the environment, such as the 
accumulation of plastic waste [1-3]. In addition, LLDPE 

has poor compatibility with other materials with 
different polarities. Efforts made to reduce the impact of 
using LLDPE on the environment are utilizing natural 
materials to produce biodegradable plastics or 
combining thermoplastic polymer materials with 
biopolymers [4-5]. 

Biodegradable plastic such as polylactic acid (PLA) 
is an alternative to eco-friendly packaging because PLA 
is easily degraded naturally into CO2 and water by 
microorganisms. PLA is a type of biopolymer made from 
renewable resources via a starch fermentation process 
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using lactic acid bacteria and chemical polymerization. 
PLA also has good biocompatibility with thermoplastic 
materials and can be fabricated. However, PLA also has 
weaknesses due to its brittle structure and high gas 
permeability [6-8]. The development of PLA is currently 
being carried out to produce better properties and 
compatibility by blending it with other materials. 

Several studies on PLA/LLDPE blends have been 
performed, such as Engku Zawawi et al. [9] have blended 
PLA with LLDPE, showing that the two polymers are 
immiscible blends. Singh et al. [10] have prepared 
PLA/LLDPE blends with polyethylene-g-glycidyl 
methacrylate (PE-g-GMA) compatibilizers, in which 
LLDPE with a larger fraction has more prominent 
hardening characteristics. Bhasney et al. [11] have studied 
the influence of micro-cellulose fibers (MCC) of 5% on 
PLA/LLDPE blends, which resulted in relatively high 
crystallinity and decreased tensile strength values.  The 
PLA/LLDPE blends are expected to produce semi-
biodegradable plastic blends with good tensile mechanical 
properties, with most of the components of the plastic 
blends being degradable. However, the PLA/LLDPE 
blends will result in poor compatibility because the two 
have different polarities, which can be overcome by 
adding compatibilizers, such as LLDPE-g-oleic acid 
(LLDPE-g-OA). This LLDPE-g-OA compatibilizer was 
obtained from grafting OA monomer onto LLDPE in the 
presence of a BPO initiator via the molten state or solvent 
system. This compatibilizer is effectively used in 
LLDPE/Cyclic Natural Rubber (CNR) blends. LLDPE-g-
AO is also believed to be effective in reducing the surface 
tension of the PLA/LLDPE blends, where the functional 
group of the OA monomer is compatible with the 
hydrophilic group of PLA from its carbonyl group. In 
contrast, the polymer part remains compatible with the 
LLDPE matrix of the C-H group, and it has also been 
applied to LLDPE/CNR blends [12]. Adding additives to 
polymer blends is required as fillers and co-
compatibilizers, such as precipitated calcium carbonate 
(PCC). PCC is a natural material processing product that 
contains calcite with an amorphous crystal structure and 
low hardness. PCC has been widely used as a filler 
material in polymer composites. Modifying organic PCC 

with oleic acid to form organo-PCC (O-PCC) effectively 
reduces the surface tension and increases the fit in the 
polymer matrix [13-17]. 

This study used O-PCC as filler in the PLA/LLDPE 
blends containing LLDPE-g-OA to improve the 
mechanical, physical, thermal, and morphological 
properties. The novelty of this research is a semi-
biodegradable PLA/LLDPE composite containing 
hydrophobic modified PCC with oleic acid as filler and 
LLDPE-g-OA graft copolymer as compatibilizers. This 
study aims to prepare a semi-biodegradable 
PLA/LLDPE/O-PCC plastic composite in the presence 
of LLDPE-g-OA compatibilizer via the blending method 
using an internal mixer in the molten state and 
characterize its mechanical, physical, thermal, and 
morphological. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were polylactic 
acid (3052D) with a melt flow rate (MFR) of 14 g/10 min 
(210 °C/2.16 kg) and a density of 1.24 g/cm3 purchased 
from NatureWorks LLC, Minnesota, US. Linear low-
density polyethylene (Asrene UF-1810MH) with MFR 
of 1.0 g/10 min (190 °C/2.16 kg) and density of 
0.918 g/cm3 was purchased from Chandra Asri 
Petrochemical Company, Jakarta, Indonesia. Oleic acid 
with a density of 0.895 g/mL was obtained from HK 
Chemical Company, Bekasi, Indonesia. Precipitated 
calcium carbonate (Schaefer Precarb 100) with a density 
of 0.0027 g/cm3 was supplied by Schaefer Kalk, Kuala 
Lumpur, Malaysia. Benzoyl peroxide initiator, acetone, 
ethanol, methanol, and xylene were all chemical reagents 
obtained from Merck, Darmstadt, Germany. 

Instrumentation 

The PCC and O-PCC nanofillers were 
characterized using an XRF (PANalytical Epsilon-3). 
Tensile strength testing was determined using an 
Ultimate Testing Machine (GoTech AI-7000) at 10 
mm/min speed with test specimens referring to ASTM 
D638-14 (type I). Thermal stability was characterized 
using TGA/DTA (Hitachi STA-7300) with a heating rate 
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of 10 °C/min. Functional groups were analyzed using an 
FTIR spectrometer (Agilent Cary 630) at wave numbers 
650–4000 cm−1. Morphology was characterized using a 
Scanning Electron Microscope (ZEISS EVO@MA10). 

Procedure 

Surface modification of precipitated calcium 
carbonate with oleic acid 

The oleic acid (OA) of 9 mL was put into the beaker 
glass containing 300 mL of o-xylene, stirred, and PCC 
nanoparticles of 6 g were added while still stirring and 
heating at 50 °C for 2 h. The blends were separated by 
centrifugation at 15000 rpm for 15 min, washed with 
toluene four times repetitions to remove unreacted OA, 
and dried at room temperature for 24 h. The O-PCC 
sample was weighed and characterized using XRF [17-18]. 

Grafting of an oleic acid monomer onto LLDPE 
LLDPE of 30 g was put into the internal mixer at a 

heating of 160 °C and a speed of 100 rpm for 5 min. Next, 
5.0 mL of OA and 1.5 g of BPO initiator were added, and 
the blending process was allowed for 15 min. The sample 
was removed from the internal mixer, left for 15 min, and 
cut into small pieces. The LLDPE/OA sample was put into 
a bottom flask containing 200 mL xylene, refluxed at 
180 °C, and stirred at 60 rpm until a solution formed. The 
solution was added with 80 mL of acetone to separate the 
unreacted OA and the OA homopolymer. The formed 
LLDPE-g-OA precipitate was filtered, washed with 
150 mL of methanol (2 times repetitions), dried in an 
oven at 85 °C for 6 h, cooled, removed, and stored in a 
desiccator for 24 h. The LLDPE-g-OA sample was 
weighed and analyzed using FTIR [12,19-20]. 

Synthesize of PLA/LLDPE/Organo-PCC composites 
containing LLDPE-g-OA 

The LLDPE and LLDPE-OA were slowly put into 
the internal mixer at a heating 160 °C with a speed of 
100 rpm for 5 min. Next, PLA was added into the 
LLDPE/LLDPE-g-OA blends for 5 min. After that, O-
PCC was added to the PLA/LLDPE/LLDPE-g-OA (PLC) 
blend according to the variation in Table 1. The blending 
process was left for 10 min. The polymer composite was 
removed from the internal mixer, left for 10 min, and cut 
into small pieces [17,21]. The obtained 
PLA/LLDPE/LLDPE-g-OA/O-PCC (PLCO) composite 
was weighed and characterized. 

Water absorption test of polymer composites 
This water absorption test was conducted on 

polymer blends and composites. The test sample was 
prepared in a size of 20 mm2 with a thickness of 3 mm. 
The sample is cleaned, weighed, and called dry mass 
(Md). After that, the sample is soaked in water for 24 h, 
removed, cleaned, and weighed, called the wet mass 
(Mw). Next, the percentage of water absorption is 
calculated [22]. 

Biodegradable test of polymer composites 
Samples were prepared in a size of 20 mm2 with a 

thickness of 3 mm. The tested sample is cleaned, 
weighed, and called the initial mass (Mi). Next, the 
samples were planted using humus soil as deep as 10 cm 
from the soil surface and monitored regularly for 15, 30, 
45, and 60 d. After that, the sample is cleaned, washed, 
dried, and weighed to a constant weight called the final 
mass (Mf).  The results  obtained  measured the  value of 

Table 1. Composition of PLA/LLDPE/ LLDPE-g-OA/O-PCC composites 
Sample code PLA (wt.%) LLDPE (wt.%) LLDPE-g-OA (wt.%) O-PCC (wt.%) 

PLCO-0 70.0 25.0 5.0 - 
PLCO-1 69.5 24.5 5.0 1.0 
PLCO-2 69.0 24.0 5.0 2.0 
PLCO-3 68.5 23.5 5.0 3.0 
PLCO-4 68.0 23.0 5.0 4.0 
PLCO-5 67.5 22.5 5.0 5.0 
PLCO-6 67.0 22.0 5.0 6.0 
PLCO-7 66.5 21.5 5.0 7.0 
PLCO-8 66.0 21.0 5.0 8.0 
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weight loss percentage. This biodegradation test was 
conducted in a room with a humidity of 45–65% RH [22]. 

■ RESULTS AND DISCUSSION 

X-ray Fluorescence 

PCC and O-PCC fillers were characterized by XRF 
(Table 2). In the PCC sample, the concentration of 
elemental Ca was 98.1%, and CaO was 97.8%. It is suitable 
in prior work [23-24]. Meanwhile, in the O-PCC, the 
concentration of elemental Ca is 98.0%, and CaO is 97.5%. 
These results indicate that after PCC was modified with 
OA, the concentration of elemental Ca was decreased by 
0.1% and CaO by 0.3%. 

Mechanical Properties 

The polymer composite's mechanical properties were 
analyzed via a tensile strength test on all variations of the 
polymer composite samples. The test results obtained 
tensile strength values, elongation at break, and Young's 
modulus, as shown in Fig. 1. The PLCO-1 to PLCO-8 
samples showed increased tensile strength, elongation at 
break, and Young's modulus compared to the PLCO-0 
sample (absence of O-PCC filler). The surface interaction 
between the polymers and the O-PCC has caused the 
polymer blends to be adsorbed on the O-PCC surface, 
which causes an increase in mechanical properties. The 
even dispersion of the O-PCC in polymer blends occurred 
because it has the same polarity, which affects the increase 
in tensile strength, elongation at break, and Young's 
modulus [25-26]. The increasing number of O-PCC filler 
components added to polymer composites impacts the 
mechanical properties of polymer composites. However, 
a certain amount can weaken the chemical bonds in 
polymer composites, causing a decrease in their 
mechanical properties because the elasticity of the polymer 
 

blends is getting smaller. The optimal value for adding 
O-PCC to polymer composites is 5% by weight. The O-
PCC filler evenly distributed in the polymer composite can 
also act as a co-compatibilizer because the mechanical 
properties of tensile strength, elongation at break, and 
Young's modulus increase significantly [17-18,27]. The 
increased elongation at break value after reaching the 
yield point indicates that the polymer composite is a hard 
and tough material [12]. Likewise, Young's modulus value 
increases with increasing tensile strength and elongation 
at break, indicating a strong bond between PLA and 
LLDPE in the presence of LLDPE-g-AO compatibilizer 
and O-PCC filler. The addition of the O-PCC 
concentration of above 5% will cause the elongation at 
break distance to decrease and reduce the bond strength, 
which means the optimum composition for variations of 
PLA/LLDPE/LLDPE-g-g-OA/O-PCC (67.5:22.5:5:5). 

Physical Properties 

The physical properties of polymer composites were 
determined by testing their water absorption. The water  
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Fig 1. Tensile strength, elongation at break, and Young's 
modulus of polymer composites 

Table 2. X-ray fluorescence of PCC and O-PCC 
PCC O-PCC 

Element Conc (%) Oxides Conc (%) Element Conc (%) Oxides Conc (%) 
Al 0.2 Al2O3 0.4 Al 0.3 Al2O3 0.4 
P 0.4 P2O5 0.8 P 0.5 P2O5 1.1 

Ca 98.1 CaO 97.8 Ca 98.0 CaO 97.5 
Zn 0.5 ZnO 0.4 Zn 0.4 ZnO 0.3 
Ag 0.7 Ag2O 0.6 Ag 0.7 Ag2O 0.6 



Indones. J. Chem., 2023, 23 (6), 1694 - 1703    

 

Ahmad Hafizullah Ritonga et al. 
 

1698 

absorption test aims to determine the ability limit of the 
polymer composite to absorb water up to a maximum 
limit for 24 h. The water absorption test result is 
presented in Fig. 2. The existence of O-PCC as fillers in 
the polymer composite dramatically influences the water 
absorption percentage. The more filler in the polymer 
composite, the higher the water absorption percentage 
was, indicating an interfacial bond between the polymer 
blends and the filler, which has been modified with oleic 
acid. This polymer composite has water-resistant physical 
properties, characterized by a decrease in the water 
absorption percentage as the number of fillers increases, 
the best variation being the PLCO-5 sample. However, 
when O-PCC is added again into the polymer composite, 
it causes an increase in the water absorption percentage. 
This condition can be caused by the uneven dispersion of 
the filler in the polymer composite or agglomeration 
[22,25]. In polymer composites with O-PCC 
concentrations above 5%, there is an increase in water 
absorption because O-PCC only acts as a filler and is no 
longer a co-compatibilizer in the PLA and LLDPE 
mixture so that water is more easily absorbed in the 
polymer composite, besides the uneven dispersion of the 
O-PCC also can cause that. 

Biodegradation 

The biodegradation test of polymer composites was 
carried out in humus soil with a depth of 10 cm from the 
surface of the tested soil for 15, 30, 45, and 60 d. The 
biodegradation test results for this polymer composite are 
presented in Fig. 3. PLA, which is biodegradable and more 
dominant in these polymer composites, dramatically 
influences the degraded polymer material. The 
biodegradation test results indicated that O-PCC in 
polymer composites would increase the degradation 
percentage of the sample. The higher the degradation 
percentage, the more O-PCC fraction was added into the 
polymer composite. It is suitable with prior studies 
[11,28], where the presence of inorganic materials as 
fillers in polymer composites positively affects the 
degradation percentage. The PLCO-5 sample showed a 
significant increase in degradation percentage compared 
to samples PLCO-4, which means that the optimum value 

for adding O-PCC is 5 wt.%. Whether the fraction of 
filler in the polymer composite is increased will certainly 
impact the decrease in its mechanical and physical 
properties [18]. In PLCO-5, the degradation percentage 
was 2.12% in 30 d, 3.24% in 45 d, and 5.54% in 60 d, with 
an average degradation rate of 0.092% per day for 60 d. 
The PLCO-6, PLCO-7, and PLCO-8, respectively, 
showed a non-significant increase in mass degradation 
rate per day of 0.093, 0.094, and 0.094%, and this means 
that the degradation process continues even though the 
duration of biodegradation time increases. 

Thermal Analysis 

Thermal analysis was performed to investigate the 
stability, degradation, and thermal properties using  
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TGA-DTA on PLA/LLDPE (PL) blend (70:30), 
PLA/LLDPE/LLDPE-g-OA (PLC) blend (70:25:5), and 
PLA/LLDPE/LLDPE0g-OA/O-PCC (PLCO) composite 
(67.5:22.5:5:5). In the TGA and DTG curves (Fig. 4(a) and 
Fig. 4(b)), the mass degradation percentage of 1, 5, and 
10%, and the maximum expressed as a function of 
temperature at T1%, T5%, T10%, and Tmax. The existence of 
compatibilizers and fillers has increased the mass 
degradation temperature of the PLC blend and PLCO 
composite compared to the PL blend presented at T1%, 
T5%, and T10%. The O-PCC in the PLCO composite has 
significantly increased thermal stability. Meanwhile, the 
maximum mass degradation temperature (Tmax) occurs 
twice in the PLC blend and PLCO composite, which 
means that the existence of PLA in the compatible blend 
or composite is degraded faster than LLDPE. The melting 
point and decomposition temperatures are expressed as 
Tm and Td in the DTA curve (Fig. 4(c)) and Table 3. The 
PL blend shows Tm at 106.3 and 141.3 °C, while the PLC 

blend and the PLCO composite have just one Tm. 
According to prior research, if the polymer blend has 
two Tm, it indicates that the polymer blend is 
incompatible. It demonstrates that the presence of 
compatibilizers and fillers has produced a compatible 
polymer blend or composite [21,29]. The PLC blend and 
PLCO composite are compatible but have two Td, 
meaning the PLA has decomposed earlier than LLDPE. 
The presence of O-PCC filler can cause the Td in PLCO 
to increase compared to PLC, which means that O-PCC 
also acts as a co-compatibilizer in the PLA/LLDPE 
blend. 

FTIR Analysis 

FTIR spectra of LLDPE-g-OA, LLDPE, PLA/LLDPE 
(PL) blend, PLA/LLDPE/LLDPE-g-OA (PLC) blend, 
PLA/LLDPE/LLDPE-g-OA/O-PCC (PLCO) composite, 
PLA, and O-PCC presented in Fig. 5. All samples analyzed 
resulted   in  a   band  at  2914.7–2847.6 cm−1,   indicating  
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Table 3. Thermal analysis of PL, PLC, and PLCO 

Sample T1% 

(°C) 
T5% 

(°C) 
T10% 

(°C) 
Tmax 

(°C) 
Tm 

(°C) 
Td 

(°C) 
PL 47.3 132.5 216.3 371.9 - 106.3 141.3 343.4 - 
PLC 79.8 148.2 233.0 323.1 454.0 - 146.4 324.9 438.1 
PLCO 92.9 209.5 294.8 359.2 462.7 - 146.5 354.9 444.1 
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Fig 5. FTIR spectra of LLDPE-g-OA, LLDPE, 
PLA/LLDPE, PLA/LLDPE/LLDPE-g-OA (PLC) blend, 
PLA/LLDPE/LLDPE-g-OA/O-PCC (PLCO) composite, 
PLA, and O-PCC 

saturated aliphatic hydrocarbon compounds. The 
PLA/LLDPE blend resulted in a small band in that area, 
which means that there is no bond between the two 
materials because what is visible is only the absorption 
band of PLA. The band at 1751.8 cm−1 indicates the 
presence of a carbonyl group from PLA, while the small 
band at 1707.1 cm−1 is a carbonyl group from oleic acid 
grafted onto LLDPE. The bands at 1461.1 and 1371.6 cm−1 
indicate the presence of CH2 and CH3 vibrations. The 
band at 864.7 cm−1 shows the C–O vibration of PLA and 

O-PCC. A band at 752.9 cm−1 in the fingerprint area 
indicates a C-H rock vibration. The PLC blend and the 
PLCO composite had almost identical spectra, 
indicating that the two samples had chemical bonds 
between PLA and LLDPE in the presence of LLDPE-g-
OA compatibilizers. The filler in the polymer composite 
has also resulted in a difference in the intensity of each 
absorption band from the two samples [18,25]. 

Morphological Analysis 

Morphological analysis of the PL blend, PLC blend, 
and PLCO composite (Fig. 6) was performed to observe 
the surface structure of the samples. The PL blend surface 
morphology (Fig. 6(a) and Fig. 6(d)) shows a surface 
structure of an incompatible blend, where the blending 
of PLA and LLDPE is not homogeneous and appears to 
form aggregations. This is due to the difference in 
polarity between the two polymeric materials. The 
surface morphology of the PLC blend (Fig. 6(b) and Fig. 
6(c)) shows a surface structure of a compatible blend, 
where the blending of PLA and LLDPE is homogeneous, 
where PLA and LLDPE appear to merge to form a 
compatible blend after adding the LLDPE-g-OA 
compatibilizer. The PLC blend surface structure also 
appears smooth with tiny pores. The surface 
morphology of the PLCO composite (Fig. 6(c) and Fig. 
6(f)) also shows a surface structure of a compatible O-
PCC filler, which is  evenly dispersed  even though there 
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Fig 6. SEM micrographs of (a) PL, (b) PLC, (c) PLCO at 1000× magnification, and (d) PL, (e) PLC, (f) PLCO at 5000× 
magnification 
 
are tiny pores formed in the composite. The presence of 
O-PCC in the composite functions as a filler and co-
compatibilizer, making the composite more compatible 
with its constituent materials [17-18,30]. 

■ CONCLUSION 

The semi-biodegradable PLA/LLDPE/O-PCC 
plastic composite in the presence of LLDPE-g-OA 
compatibilizer can be produced in a molten state at 160 °C 
using an internal mixer with the most optimum variation 
is PLA/LLDPE/LLDPE-g-g-OA/O-PCC (67.5:22.5:5:5). 
The mechanical properties of PLCO composites resulted 
in the most optimum tensile strength of 9.78 MPa, 
elongation at break of 0.61%, and Young's modulus of 
465.48 MPa. The physical properties of PLCO composites 
resulted in a minimum water absorption of 0.74%. The 
biodegradation of PLCO composites in humus soil was 
0.64% in 15 d, 2.12% in 30 d, 3.24% in 45 d, and 5.54% in 
60 d, with a degradation rate of 0.09%/d, which is not 
significantly different from the variations above it. The 
thermal properties of PLCO composites resulted in better 
thermal stability than the PL and PLC blends, with a 
melting point temperature of 146.5 °C and a 
decomposition temperature of 444.1 °C. The FTIR 
spectrum of PLCO composites showed spectrum 
similarity with the PLC blend and had CaCO3 
characteristics at 864.7 and 1701.1 cm−1, indicating the 
presence of O-PCC in the PLCO composite. The 
morphology of PLCO composites has resulted in a 
compatible, homogeneous surface structure with evenly 
dispersed O-PCC. 
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 Abstract: Components of medicinal plants have many pharmacological activities, 
including antioxidant activity, playing an important role in limiting oxidative stress that 
can cause several damages. This paper characterizes polyphenols of Retama monosperma 
L., Berberis vulgaris L. and Ricinus communis L. plant extracts and evaluates their 
antioxidant activity by DPPH, conjugated diene and TBARS assay. To ensure the quality 
of analytical results, this paper presents performance criteria of the validated method 
using UHPLC/DAD/ESI-MS. Regarding method validation, the results confirm different 
used tests and evaluate detection and quantification limits. Concerning the 
characterization and study of antioxidant activity, realized testing showed that R. 
monosperma is rich in isoflavone, flavone and flavonol. For R. communis, we notice the 
presence of rutin as a major compound. Meanwhile, B. vulgaris contains significant 
amounts of gallic acid and p-coumaric acid. These plant extracts have high antioxidant 
activity due to the presence of phenolic compounds. 

Keywords: polyphenol; antioxidant activity; method validation; UHPLC/DAD/ESI-MS 

 
■ INTRODUCTION 

Since ancient times, many plants have attracted 
interest as sources of natural products [1]. Various plants 
have been used not only as a food source but also as 
medicine. The benefits of these practices are known to be 
supported by many scientific studies [2-4]. It is known 
that the vast majority of active ingredients in medicines 
are obtained from plants. Phytotherapy is once again in 
the spotlight because of the possible adverse effects of 
synthetic drugs and the multiple benefits obtained from 

plant-based medicines [2]. Medicinal plants produce 
several secondary metabolites like phenols, flavonoids, 
quinones, and tannins with numerous promising 
pharmacological activities, such as antioxidant [5-9], 
anti-inflammatory [10], anti-allergic [11], anticancer, 
antitumor [12-14], and anti-atherosclerosis [15]. They also 
provide cardiovascular protection [16]. More specifically, 
polyphenolic compounds are the most studied plant 
secondary metabolites due to their abundance and 
possible positive effects on human health [17]. They 
have received considerable attention in recent years 
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because they are considered high-added-value molecules 
due to their antioxidant and antimicrobial effects [18-19]. 
Their potential use in the formulation of cosmetics, and 
as an alternative to chemical food additives, has drawn the 
attention of a number of researchers. Some of these 
compounds have also been explored in the packaging and 
textile industries [20]. 

In this paper, we will be focusing on antioxidant 
activity, which acts against oxidative stress. In the human 
body, environmental radiation splits water to form 
hydroxyl radicals, and normal metabolism produces 
oxygen radicals [21]. Oxidative stress is an imbalance 
between reactive oxygen species formation and antioxidant 
defense mechanisms. If cellular antioxidants do not 
eliminate free radicals, the latter can react with different 
macromolecules [22-23]. At their high concentrations, 
free radicals attack and damage proteins, lipids, and 
nucleic acids, thereby causing many health problems. 
Over time, free radicals can cause a negative chain 
reaction in the human body, which can block the action 
of key enzymes, destroy the cell membrane, prevent 
normal cell division, avoid cellular processes necessary for 
proper body functioning, and block energy production 
[24]. Also, these free radicals cause DNA damage and 
lipid peroxidation, leading to cancerous cells [21]. The 
human body possesses a natural defense system against 
these free radicals [21-22]. Once the excessive generation 
of free radicals attacks the internal antioxidant defense 
system, external antioxidants are needed to prevent 
oxidative damage [25]. Antioxidants are considered 
molecules that prevent the formation of free radicals and 
seek to neutralize or repair the damage they cause [24]. 

The biological activities of many phytochemicals are 
attributed to their antioxidant properties [21]. 
Experimental and epidemiological evidence shows that 
dietary antioxidants, such as flavonoids and other 
phenolic compounds, are also important components of 
the body's defense [21]. Several studies support a direct 
link between the antioxidant properties of extracts and the 
medicinal benefits of plants and their potential use as an 
alternative to chemical preservatives [26]. Phenolic 
antioxidants have been reported to inhibit DNA 
fragmentation. Studies on animal and cell cultures 

confirm the anti-cancer effects of antioxidants; 
epidemiological studies show that high consumption of 
antioxidant-rich foods is inversely related to cancer risk 
[27]. Evidence from various in vitro studies supports a 
potential protective role for dietary polyphenols in the 
prevention of cardiovascular disease, neurodegenerative 
disease, cancer, diabetes, inflammation-related, and 
infectious diseases [28]. In addition to their importance 
in the diet, antioxidants can also contribute to the 
stability and taste of food products. From a plant 
specialist's point of view, their role in the plant as a 
defense against biotic and abiotic stresses must also be 
taken into account [21]. All these benefits justify the 
considerable interest in researching safe natural 
antioxidants which are in high demand by the 
pharmaceutical industry and as food preservatives [29]. 

Therefore, it is important to study the phenolic 
composition of various plant extracts and assess their 
antioxidant activity in order to provide scientific results 
that would greatly support different sectors such as 
pharmaceuticals, cosmetics, and food industry. This 
revelation would be an excellent addition to the 
scientific literature. 

It is within this context that this paper falls. It 
presents the chemical composition of extracts of three 
medicinal and aromatic plants: Retama monosperma, 
Ricinus communis, and Berberis vulgaris followed by an 
evaluation of the antioxidant activity of their phenolic 
compounds. For nutritional purposes, many scientific 
studies have been conducted on the chemical 
composition of these plant extracts grown in various 
parts of the world and which are of great interest [30-
34]. However, this paper is the first to characterize 
different extracts of these plants growing in Morocco. 
Therefore, a lot of effort has been engaged in developing 
different techniques and methods for the identification 
of phenolic compounds from natural resources. In most 
cases, these compounds are analyzed by high-
performance liquid chromatography-mass spectrometry 
(HPLC-MS) and HPLC-diode-array detector (HPLC-
DAD). As an important step to ensure the quality of 
analytical results and to provide researchers with 
performance criteria, the authors followed a process for 
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validation of the method chosen for the characterization 
and quantification of polyphenols before use. The 
validation process was focused on six polyphenols known 
as antioxidant standards, such as gallic acid, vanillic acid, 
p-coumaric acid, rutin, quercetin, and genistein [35-40]. 

This paper details the tests that were carried out, 
such as specificity, linearity, repeatability, intermediate 
precision, detection limit, quantification limit, and 
recovery. It also details the statistical methods used 
because they are often perceived as a constraint since they 
are generally poorly used by analysts. The objective of 
publishing this paper, with supplementary material, is 
also to provide people wishing to perform a method 
validation with a document that describes in detail the 
followed approach, avoiding them to search several 
references to first understand the experimental plan to be 
implemented and several others to subsequently find the 
statistical methods to apply. 

■ EXPERIMENTAL SECTION 

Materials 

Chemical materials 
The materials used in this study were methanol 

(HPLC grade ≥ 99.9% from Honeywell Riedel-de Haen, 
Germany) used as solvent B and 0.1% formic acid (98% 
for LC-MS, Merck Germany) aqueous solution (ultra-
pure water from Pure Lab) used as solvent A. The gallic 
acid was purchased from Merck (Germany), and the other 
phenolic compounds (vanillic acid, p-coumaric acid, rutin, 
quercetin, and genistein) were purchased from Sigma-
Aldrich (USA). The 2,2-diphenyl-2'-picrylhydrazyl 
(DPPH), linoleic acid, ethylenediaminetetraacetic acid 
(EDTA), thiobarbituric acid, and trichloroacetic acid 
(Sigma-Aldrich, USA) were used as an antioxidant 
reagent and the butylated hydroxytoluene (BHT, Merck 
Germany) as antioxidant standard. 

Plant materials 
R. monosperma flowers and seeds were collected in 

February and April 2017, respectively, from Al-Haouzia 
forest in the region of El Jadida-Morroco. R. communis 
leaves were collected in February 2018 in the region of El 
Jadida-Morocco. These plant materials were identified by 
Dr. Fennane from the Scientific Institute of Rabat, 

Morocco. A voucher specimen (77816 RAB) was 
deposited in the Herbarium of the Institute. For the B. 
vulgaris, root was collected in March 2019 in the region 
of Marrakech-Morocco. This plant material was 
identified by Dr. Ouhamou from the Faculty of Sciences, 
Cadi Ayyad University, Marrakech, Morocco. 

Instrumentation 

The instrumentations used in this study were 
chromatographic separation performed on Dionex 
Ultimate 3000 UHPLC-DAD system (CA, USA), 
equipped with a quaternary pump (HPG-3400RS), an 
autosampler (WPS-3000TSL), and a column oven 
(TCC-3000). A Vertex plus C18 reversed-phase column 
(250 × 4.6 mm, Eurospher II 100-5) provided by Knauer 
was used for the proposed method. The mass 
spectrometer was a TSQ Endura (Thermo Fisher 
Scientific) triple quadrupole equipped with heated-
electrospray ionization (H-ESI). 

Procedure 

Extraction 
The flowers (600 g) and seeds (400 g) of R. 

monosperma were air-dried for two weeks. The 
extraction was performed three times by maceration 
(room temperature, 3 d) with 2 L of n-hexane to remove 
lipophilic compounds. After evaporation of n-hexane 
under vacuum, the resulting mark was extracted three 
times by maceration with 2 L of ethyl acetate (room 
temperature, 3 d) for flowers and 2 L of diethyl ether for 
seeds (room temperature, 3 d). The resulting extract was 
then evaporated using a rotary evaporator. 

R. communis leaves (200 g) and B. vulgaris roots 
(300 g) were air-dried for two weeks. Each sample was 
extracted using Soxhlet and methanol as solvent. The 
extracts were evaporated under reduced pressure to give 
methanol crude extracts. This later was solubilized in 
water and extracted with ethyl acetate. The resulting 
extract was then evaporated using a rotary evaporator. 

UHPLC-DAD-ESI/MS method 
The separation gradient was created using solvent 

A (0.1% formic aqueous solution) and solvent B 
(methanol), as shown in Table 1. The mobile phase flow 
rate was 1 mL/min. The injection volume was 10 μL, and  
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Table 1. UHPL-DAD separation gradient 
Time (min) % of solvent B Time (min) % of solvent B 

0 5 18 54 
3 25 22 54 
6 25 26 95 
9 37 29 95 

13 37 29.15 5 
  31 5 

the wavelength was 280 nm. For the LC-MS experiment, 
negative mode was used. Sheath gas, ion sweep gas, and 
auxiliary gas were nitrogen (purity > 99.98%) at flow rates 
of 65, 0, and 40 arbitrary units (a.u.), respectively. The 
vaporizer temperature and ion transfer tube temperature 
were set at 350 °C. The electrospray voltage was set at 
−2.5 kV. Full scan MS acquisition mode (m/z 100–1000) 
in Q1 (mass resolution of 0.7 m/z full-width half maximum 
(FWHM)) with a scan time of 0.5 s was used [41]. 

Antioxidant activity 
DPPH-radical scavenging activity. Free radical-
scavenging activity of R. monosperma, B. vulgaris, and R. 
communis extracts was evaluated using a modified DPPH 
method. One milliliter of concentrations of samples (5–
100 μg/mL) was added to 1 mL of DPPH solution 
(40 μg/mL), and the mixture was incubated for 30 min 
[42]. Afterward, the absorbance was measured at 517 nm 
in a UV spectrophotometer. BHT, rutin, gallic acid, and 
quercetin were used as a standard antioxidant. Scavenging 
activity was expressed as IC50, an effective concentration 
in μg/mL of samples or standard that reduces the 
absorbance of DPPH by 50 % when compared with 
negative control. The experiment was carried out in 
triplicate. 
Conjugate diene scavenging activity. Conjugate 
diene scavenging activity was determined by UV 
absorbance [43]. A linoleic acid emulsion was prepared in 
tampon phosphate at pH 7 (10 mM; 10 mL) mixed with 
the linoleic acid (5.96 μL) and tween 20 (0.1%; 10 mL). 
Linoleic acid emulsion (1 mL) was added to various 
concentrations of studies extracts (5–100 μg/mL) and 
100 μL of CuSO4 (1.6 g/L). After that, the mixture was 
incubated at 37 °C in the dark for 1 h. To stop the 
reaction, 10 μL of EDTA and 10 μL of BHT (1 mg/mL) 
were added to the mixture. Then, the absorbance was 

measured at 234 nm. The conjugate diene scavenging 
activity was calculated using Eq. (1). 

0 1

0

A A
Scavenging activity (%)= 100

A


  (1) 

A0 is the absorbance of the control (sample without 
extracts), and A1 is the absorbance of the sample. The 
results were expressed as IC50. The experiment was 
carried out in triplicate. 
Thiobarbituric acid-reactive substances assay. 
The thiobarbituric acid-reactive substances (TBARS) 
assay determined the inhibition of lipid peroxidation 
according to Ohkawa method [44] with some 
modifications [45]. A 1 mL of linoleic acid emulsion was 
added to various concentrations of extracts (5–
100 μg/mL) and 100 μL of CuSO4 (1.6 g/L), and then was 
left to incubate at 37 °C in the dark for 3 h. The reaction 
was stopped by putting the mixture of products and 
reagents in ice and adding 10 μL of EDTA (20 mM). 
Then, 1 mL of TBA (0.78%) and 1 mL of trichloroacetic 
acid (TCA 20%) were added to the mixture which was 
incubated at 95 °C in the dark for 45 min. The n-butanol 
(0.8 mL) was added to the mixture. The absorbance was 
measured at 532 nm in a UV spectrophotometer. The 
estimation of TBARS was calculated using Eq. (1). 
Scavenging activity was expressed as IC50. The 
experiment was carried out in triplicate. 

Method validation 
As an important step to ensure the quality of 

analytical results and to provide researchers with 
performance criteria, the authors followed a process for 
validation of the method chosen for the characterization 
and quantification of polyphenols before use. The 
validation process was focused on six polyphenols 
known as antioxidant standards, such as gallic acid, 
vanillic acid, p-coumaric acid, rutin, quercetin, and 
genistein. Method validation was carried out using the 
five extracts that contain one or two compounds of 
interest (Table 2). 

The experimental plan of method validation is 
presented in Table 3. It concerns several studies such as 
specificity, linearity, repeatability, intermediate 
precision, detection limit, and quantification limit. As an 
example, recovery was studied using R. monosperma 
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ethyl acetate extract from the flowers. The choice of the 
different concentration levels used was made to cover the 
concentration range of the majority of samples. 

■ RESULTS AND DISCUSSION 

Characterization of Phenolic Compounds by 
UHPLC/DAD/ESI-MS 

A total of 14 phenolic compounds have been 
tentatively identified based on their wavelength of 
maximum UV absorption and mass spectrometry (MS) 
fragments in the negative mode corresponding to these 
peaks, alongside literature data on the chemical 
composition of Retama, Berberis, and Ricinus genus. 

The chromatographic profile of R. communis 
methanol extract (RM) showed the presence of phenolic 
acid (peak 2), ellagitannins, members of the tannin family, 
are characterized as hydrolyzable conjugates containing 

one or more hexahydroxydiphenoyl (HHDP) group(s) 
to esterify a sugar like galloly derivative (peaks 4–6), and 
flavonoid glycosides like rutin and quercetin (peaks 10 
and 11) (Table 4, Fig. 1). 

The UHPLC/DAD/ESI-MS results of B. vulgaris 
ethyl acetate showed the predominance of pyrogallic acid 
(peak 1) followed by vanillic acid and p-coumaric acid; 
however, in methanolic extracts in the same species, we 
notice the predominance of gallic acid (peak 3) followed 
by p-coumaric acid (Table 4, Fig. 1). Concerning R. 
monosperma extracts, the chromatographic profile of 
flower ethyl acetate extracts showed the predominance 
of genistein as isoflavone (peak 13) followed by apigenin 
(peak 14) as a flavone. For diethyl ether extracts of R. 
monosperma seeds, we can see the taxifolin flavanonols 
(peak 8) as a major compound, followed by genistein 
(peak 13) (Table 4, Fig. 1). 

Table 2. Information about the matrixes used to validate the method 
Matrix Part of the plant Nature of the extract Identified compounds 

Retama monosperma* Flowers Ethyl acetate Genistein 

Berberis vulgaris Roots Methanol p-Coumaric acid 
Ethyl acetate Vanillic acid 

Ricinus communis Leaves Methanol Gallic acid and rutin 
Ethyl acetate Gallic acid 

*In Morocco, Zefzoufi et al. [34] revealed that the diethyl ether extract of flowers and ethyl acetate 
extract of seeds of R. monosperma rich in flavonoid compounds such as genistein, quercetin, 
kaempferol. Other extracts of this plant are used in this paper 

Table 3. Experimental plan of method validation 
Parameter  Experience  

Specificity 
Method 1: Each extract sample (Table 2) was analyzed using UHPLC-DAD-ESI/MS [46]. 
Method 2: Some authors use the recovery [47-48] method to prove the specificity of the method. 
The experience carried out to perform the recovery test is detailed in the last row of the table. 

Linearity Three series of multi-standard solutions at 5 concentration levels were used (10, 50, 100, 150 and 
200 mg/L). Three repetitions for each level of each series were performed by UHPLC-DAD [49]. 

Detection limit  Ten repetitions for the control sample (methanol) were performed by UHPLC-DAD [48]. Quantification limit  

Precision 

Repeatability 
Two concentration levels (50 and 200 mg/L) of multi-standard solution were prepared by the same 
operator and analyzed by UHPLC-DAD. Ten repetitions were performed for each level on the 
same day [48]. 

Intermediate 
precision 

Every day for 3 d, a series of multi-standard solutions with 5 concentrations levels (10, 50, 100, 
150 and 200 mg/L) was prepared by the same operator. Three repetitions for each level of each 
series were performed by UHPLC-DAD [49]. 

Recovery 
Six samples of the ethyl acetate extract of Retama monosperma flowers were used to perform the 
recovery test. The final concentrations of the standard (Genistein) added are as follows: 0, 10, 50, 
100, 150, and 200 mg/L. Three repetitions were performed for each sample using UHPLC-DAD [50]. 
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Table 4. Tentatively identification of phenolic compounds (with their percentage area) from three medicinal plants 
using UHPLC/DAD/ESI-MS 

Peak 
number 

Rt 
(M-H)− 

m/z 
MS 

fragments 
UVmax 

Identified 
compound 

Molecular 
formula 

Ref. 
REA 
(%) 

RM 
(%) 

BEA 
(%) 

BM 
(%) 

RSDE 
(%) 

RFEA 
(%) 

1 5.9 125 - 270 Pyrogallol C6H6O3 - -  58.74 - - - 
2 6.1 331 169 270, 310 Galloyl-glucoside C13H16O10 [57] 70.82 20.15 - - - - 
3 6.5 169 125 272 Gallic acid C7H6O5 [57] -  - 38.07 - - 
4 9.3 483 313, 169 256, 310 Digalloyl-glucoside C20H20O14 [57] - 9.33 - - - - 
5 11.0 635 465, 283, 169 270, 310 Trigalloyl-glucoside C27H24O18 [57] - 2.33 - - - - 
6 12.7 633 463, 169 269, 310 Galloyl-HHDP-glucoside C27H22O18 [57] - 25.83 - - - - 
7 13.8 167 - 261, 295 Vanillic acid C8H8O4 - -  10.50 - - - 
8 18.1 315 - 228, 290 Taxifolin C15H12O7 [58] -  - - 71.32 - 
9 18.6 163 - 310 p-Coumaric acid C9H8O3 - - - 30.02 45.17 - - 
10 21.8 609 463, 301 257, 357 Rutin C27H30O16 [59] - 25.55 - - - - 
11 23.6 447 301 255, 356 Quercitrin C21H20O11 [59] 10.20 3.10 - - - - 
12 26.7 301 - 355, 368 Quercetin C15H10O7 [34] - - - - 20.05 - 
13 27.1 269 - 261, 302sh Genistein C15H10O5 [34] - - - - - 74.35 
14 27.7 269 - 236, 336 Apigenin C15H10O5 [51] - - - - - 21.02 
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Fig 1. Chromatographic profile of R. communis methanolic extract (RM), R. communis ethyl acetate extract (REA), B. 
vulgaris methanolic extract (BM), B. vulgaris ethyl acetate extract (BEA), R. monosperma flowers ethyl acetate extract 
(RFEA), R. monosperma seeds diethyl acetate extract (RSDE) and multi-standards solution at 280 nm 
 

In this study, we tentatively identified in three 
medicinal plants diverse phenolic compounds like 
phenolic acid (gallic acid, vanillic acid, p-coumaric acid), 
isoflavone (genistein), flavone (apigenin), flavanonols 

(taxifolin), flavonol (quercetin), glycoside flavonol 
(rutin and quercitrin), and ellagitannins (galloyl-
HHDP-glucoside). 

For Retama genus, based on the literature, we found  



Indones. J. Chem., 2023, 23 (6), 1704 - 1721    

 

Meriem Outaki et al. 
 

1711 

our results closely similar to other papers. Researchers 
identified genistein, luteolin, apigenin, and rutin in 
aqueous extract of R. monosperma growing in Spain [51]. 
Recently, researchers reported the presence of taxifolin 
and quercetin in ethyl acetate seeds extract and genistein 
and apigenin in diethyl ether flower extract of Moroccan 
R. monosperma [34]. In our study, we identified genistein 
as a major compound, followed by apigenin in another 
extract (ethyl acetate extract) of R. monosperma flowers. 

For Ricinus genus, we found dissimilarities in 
chemical composition between our results and the 
literature. For example, researchers reported five phenolic 
compounds isolated from R. communis growing in 
Vietnam such as gallic acid, vanillic acid, kaempferol-3-
O-β-D-glucopyranoside, and kaempferol-3-O-β-D-
xylopyranoside [52]. Another research determined the 
presence of gallic acid, genistic acid, vitexin, naringenin 
and rutin in leaves of R. communis from Tunisia [53]. In 
2016, researchers reported the presence of some alkaloids 
in the same species as ricinine and bufotenine O-
glucoside. To our knowledge, this paper is the first to 
identify digalloly-glucose, trigalloly-glucose, galloly-
HDDP-glucose, rutin, and quercitrin in R. communis 
native to Morocco. 

For Berberis, many studies focused on the 
identification of B. vulgaris alkaloid compounds like 
berberine, which is known as an important major 
compound in this plant. In Morocco, researchers reported 
the presence of some alkaloids in B. vulgaris 
dichloromethane extract such as berberine, palmatine, 
and epi berberine [54]. To our knowledge, this paper is 
the first to identify pyrogallol and p-coumaric acid in B. 
vulgaris from Morocco. These observed differences in 
chemical profiles can be explained by the geographic 
origin of the species [55], the extraction method 
(maceration in our case), the extraction solvent [56], and 
the part of the plant used for the preparation of the 
extracts. 

Antioxidant Activity 

Natural antioxidants are currently the subject of 
numerous studies because they can reduce the harmful 
effects of free radicals in neurodegenerative diseases and 
cardiovascular, arthritis, cancer, and autoimmune diseases 

in which oxidative stress is incriminated [60]. Numerous 
works carried out on the anti-free radical activity of plant 
extracts have shown that phenolic compounds and, more 
particularly, flavonoids are recognized as potentially 
antioxidant substances with the ability to trap free radical 
species and reactive forms of oxygen. The IC50 value 
represents the concentration of extract that neutralizes 
or reduces 50% of free radicals. The lower the IC50, the 
more the extract has a powerful antioxidant potential. 
Therefore, we evaluated the antioxidant activity of 
RFEA, RSDE, REA, RM, BEA and BM by three tests, 
conjugated diene scavenging activity, TBARS assay and 
DPPH (Table 5). We used rutin, gallic acid, quercetin, 
and BHT as standards. 

DPPH Scavenging Activity 

REA showed a higher antiradical activity 
(IC50 = 12.5 μg/mL) followed by RFEA, RM compared to 
standards BHT, quercetin and gallic acid, but still less 
than rutin standard. However, the antioxidant capacity 
of RSDE, BM and BEA were moderate compared to the 
other extracts and standards (Table 5). 

Conjugated Diene Scavenging Activity 

The conjugate diene scavenging activity of REA 
was more effective than BHT, quercetin and gallic acid, 
but it is similar to rutin. BEA showed moderate 
antioxidant activity followed by RM, BM, RFEA, and 
RSDE with IC50 values of 59.02, 60.09, 72.47, and 
98.08 μg/mL, respectively (Table 5). 

TBARS Assay 

TBARS assay of RM was significantly greater, 
followed by BEA and BM but still less than four standards. 
However, the inhibition of lipid peroxidation of RFEA, 
RSDE and REA was lower than in other samples (Table 
5). Based on the literature, several studies reported the 
antioxidant activity of these three plants' medicinal 
extracts. Concerning R. communis, researchers revealed 
that the antioxidant capacity of butanol extract of the 
aerial part of R. communis growing in Pakistan 
(IC50 = 140 μg/mL) is higher than that of ethyl acetate 
extract (IC50 = 190 μg/mL) [61]. In 2009, a paper 
described that leaves methanolic extract of R. communis 
has  a  strong  antiradical  activity  with  IC50 of 4.6 μg/mL  
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Table 5. Antioxidant activity of standards and samples in terms of IC50 (μg/mL) values with p < 0.05 
 DPPH Conjugated diene TBARS 

Standards 
BHT 28.41 ± 0.06 36.55 ± 0.28 40.06 ± 0.15 
Gallic acid 30.55 ± 0.02 36.52 ± 0.12 40.08 ± 0.15 
Quercetin 35.65 ± 0.25 30.05 ± 0.15 38.42 ± 0.05 
Rutin 10.02 ± 0.05 26.02 ± 0.11 30.05 ± 0.05 

 Samples 
RFEA 19.59 ± 0.11 72.47 ± 0.25 68.12 ± 0.12 
RSDE 84.95 ± 0.16 98.08 ± 0.50 82.26 ± 0.12 
REA 12.50 ± 0.11 29.59 ± 0.11 69.02 ± 0.11 
RM 20.45 ± 0.11 59.02 ± 0.11 50.30 ± 0.11 
BEA 38.05 ± 0.15 44.12 ± 0.02 52.89 ± 0.10 
BM 55.32 ± 0.14 60.09 ± 0.22 55. 90 ± 0.15 

RFEA: Retama flowers ethyl acetate; RSDE: Retama seeds diethyl ether; REA: Ricinus 
ethyl acetate; RM: Ricinus methanol; BEA: Berberis ethyl acetate; BM: Berberis methanol 

 
followed by ethyl acetate extract (IC50 = 6.04 μg/mL) [62]. 
For R. monosperma, previous work reported that the 
antiradical activity of ethyl acetate extracts of seeds (IC50 
= 15.13 μg/mL) was significantly higher than quercetin 
(IC50 = 19.43 μg/mL) and BHT standards (IC50 = 
30.21 μg/mL) [34]. Regarding B. vulgaris, recently, a paper 
reported higher antioxidant activity using a DPPH assay 
of ethanol and ethyl acetate extract of B. vulgaris roots 
with IC50 of 69.65 and 77.75 μg/mL, respectively [63]. 

Performance Criteria of the Validated 
Characterization Method Using the UHPLC-DAD 

Use of purity for the calculation of the real 
concentrations of the standards used 

Preparation of the standard solutions required 
weighing a certain mass of the standards in powder form. 
Since the purity of standards is different from 100%, the 
calculation of the real concentrations is necessary. Table 6 
shows the different concentrations used, taking their 
purity into consideration. 

Specificity 
The plant extracts and multi-standards solutions 

were analyzed by UHPLC/DA/DESI-MS, and each peak 
concerned was detected at 280 nm. Table 7 and Fig. 1 
show the found results. As can be seen in Fig. 1, the 
chromatograms show that the separation of all six 
phenolic compounds was successfully achieved with 
good resolution. Additionally, no interfering peaks were 
observed. 

Linearity 
Linearity is the ability of a method to elicit test 

results that are proportional to analyte concentration 
within a given range. The range of the analytical method 
is the interval between the highest and lowest 
concentrations in which linearity has been confirmed. 
Many tests are used to validate method linearity. These 
tests are presented in Table 8. 

The results showed that regression curves of each 
phenolic compound were found to be linear with R2 

 
Table 6. Real concentrations (mg/mL) of the standards used 

Standards Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein 
Level 1 9.90 9.80 10.00 9.59 9.90 9.90 
Level 2 49.49 48.98 49.98 47.94 49.49 49.49 
Level 3 98.98 97.97 99.96 95.88 98.98 98.98 
Level 4 148.47 146.95 149.94 143.82 148.47 148.47 
Level 5 197.96 195.94 199.92 191.76 197.96 197.96 
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Table 7. Quantitative analysis of phenols in different plant extracts using UHPLC-DAD-ESI/MS at UV 280 nm 

Rt 
(M-H)− 

m/z 
Molecular 

weight 
UVmax 

Identified 
compound 

Molecular 
formula 

REA 
mg/L 

RM 
mg/L 

BEA 
mg/L 

BM 
mg/L 

RSDE 
mg/L 

RFEA 
mg/L 

6.50 169 170 272 Gallic acid C7H6O5    29.81   
13.81 167 168 261, 295 Vanillic acid C8H8O4   56.61    
18.57 163 164 310 p-Coumaric acid C9H8O3   10.36 11.84   
21.78 609 610 257, 357 Rutin C27H30O16  12.35     
26.66 301 302 355, 368 Quercetin C15H10O7     69.64  
27.13 269 270 261, 302sh Genistein C15H10O5      102.02 

Table 8. Tests used to validate method linearity for the six compounds of interest 
Standard Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein Conclusion 
Slope a* 23967.90 15588.78 34637.73 6532.57 5797.53 24364.42 - 

Standard deviation of the slope Sa* 350.71 227.08 545.51 96.98 44.14 400.97 - 
Intercept b* 37743.55 24710.59 70174.89 9438.12 5939.70 51282.24 - 

Standard deviation of the intercept Sb* 42543.71 27265.38 66829.07 11396.44 5355.25 48640.90 - 
Coefficient of determination R2* 0.9994 0.9994 0.9993 0.9993 0.9998 0.9992 - 

Cochran test 
C 0.33 0.34 0.34 0.33 0.35 0.34 The homogeneity 

of variances is 
confirmed 

C(0.95, 3, 14) Between 0.55 and 0.60 according to the Cochran table 
Acceptance criteria There is a homogeneity of variances if Ccalculated ≤ C(1-α, s, nk-1) 

Test of intercept [64] 
t 0.89 0.91 1.05 0.83 1.11 1.05 The line passes 

through the origin t(0.975, 3) 3.18 
Acceptance criteria The line passes through the origin if tcalculated ≤ t(1-α/2, k-2)** 

Test of the nullity of 
the slope [65] 

t 68.34 68.65 63.50 67.36 131.32 60.76 

The slope is 
different from 
zero, there is a 

linear relationship 
between x and y  

t(0.975, 3) 3.18 
Acceptance criteria The slope is null if tcalculated ≤ t(1-α/2, k-2)** 

Test of significance 
of the slope [64] 

F 26011.31 23034.82 23098.18 24269.19 17330.50 22560.96 
F(0.95, 1, 43) 4.07 

Acceptance criteria The slope in not significance if Fcalculated ≤ F(1-α, 1, Nk-2) 

Test of significance 
of the regression [64] 

F 4670.40 4712.56 4031.72 4536.86 17246.08 3692.10 
F(0.95, 1, 3) 10.13 

Acceptance criteria The slope is not different from zero if Fcalculated ≤ F(1-α, 1, k-2) 
•Notes: *Calculated using the LINEST function in Microsoft Excel; **One-tail student test; Equation of regression curve: y = (a × x) + b (y: area; 
x: concentration mg/L)/α: risk = 0.05/s: Number of series/n: number of repetitions per level in the series/k: number of concentration levels/N: 
number of repetitions per level all series combined. Details of the calculations performed are shown in the supplementary material 
 
greater than 0.999. This value means that 99.9% of the 
variation in the concentration (within the range of the 
minimum and maximum concentrations taken into 
consideration) is expressed by the correlation. 

Linearity validation was confirmed by: i) firstly, the 
Cochran test that confirmed the homogeneity of 
variances, ii) secondary, the intercept test according to 
which it can be concluded that the line passes through the 
origin, and iii) finally, by a number of t and F tests to 
which it can be concluded that the slope is different from 
0 and there is a linear relationship between the 
concentration of the compound and the peak area. 

Repeatability 
The repeatability of the method was examined by 

analysis of two concentration levels by performing 10 
repetitions. The results of this test are presented in Table 
9. 

Intermediate precision 
The intermediate precision of the method was 

examined by analysis of 5 concentration levels three 
times for three days and calculation of the coefficient of 
variation and the intermediate precision. The found 
results are presented in Table 10. 
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Table 9. Repeatability study results for the six compounds of interest 
Compound Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein 

Concentration 
(mg/L) 49.49 197.96 48.98 195.94 49.98 199.92 47.94 191.76 49.49 197.96 49.49 197.96 

Average of 10 
repetitions (mg/L) 

50.42 196.51 50.40 195.32 51.32 198.62 48.98 190.45 48.53 190.24 51.09 197.05 

Standard deviation 
of 10 repetitions 
(mg/L) 

0.82 2.21 0.80 2.33 0.78 2.29 0.86 2.24 1.02 2.22 0.82 2.20 

Coefficient of 
variation (CV) 

1.63 1.12 1.60 1.19 1.52 1.16 1.75 1.18 2.09 1.16 1.61 1.12 

Repeatability r  2.30 6.18 2.25 6.52 2.19 6.42 2.40 6.27 2.85 6.21 2.30 6.16 
Acceptance 
criteria 

If the calculated CV is less than 5%, the proposed method is repeatable. 

Conclusion For the six phenolic compounds, the CV is less than 5%, which is acceptable. These results showed that the 
current method for quantification of the six phenolic compounds is repeatable. 

•Notes: Coefficient of variation: CV ൌ
ୗ୘ୈ

୶ത
ൈ 100 Repeatability r [67]: r = 2.8 × STD 

STD: Standard deviation of 10 repetitions; xത: Average of 10 repetitions 

Table 10. Intermediate precision study results for the six compounds of interest 
Gallic acid Concentration level (mg/L) 9.90 49.49 98.98 148.47 197.96 

Average of 9 repetitions (mg/L) 8.63 49.34 100.48 150.74 195.61 
Standard deviation of 9 repetitions (mg/L) 0.20 1.13 1.86 3.88 2.43 
Coefficient of variation (CV) 2.31 2.30 1.85 2.57 1.24 
Intermediate precision R 0.56 3.17 5.20 10.86 6.80 

Vanillic acid Concentration level (mg/L) 9.80 48.99 97.97 146.96 195.94 
Average of 9 repetitions (mg/L) 8.55 48.84 99.45 149.18 193.63 
Standard deviation of 9 repetitions (mg/L) 0.32 1.34 2.05 4.16 2.69 
Coefficient of variation (CV) 3.73 2.75 2.06 2.79 1.39 
Intermediate precision R 0.89 3.76 5.73 11.65 7.54 

p-Coumaric acid Concentration level (mg/L) 10.00 49.98 99.96 149.94 199.92 
Average of 9 repetitions (mg/L) 8.55 49.89 101.64 152.34 197.37 
Standard deviation of 9 repetitions (mg/L) 0.19 1.33 1.99 4.11 2.52 
Coefficient of variation (CV) 2.26 2.67 1.96 2.70 1.28 
Intermediate precision R 0.54 3.73 5.58 11.50 7.05 

Rutin Concentration level (mg/L) 9.59 47.94 95.88 143.82 191.76 
Average of 9 repetitions (mg/L) 8.42 47.66 97.40 146.05 189.46 
Standard deviation of 9 repetitions (mg/L) 0.27 1.13 1.80 4.02 2.40 
Coefficient of variation (CV) 3.16 2.37 1.85 2.75 1.27 
Intermediate precision R 0.75 3.16 5.05 11.25 6.72 

Quercetin Concentration level (mg/L) 9.90 49.49 98.98 148.47 197.96 
Average of 9 repetitions (mg/L) 9.24 49.35 99.90 149.56 196.75 
Standard deviation of 9 repetitions (mg/L) 0.25 1.20 2.92 4.40 5.41 
Coefficient of variation (CV) 2.72 2.44 2.93 2.94 2.75 
Intermediate precision R 0.70 3.37 8.19 12.33 15.14 

Genistein Concentration level (mg/L) 9.90 49.49 98.98 148.47 197.96 
Average of 9 repetitions (mg/L) 8.23 49.58 100.87 150.76 195.36 
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Standard deviation of 9 repetitions (mg/L) 0.31 1.39 1.78 3.89 2.74 
Coefficient of variation (CV) 3.75 2.81 1.77 2.58 1.40 
Intermediate precision R 0.86 3.90 4.99 10.88 7.66 

Acceptance 
criteria 

If the calculated CV is less than or equal to 5 %, the intermediate precision of the proposed 
method is validated. 

Conclusion It can be seen that all coefficients of variation are less than 5 %, which is acceptable. So, the 
intermediate precision of the method is validated. 

•Notes: Coefficient of variation CV ൌ
ୗ୘ୈ

୶ത
ൈ 100 Intermediate precision [67]: R = 2.8 × STD 

 STD: Standard deviation of 9 repetitions; xത: Average of 9 repetitions 
 
Detection and Quantification Limits 

The detection limit is the lowest concentration of the 
analyte that can be detected but not necessarily quantified. 
The quantification limit is the lowest concentration of the 
analyte that can be quantified at the experimental 
conditions. In the present paper, the limits were 
calculated using the graphic approach. 

This approach can be applied to analytical methods 
that provide a graphic recording (e.g., chromatography) 
with background noise. This method requires the 
determination of [48]: i) hmax is the greatest difference in 
amplitude on the y-axis of the signal observed between 
two acquisition points, excluding drift, over a distance 

equal to twenty times the width at mid-height of the peak 
corresponding to the analyte, centered on its (analyte) 
retention time. An explanatory diagram for the 
calculation of the hmax is presented at the level of the 
reference [66-68]; ii) Factor R is the quantity/signal 
response factor expressed in height. This factor 
corresponds to the slope of the regression curve, 
representing the concentration as a function of the peak 
height. It was calculated using the same data recorded to 
perform the intermediate precision test (5 concentration 
levels analyzed by performing 3 repetitions per day for 3 
d). Data used for the calculation of the detection and 
quantification limits are presented in Table 11. 

Table 11. Data used for the calculation of the detection and quantification limits 
Standard Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein 
Retention time (min)* 6.46 13.79 18.55 21.75 26.64 27.11 
Width at half height (min)* 0.12 0.22 0.19 0.25 0.16 0.11 
hmax** 752.64 266.59 381.97 431.90 989.67 885.96 
Factor R  3.18 × 10−04 7.76 × 10−04 3.35 × 10−04 1.69 × 10−03 1.29 × 10−03 2.69 × 10−04 
Detection limit DL (mg/L) 0.72 0.62 0.38 2.11 3.84 0.71 
Quantification limit QL (mg/L) 2.39 2.07 1.28 7.30 12.80 2.38 

Notes: *Retention time and width at half height are average values calculated using data from the intermediate precision study (3 
repetitions per day for 3 d) for the lowest concentration level; **hmax: Average of hmax of each repetition of the control sample (10 
repetitions in total); Detection and quantification limits were calculated using the following equations [48]: DL = 3 × hmax × R, QL 
= 10 × hmax × R 

Table 12. Results of the recovery test 

Concentration 
level 

Added 
concentration (mg/L) 

Concentration after 
addition (3 repetitions 

average) (mg/L) 

Recovered 
concentration (level 
X - level 1) (mg/L) 

Recovery 
(%) 

Recovery average 
(%) 100.63 

Level 1 0.00 100.90 - - Standard 
deviation (%) 1.70 

Level 2 9.90 111.04 10.14 102.44 Coefficient of 
variation (CV) 1.68 

Level 3 147.98 247.51 146.62 99.08 t(0.975,2) 4.30 

Level 4 197.96 299.60 198.70 100.38 Confidence 
interval ±  4.21 
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Acceptance 
criteria The CV must be less than 2 %, and the confidence interval must include the value 100 % [50] 

Conclusion The coefficient of variation is less than 2%, and the recovery average interval of confidence 
(CI = 100.63% ± 4.21) includes 100%, so the method is accurate. 

•Notes: 
Coefficient of variation 

CV ൌ
STD

𝑥̅
ൈ 100 

STD: Standard deviation 
xത: Recovery average 

 
Recovery 

Recovery ൌ  
RC
AC

ൈ 100 
RC: Recovered concentration 
AC: Added concentration 

 
Confidence interval [64] 

xത െ tሺ1 െ
α
2

, vሻSTD/√n ൏ m ൏ xത ൅ t ቀ1 െ
α
2

, vቁ STD/√n 
m: Confidence interval average 
t(1-α /2, k-1): tcritical value, it is read on one-tailed Student table (with, α: risk = 0.05); 
v: degree of liberty, v = k – 1; k: number of recovered concentration levels 

Table 13. Results of the specificity study further to the regression curve representing recovered concentrations as a 
function of added concentrations – Genistein in the EAE of Retama monosperma flowers 

Slope a* 
Standard 

deviation of 
the slope Sa* 

Intercept 
b* 

Standard 
deviation of the 

intercept Sb* 

tcalculated for the test of the 
hypothesis of “the slope 

is equivalent to 1”** 

tcalculated for the test of the 
hypothesis of “the intercept 

b equivalent to 0”*** 

Critical value 
of Student 
test t(0.01, 1) 

1.00 0.01 -0.08 1.61 0.03 0.05 63.66 

Acceptance 
criteria 

The slope of the regression curve is equivalent to 1 if tcalculated is less than t(α, k-2) read on a two-tailed Student table 
(with k: number of concentration levels; α: risk = 0.01) [48] 

The intercept of the regression curve is equivalent to 0 if tcalculated is less than t(α, k-2) read on a two-tailed Student 
table (with, k: number of concentration levels; α: risk = 0.01) [48] 

Conclusion The slope of the regression curve is equivalent to 1 
The intercept of the regression curve is equivalent to 0 

•Notes: y =(a × x) +b (y: recovered concentration (mg/L); x: added concentration (mg/L)); *Calculated using the LINEST function in Microsoft 
Excel; **Calculated with the following equation [48]: t ൌ

|ୟିଵ|

ୗ౗
; *** Calculated with the following equation [48]: t ൌ  

|ୠ|

ୗౘ
 

Table 14. Results of the specificity study further the two calibration curves (without matrix and with matrix) – 
Genistein in the EAE of Retama monosperma flowers 

Calibration curve without matrix Calibration curve with matrix tcalculated** 
Critical value of Student 

test t(0,95,5) 

Slope a* Standard deviation of the slope Sa* Slope a’* 
Standard deviation of the 

slope Sa’*   

24349.22 156.18 24364.42 400.98 0.04 2.02 
Acceptance criteria The two slopes are equal if tcalculated is less than or equal to t(1-α/2, k + k’ - 4) read on one-tail Student table 
Conclusion The two slopes are equal 

•Notes: *Calculated using the LINEST function in Microsoft Excel; Calibration curve without matrix y = (a × x) + b (y: peak area; x: concentration 
(mg/L)); Calibration curve with matrix y = (a’ × x) b’ (y: peak area; x: added concentration (mg/L)); **Calculated with the following equation [66]: 

tୡୟ୪ୡ୳୪ୟ୲ୣୢ ൌ
|ୟିୟᇲ|

ටୗ౗
మାୗ౗

ᇲ మ
; k is the number of the concentration levels used for the calibration curve without matrix; k’ is the number of the concentration 

levels used for the calibration curve with matrix; α: risk = 0.1 
 

Recovery 

In this paper, we will deal with an example of the 
recovery test which concerns the matrix of R. 
monosperma flowers of the ethyl acetate extract. This test 
can be used to assess the accuracy of the method (Table 

12) but also, by some authors [47], to confirm specificity 
(Table 13-14). 

The concentration after addition was calculated 
using the calibration curve results for the linearity test. 
Further to the statistical tests carried out, of which the 
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results are presented in Tables 13 and 14, we can confirm 
that the method is specific. 

■ CONCLUSION 

Extracts characterization using UHPLC/DAD/ESI-
MS showed i) the richness of R. monosperma of flavonol, 
isoflavone and flavone, ii) the presence of flavonol 
glycoside in R. communis, iii) the richness of B. vulgaris of 
galloyl-glucose and phenolic acids. These plant extracts 
have a high antioxidant capacity due to the presence of 
phenolic compounds. The higher capacity concerns R. 
communis methanolic extract with IC50 of 12.5, 29.59, and 
50.3 μg/mL for DPPH assay, conjugated diene, and 
TBARS assay, respectively. As an important step to ensure 
the quality of analytical results, this paper presented the 
performance criteria of the validated method using 
UHPLC/DAD/ESI-MS and focusing on six polyphenols 
known as antioxidant standards (gallic acid, vanillic acid, 
p-coumaric acid, rutin, quercetin, and genistein). The 
results of all released tests in the process of method 
validation are very satisfactory. In short, the polyphenol 
content of the plants studied in this article makes them an 
important subject for future research realized by 
industries, such as pharmaceuticals and cosmetics, 
seeking to exploit natural products such as plants to 
develop products with high antioxidant activity. 
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 Abstract: Components of medicinal plants have many pharmacological activities, 
including antioxidant activity, playing an important role in limiting oxidative stress that 
can cause several damages. This paper characterizes polyphenols of Retama monosperma 
L., Berberis vulgaris L. and Ricinus communis L. plant extracts and evaluates their 
antioxidant activity by DPPH, conjugated diene and TBARS assay. To ensure the quality 
of analytical results, this paper presents performance criteria of the validated method 
using UHPLC/DAD/ESI-MS. Regarding method validation, the results confirm different 
used tests and evaluate detection and quantification limits. Concerning the 
characterization and study of antioxidant activity, realized testing showed that R. 
monosperma is rich in isoflavone, flavone and flavonol. For R. communis, we notice the 
presence of rutin as a major compound. Meanwhile, B. vulgaris contains significant 
amounts of gallic acid and p-coumaric acid. These plant extracts have high antioxidant 
activity due to the presence of phenolic compounds. 

Keywords: polyphenol; antioxidant activity; method validation; UHPLC/DAD/ESI-MS 

 
■ INTRODUCTION 

Since ancient times, many plants have attracted 
interest as sources of natural products [1]. Various plants 
have been used not only as a food source but also as 
medicine. The benefits of these practices are known to be 
supported by many scientific studies [2-4]. It is known 
that the vast majority of active ingredients in medicines 
are obtained from plants. Phytotherapy is once again in 
the spotlight because of the possible adverse effects of 
synthetic drugs and the multiple benefits obtained from 

plant-based medicines [2]. Medicinal plants produce 
several secondary metabolites like phenols, flavonoids, 
quinones, and tannins with numerous promising 
pharmacological activities, such as antioxidant [5-9], 
anti-inflammatory [10], anti-allergic [11], anticancer, 
antitumor [12-14], and anti-atherosclerosis [15]. They also 
provide cardiovascular protection [16]. More specifically, 
polyphenolic compounds are the most studied plant 
secondary metabolites due to their abundance and 
possible positive effects on human health [17]. They 
have received considerable attention in recent years 
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because they are considered high-added-value molecules 
due to their antioxidant and antimicrobial effects [18-19]. 
Their potential use in the formulation of cosmetics, and 
as an alternative to chemical food additives, has drawn the 
attention of a number of researchers. Some of these 
compounds have also been explored in the packaging and 
textile industries [20]. 

In this paper, we will be focusing on antioxidant 
activity, which acts against oxidative stress. In the human 
body, environmental radiation splits water to form 
hydroxyl radicals, and normal metabolism produces 
oxygen radicals [21]. Oxidative stress is an imbalance 
between reactive oxygen species formation and antioxidant 
defense mechanisms. If cellular antioxidants do not 
eliminate free radicals, the latter can react with different 
macromolecules [22-23]. At their high concentrations, 
free radicals attack and damage proteins, lipids, and 
nucleic acids, thereby causing many health problems. 
Over time, free radicals can cause a negative chain 
reaction in the human body, which can block the action 
of key enzymes, destroy the cell membrane, prevent 
normal cell division, avoid cellular processes necessary for 
proper body functioning, and block energy production 
[24]. Also, these free radicals cause DNA damage and 
lipid peroxidation, leading to cancerous cells [21]. The 
human body possesses a natural defense system against 
these free radicals [21-22]. Once the excessive generation 
of free radicals attacks the internal antioxidant defense 
system, external antioxidants are needed to prevent 
oxidative damage [25]. Antioxidants are considered 
molecules that prevent the formation of free radicals and 
seek to neutralize or repair the damage they cause [24]. 

The biological activities of many phytochemicals are 
attributed to their antioxidant properties [21]. 
Experimental and epidemiological evidence shows that 
dietary antioxidants, such as flavonoids and other 
phenolic compounds, are also important components of 
the body's defense [21]. Several studies support a direct 
link between the antioxidant properties of extracts and the 
medicinal benefits of plants and their potential use as an 
alternative to chemical preservatives [26]. Phenolic 
antioxidants have been reported to inhibit DNA 
fragmentation. Studies on animal and cell cultures 

confirm the anti-cancer effects of antioxidants; 
epidemiological studies show that high consumption of 
antioxidant-rich foods is inversely related to cancer risk 
[27]. Evidence from various in vitro studies supports a 
potential protective role for dietary polyphenols in the 
prevention of cardiovascular disease, neurodegenerative 
disease, cancer, diabetes, inflammation-related, and 
infectious diseases [28]. In addition to their importance 
in the diet, antioxidants can also contribute to the 
stability and taste of food products. From a plant 
specialist's point of view, their role in the plant as a 
defense against biotic and abiotic stresses must also be 
taken into account [21]. All these benefits justify the 
considerable interest in researching safe natural 
antioxidants which are in high demand by the 
pharmaceutical industry and as food preservatives [29]. 

Therefore, it is important to study the phenolic 
composition of various plant extracts and assess their 
antioxidant activity in order to provide scientific results 
that would greatly support different sectors such as 
pharmaceuticals, cosmetics, and food industry. This 
revelation would be an excellent addition to the 
scientific literature. 

It is within this context that this paper falls. It 
presents the chemical composition of extracts of three 
medicinal and aromatic plants: Retama monosperma, 
Ricinus communis, and Berberis vulgaris followed by an 
evaluation of the antioxidant activity of their phenolic 
compounds. For nutritional purposes, many scientific 
studies have been conducted on the chemical 
composition of these plant extracts grown in various 
parts of the world and which are of great interest [30-
34]. However, this paper is the first to characterize 
different extracts of these plants growing in Morocco. 
Therefore, a lot of effort has been engaged in developing 
different techniques and methods for the identification 
of phenolic compounds from natural resources. In most 
cases, these compounds are analyzed by high-
performance liquid chromatography-mass spectrometry 
(HPLC-MS) and HPLC-diode-array detector (HPLC-
DAD). As an important step to ensure the quality of 
analytical results and to provide researchers with 
performance criteria, the authors followed a process for 
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validation of the method chosen for the characterization 
and quantification of polyphenols before use. The 
validation process was focused on six polyphenols known 
as antioxidant standards, such as gallic acid, vanillic acid, 
p-coumaric acid, rutin, quercetin, and genistein [35-40]. 

This paper details the tests that were carried out, 
such as specificity, linearity, repeatability, intermediate 
precision, detection limit, quantification limit, and 
recovery. It also details the statistical methods used 
because they are often perceived as a constraint since they 
are generally poorly used by analysts. The objective of 
publishing this paper, with supplementary material, is 
also to provide people wishing to perform a method 
validation with a document that describes in detail the 
followed approach, avoiding them to search several 
references to first understand the experimental plan to be 
implemented and several others to subsequently find the 
statistical methods to apply. 

■ EXPERIMENTAL SECTION 

Materials 

Chemical materials 
The materials used in this study were methanol 

(HPLC grade ≥ 99.9% from Honeywell Riedel-de Haen, 
Germany) used as solvent B and 0.1% formic acid (98% 
for LC-MS, Merck Germany) aqueous solution (ultra-
pure water from Pure Lab) used as solvent A. The gallic 
acid was purchased from Merck (Germany), and the other 
phenolic compounds (vanillic acid, p-coumaric acid, rutin, 
quercetin, and genistein) were purchased from Sigma-
Aldrich (USA). The 2,2-diphenyl-2'-picrylhydrazyl 
(DPPH), linoleic acid, ethylenediaminetetraacetic acid 
(EDTA), thiobarbituric acid, and trichloroacetic acid 
(Sigma-Aldrich, USA) were used as an antioxidant 
reagent and the butylated hydroxytoluene (BHT, Merck 
Germany) as antioxidant standard. 

Plant materials 
R. monosperma flowers and seeds were collected in 

February and April 2017, respectively, from Al-Haouzia 
forest in the region of El Jadida-Morroco. R. communis 
leaves were collected in February 2018 in the region of El 
Jadida-Morocco. These plant materials were identified by 
Dr. Fennane from the Scientific Institute of Rabat, 

Morocco. A voucher specimen (77816 RAB) was 
deposited in the Herbarium of the Institute. For the B. 
vulgaris, root was collected in March 2019 in the region 
of Marrakech-Morocco. This plant material was 
identified by Dr. Ouhamou from the Faculty of Sciences, 
Cadi Ayyad University, Marrakech, Morocco. 

Instrumentation 

The instrumentations used in this study were 
chromatographic separation performed on Dionex 
Ultimate 3000 UHPLC-DAD system (CA, USA), 
equipped with a quaternary pump (HPG-3400RS), an 
autosampler (WPS-3000TSL), and a column oven 
(TCC-3000). A Vertex plus C18 reversed-phase column 
(250 × 4.6 mm, Eurospher II 100-5) provided by Knauer 
was used for the proposed method. The mass 
spectrometer was a TSQ Endura (Thermo Fisher 
Scientific) triple quadrupole equipped with heated-
electrospray ionization (H-ESI). 

Procedure 

Extraction 
The flowers (600 g) and seeds (400 g) of R. 

monosperma were air-dried for two weeks. The 
extraction was performed three times by maceration 
(room temperature, 3 d) with 2 L of n-hexane to remove 
lipophilic compounds. After evaporation of n-hexane 
under vacuum, the resulting mark was extracted three 
times by maceration with 2 L of ethyl acetate (room 
temperature, 3 d) for flowers and 2 L of diethyl ether for 
seeds (room temperature, 3 d). The resulting extract was 
then evaporated using a rotary evaporator. 

R. communis leaves (200 g) and B. vulgaris roots 
(300 g) were air-dried for two weeks. Each sample was 
extracted using Soxhlet and methanol as solvent. The 
extracts were evaporated under reduced pressure to give 
methanol crude extracts. This later was solubilized in 
water and extracted with ethyl acetate. The resulting 
extract was then evaporated using a rotary evaporator. 

UHPLC-DAD-ESI/MS method 
The separation gradient was created using solvent 

A (0.1% formic aqueous solution) and solvent B 
(methanol), as shown in Table 1. The mobile phase flow 
rate was 1 mL/min. The injection volume was 10 μL, and  
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Table 1. UHPL-DAD separation gradient 
Time (min) % of solvent B Time (min) % of solvent B 

0 5 18 54 
3 25 22 54 
6 25 26 95 
9 37 29 95 

13 37 29.15 5 
  31 5 

the wavelength was 280 nm. For the LC-MS experiment, 
negative mode was used. Sheath gas, ion sweep gas, and 
auxiliary gas were nitrogen (purity > 99.98%) at flow rates 
of 65, 0, and 40 arbitrary units (a.u.), respectively. The 
vaporizer temperature and ion transfer tube temperature 
were set at 350 °C. The electrospray voltage was set at 
−2.5 kV. Full scan MS acquisition mode (m/z 100–1000) 
in Q1 (mass resolution of 0.7 m/z full-width half maximum 
(FWHM)) with a scan time of 0.5 s was used [41]. 

Antioxidant activity 
DPPH-radical scavenging activity. Free radical-
scavenging activity of R. monosperma, B. vulgaris, and R. 
communis extracts was evaluated using a modified DPPH 
method. One milliliter of concentrations of samples (5–
100 μg/mL) was added to 1 mL of DPPH solution 
(40 μg/mL), and the mixture was incubated for 30 min 
[42]. Afterward, the absorbance was measured at 517 nm 
in a UV spectrophotometer. BHT, rutin, gallic acid, and 
quercetin were used as a standard antioxidant. Scavenging 
activity was expressed as IC50, an effective concentration 
in μg/mL of samples or standard that reduces the 
absorbance of DPPH by 50 % when compared with 
negative control. The experiment was carried out in 
triplicate. 
Conjugate diene scavenging activity. Conjugate 
diene scavenging activity was determined by UV 
absorbance [43]. A linoleic acid emulsion was prepared in 
tampon phosphate at pH 7 (10 mM; 10 mL) mixed with 
the linoleic acid (5.96 μL) and tween 20 (0.1%; 10 mL). 
Linoleic acid emulsion (1 mL) was added to various 
concentrations of studies extracts (5–100 μg/mL) and 
100 μL of CuSO4 (1.6 g/L). After that, the mixture was 
incubated at 37 °C in the dark for 1 h. To stop the 
reaction, 10 μL of EDTA and 10 μL of BHT (1 mg/mL) 
were added to the mixture. Then, the absorbance was 

measured at 234 nm. The conjugate diene scavenging 
activity was calculated using Eq. (1). 

0 1

0

A A
Scavenging activity (%)= 100

A


  (1) 

A0 is the absorbance of the control (sample without 
extracts), and A1 is the absorbance of the sample. The 
results were expressed as IC50. The experiment was 
carried out in triplicate. 
Thiobarbituric acid-reactive substances assay. 
The thiobarbituric acid-reactive substances (TBARS) 
assay determined the inhibition of lipid peroxidation 
according to Ohkawa method [44] with some 
modifications [45]. A 1 mL of linoleic acid emulsion was 
added to various concentrations of extracts (5–
100 μg/mL) and 100 μL of CuSO4 (1.6 g/L), and then was 
left to incubate at 37 °C in the dark for 3 h. The reaction 
was stopped by putting the mixture of products and 
reagents in ice and adding 10 μL of EDTA (20 mM). 
Then, 1 mL of TBA (0.78%) and 1 mL of trichloroacetic 
acid (TCA 20%) were added to the mixture which was 
incubated at 95 °C in the dark for 45 min. The n-butanol 
(0.8 mL) was added to the mixture. The absorbance was 
measured at 532 nm in a UV spectrophotometer. The 
estimation of TBARS was calculated using Eq. (1). 
Scavenging activity was expressed as IC50. The 
experiment was carried out in triplicate. 

Method validation 
As an important step to ensure the quality of 

analytical results and to provide researchers with 
performance criteria, the authors followed a process for 
validation of the method chosen for the characterization 
and quantification of polyphenols before use. The 
validation process was focused on six polyphenols 
known as antioxidant standards, such as gallic acid, 
vanillic acid, p-coumaric acid, rutin, quercetin, and 
genistein. Method validation was carried out using the 
five extracts that contain one or two compounds of 
interest (Table 2). 

The experimental plan of method validation is 
presented in Table 3. It concerns several studies such as 
specificity, linearity, repeatability, intermediate 
precision, detection limit, and quantification limit. As an 
example, recovery was studied using R. monosperma 
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ethyl acetate extract from the flowers. The choice of the 
different concentration levels used was made to cover the 
concentration range of the majority of samples. 

■ RESULTS AND DISCUSSION 

Characterization of Phenolic Compounds by 
UHPLC/DAD/ESI-MS 

A total of 14 phenolic compounds have been 
tentatively identified based on their wavelength of 
maximum UV absorption and mass spectrometry (MS) 
fragments in the negative mode corresponding to these 
peaks, alongside literature data on the chemical 
composition of Retama, Berberis, and Ricinus genus. 

The chromatographic profile of R. communis 
methanol extract (RM) showed the presence of phenolic 
acid (peak 2), ellagitannins, members of the tannin family, 
are characterized as hydrolyzable conjugates containing 

one or more hexahydroxydiphenoyl (HHDP) group(s) 
to esterify a sugar like galloly derivative (peaks 4–6), and 
flavonoid glycosides like rutin and quercetin (peaks 10 
and 11) (Table 4, Fig. 1). 

The UHPLC/DAD/ESI-MS results of B. vulgaris 
ethyl acetate showed the predominance of pyrogallic acid 
(peak 1) followed by vanillic acid and p-coumaric acid; 
however, in methanolic extracts in the same species, we 
notice the predominance of gallic acid (peak 3) followed 
by p-coumaric acid (Table 4, Fig. 1). Concerning R. 
monosperma extracts, the chromatographic profile of 
flower ethyl acetate extracts showed the predominance 
of genistein as isoflavone (peak 13) followed by apigenin 
(peak 14) as a flavone. For diethyl ether extracts of R. 
monosperma seeds, we can see the taxifolin flavanonols 
(peak 8) as a major compound, followed by genistein 
(peak 13) (Table 4, Fig. 1). 

Table 2. Information about the matrixes used to validate the method 
Matrix Part of the plant Nature of the extract Identified compounds 

Retama monosperma* Flowers Ethyl acetate Genistein 

Berberis vulgaris Roots Methanol p-Coumaric acid 
Ethyl acetate Vanillic acid 

Ricinus communis Leaves Methanol Gallic acid and rutin 
Ethyl acetate Gallic acid 

*In Morocco, Zefzoufi et al. [34] revealed that the diethyl ether extract of flowers and ethyl acetate 
extract of seeds of R. monosperma rich in flavonoid compounds such as genistein, quercetin, 
kaempferol. Other extracts of this plant are used in this paper 

Table 3. Experimental plan of method validation 
Parameter  Experience  

Specificity 
Method 1: Each extract sample (Table 2) was analyzed using UHPLC-DAD-ESI/MS [46]. 
Method 2: Some authors use the recovery [47-48] method to prove the specificity of the method. 
The experience carried out to perform the recovery test is detailed in the last row of the table. 

Linearity Three series of multi-standard solutions at 5 concentration levels were used (10, 50, 100, 150 and 
200 mg/L). Three repetitions for each level of each series were performed by UHPLC-DAD [49]. 

Detection limit  Ten repetitions for the control sample (methanol) were performed by UHPLC-DAD [48]. Quantification limit  

Precision 

Repeatability 
Two concentration levels (50 and 200 mg/L) of multi-standard solution were prepared by the same 
operator and analyzed by UHPLC-DAD. Ten repetitions were performed for each level on the 
same day [48]. 

Intermediate 
precision 

Every day for 3 d, a series of multi-standard solutions with 5 concentrations levels (10, 50, 100, 
150 and 200 mg/L) was prepared by the same operator. Three repetitions for each level of each 
series were performed by UHPLC-DAD [49]. 

Recovery 
Six samples of the ethyl acetate extract of Retama monosperma flowers were used to perform the 
recovery test. The final concentrations of the standard (Genistein) added are as follows: 0, 10, 50, 
100, 150, and 200 mg/L. Three repetitions were performed for each sample using UHPLC-DAD [50]. 
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Table 4. Tentatively identification of phenolic compounds (with their percentage area) from three medicinal plants 
using UHPLC/DAD/ESI-MS 

Peak 
number 

Rt 
(M-H)− 

m/z 
MS 

fragments 
UVmax 

Identified 
compound 

Molecular 
formula 

Ref. 
REA 
(%) 

RM 
(%) 

BEA 
(%) 

BM 
(%) 

RSDE 
(%) 

RFEA 
(%) 

1 5.9 125 - 270 Pyrogallol C6H6O3 - -  58.74 - - - 
2 6.1 331 169 270, 310 Galloyl-glucoside C13H16O10 [57] 70.82 20.15 - - - - 
3 6.5 169 125 272 Gallic acid C7H6O5 [57] -  - 38.07 - - 
4 9.3 483 313, 169 256, 310 Digalloyl-glucoside C20H20O14 [57] - 9.33 - - - - 
5 11.0 635 465, 283, 169 270, 310 Trigalloyl-glucoside C27H24O18 [57] - 2.33 - - - - 
6 12.7 633 463, 169 269, 310 Galloyl-HHDP-glucoside C27H22O18 [57] - 25.83 - - - - 
7 13.8 167 - 261, 295 Vanillic acid C8H8O4 - -  10.50 - - - 
8 18.1 315 - 228, 290 Taxifolin C15H12O7 [58] -  - - 71.32 - 
9 18.6 163 - 310 p-Coumaric acid C9H8O3 - - - 30.02 45.17 - - 
10 21.8 609 463, 301 257, 357 Rutin C27H30O16 [59] - 25.55 - - - - 
11 23.6 447 301 255, 356 Quercitrin C21H20O11 [59] 10.20 3.10 - - - - 
12 26.7 301 - 355, 368 Quercetin C15H10O7 [34] - - - - 20.05 - 
13 27.1 269 - 261, 302sh Genistein C15H10O5 [34] - - - - - 74.35 
14 27.7 269 - 236, 336 Apigenin C15H10O5 [51] - - - - - 21.02 
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Fig 1. Chromatographic profile of R. communis methanolic extract (RM), R. communis ethyl acetate extract (REA), B. 
vulgaris methanolic extract (BM), B. vulgaris ethyl acetate extract (BEA), R. monosperma flowers ethyl acetate extract 
(RFEA), R. monosperma seeds diethyl acetate extract (RSDE) and multi-standards solution at 280 nm 
 

In this study, we tentatively identified in three 
medicinal plants diverse phenolic compounds like 
phenolic acid (gallic acid, vanillic acid, p-coumaric acid), 
isoflavone (genistein), flavone (apigenin), flavanonols 

(taxifolin), flavonol (quercetin), glycoside flavonol 
(rutin and quercitrin), and ellagitannins (galloyl-
HHDP-glucoside). 

For Retama genus, based on the literature, we found  
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our results closely similar to other papers. Researchers 
identified genistein, luteolin, apigenin, and rutin in 
aqueous extract of R. monosperma growing in Spain [51]. 
Recently, researchers reported the presence of taxifolin 
and quercetin in ethyl acetate seeds extract and genistein 
and apigenin in diethyl ether flower extract of Moroccan 
R. monosperma [34]. In our study, we identified genistein 
as a major compound, followed by apigenin in another 
extract (ethyl acetate extract) of R. monosperma flowers. 

For Ricinus genus, we found dissimilarities in 
chemical composition between our results and the 
literature. For example, researchers reported five phenolic 
compounds isolated from R. communis growing in 
Vietnam such as gallic acid, vanillic acid, kaempferol-3-
O-β-D-glucopyranoside, and kaempferol-3-O-β-D-
xylopyranoside [52]. Another research determined the 
presence of gallic acid, genistic acid, vitexin, naringenin 
and rutin in leaves of R. communis from Tunisia [53]. In 
2016, researchers reported the presence of some alkaloids 
in the same species as ricinine and bufotenine O-
glucoside. To our knowledge, this paper is the first to 
identify digalloly-glucose, trigalloly-glucose, galloly-
HDDP-glucose, rutin, and quercitrin in R. communis 
native to Morocco. 

For Berberis, many studies focused on the 
identification of B. vulgaris alkaloid compounds like 
berberine, which is known as an important major 
compound in this plant. In Morocco, researchers reported 
the presence of some alkaloids in B. vulgaris 
dichloromethane extract such as berberine, palmatine, 
and epi berberine [54]. To our knowledge, this paper is 
the first to identify pyrogallol and p-coumaric acid in B. 
vulgaris from Morocco. These observed differences in 
chemical profiles can be explained by the geographic 
origin of the species [55], the extraction method 
(maceration in our case), the extraction solvent [56], and 
the part of the plant used for the preparation of the 
extracts. 

Antioxidant Activity 

Natural antioxidants are currently the subject of 
numerous studies because they can reduce the harmful 
effects of free radicals in neurodegenerative diseases and 
cardiovascular, arthritis, cancer, and autoimmune diseases 

in which oxidative stress is incriminated [60]. Numerous 
works carried out on the anti-free radical activity of plant 
extracts have shown that phenolic compounds and, more 
particularly, flavonoids are recognized as potentially 
antioxidant substances with the ability to trap free radical 
species and reactive forms of oxygen. The IC50 value 
represents the concentration of extract that neutralizes 
or reduces 50% of free radicals. The lower the IC50, the 
more the extract has a powerful antioxidant potential. 
Therefore, we evaluated the antioxidant activity of 
RFEA, RSDE, REA, RM, BEA and BM by three tests, 
conjugated diene scavenging activity, TBARS assay and 
DPPH (Table 5). We used rutin, gallic acid, quercetin, 
and BHT as standards. 

DPPH Scavenging Activity 

REA showed a higher antiradical activity 
(IC50 = 12.5 μg/mL) followed by RFEA, RM compared to 
standards BHT, quercetin and gallic acid, but still less 
than rutin standard. However, the antioxidant capacity 
of RSDE, BM and BEA were moderate compared to the 
other extracts and standards (Table 5). 

Conjugated Diene Scavenging Activity 

The conjugate diene scavenging activity of REA 
was more effective than BHT, quercetin and gallic acid, 
but it is similar to rutin. BEA showed moderate 
antioxidant activity followed by RM, BM, RFEA, and 
RSDE with IC50 values of 59.02, 60.09, 72.47, and 
98.08 μg/mL, respectively (Table 5). 

TBARS Assay 

TBARS assay of RM was significantly greater, 
followed by BEA and BM but still less than four standards. 
However, the inhibition of lipid peroxidation of RFEA, 
RSDE and REA was lower than in other samples (Table 
5). Based on the literature, several studies reported the 
antioxidant activity of these three plants' medicinal 
extracts. Concerning R. communis, researchers revealed 
that the antioxidant capacity of butanol extract of the 
aerial part of R. communis growing in Pakistan 
(IC50 = 140 μg/mL) is higher than that of ethyl acetate 
extract (IC50 = 190 μg/mL) [61]. In 2009, a paper 
described that leaves methanolic extract of R. communis 
has  a  strong  antiradical  activity  with  IC50 of 4.6 μg/mL  
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Table 5. Antioxidant activity of standards and samples in terms of IC50 (μg/mL) values with p < 0.05 
 DPPH Conjugated diene TBARS 

Standards 
BHT 28.41 ± 0.06 36.55 ± 0.28 40.06 ± 0.15 
Gallic acid 30.55 ± 0.02 36.52 ± 0.12 40.08 ± 0.15 
Quercetin 35.65 ± 0.25 30.05 ± 0.15 38.42 ± 0.05 
Rutin 10.02 ± 0.05 26.02 ± 0.11 30.05 ± 0.05 

 Samples 
RFEA 19.59 ± 0.11 72.47 ± 0.25 68.12 ± 0.12 
RSDE 84.95 ± 0.16 98.08 ± 0.50 82.26 ± 0.12 
REA 12.50 ± 0.11 29.59 ± 0.11 69.02 ± 0.11 
RM 20.45 ± 0.11 59.02 ± 0.11 50.30 ± 0.11 
BEA 38.05 ± 0.15 44.12 ± 0.02 52.89 ± 0.10 
BM 55.32 ± 0.14 60.09 ± 0.22 55. 90 ± 0.15 

RFEA: Retama flowers ethyl acetate; RSDE: Retama seeds diethyl ether; REA: Ricinus 
ethyl acetate; RM: Ricinus methanol; BEA: Berberis ethyl acetate; BM: Berberis methanol 

 
followed by ethyl acetate extract (IC50 = 6.04 μg/mL) [62]. 
For R. monosperma, previous work reported that the 
antiradical activity of ethyl acetate extracts of seeds (IC50 
= 15.13 μg/mL) was significantly higher than quercetin 
(IC50 = 19.43 μg/mL) and BHT standards (IC50 = 
30.21 μg/mL) [34]. Regarding B. vulgaris, recently, a paper 
reported higher antioxidant activity using a DPPH assay 
of ethanol and ethyl acetate extract of B. vulgaris roots 
with IC50 of 69.65 and 77.75 μg/mL, respectively [63]. 

Performance Criteria of the Validated 
Characterization Method Using the UHPLC-DAD 

Use of purity for the calculation of the real 
concentrations of the standards used 

Preparation of the standard solutions required 
weighing a certain mass of the standards in powder form. 
Since the purity of standards is different from 100%, the 
calculation of the real concentrations is necessary. Table 6 
shows the different concentrations used, taking their 
purity into consideration. 

Specificity 
The plant extracts and multi-standards solutions 

were analyzed by UHPLC/DA/DESI-MS, and each peak 
concerned was detected at 280 nm. Table 7 and Fig. 1 
show the found results. As can be seen in Fig. 1, the 
chromatograms show that the separation of all six 
phenolic compounds was successfully achieved with 
good resolution. Additionally, no interfering peaks were 
observed. 

Linearity 
Linearity is the ability of a method to elicit test 

results that are proportional to analyte concentration 
within a given range. The range of the analytical method 
is the interval between the highest and lowest 
concentrations in which linearity has been confirmed. 
Many tests are used to validate method linearity. These 
tests are presented in Table 8. 

The results showed that regression curves of each 
phenolic compound were found to be linear with R2 

 
Table 6. Real concentrations (mg/mL) of the standards used 

Standards Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein 
Level 1 9.90 9.80 10.00 9.59 9.90 9.90 
Level 2 49.49 48.98 49.98 47.94 49.49 49.49 
Level 3 98.98 97.97 99.96 95.88 98.98 98.98 
Level 4 148.47 146.95 149.94 143.82 148.47 148.47 
Level 5 197.96 195.94 199.92 191.76 197.96 197.96 
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Table 7. Quantitative analysis of phenols in different plant extracts using UHPLC-DAD-ESI/MS at UV 280 nm 

Rt 
(M-H)− 

m/z 
Molecular 

weight 
UVmax 

Identified 
compound 

Molecular 
formula 

REA 
mg/L 

RM 
mg/L 

BEA 
mg/L 

BM 
mg/L 

RSDE 
mg/L 

RFEA 
mg/L 

6.50 169 170 272 Gallic acid C7H6O5    29.81   
13.81 167 168 261, 295 Vanillic acid C8H8O4   56.61    
18.57 163 164 310 p-Coumaric acid C9H8O3   10.36 11.84   
21.78 609 610 257, 357 Rutin C27H30O16  12.35     
26.66 301 302 355, 368 Quercetin C15H10O7     69.64  
27.13 269 270 261, 302sh Genistein C15H10O5      102.02 

Table 8. Tests used to validate method linearity for the six compounds of interest 
Standard Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein Conclusion 
Slope a* 23967.90 15588.78 34637.73 6532.57 5797.53 24364.42 - 

Standard deviation of the slope Sa* 350.71 227.08 545.51 96.98 44.14 400.97 - 
Intercept b* 37743.55 24710.59 70174.89 9438.12 5939.70 51282.24 - 

Standard deviation of the intercept Sb* 42543.71 27265.38 66829.07 11396.44 5355.25 48640.90 - 
Coefficient of determination R2* 0.9994 0.9994 0.9993 0.9993 0.9998 0.9992 - 

Cochran test 
C 0.33 0.34 0.34 0.33 0.35 0.34 The homogeneity 

of variances is 
confirmed 

C(0.95, 3, 14) Between 0.55 and 0.60 according to the Cochran table 
Acceptance criteria There is a homogeneity of variances if Ccalculated ≤ C(1-α, s, nk-1) 

Test of intercept [64] 
t 0.89 0.91 1.05 0.83 1.11 1.05 The line passes 

through the origin t(0.975, 3) 3.18 
Acceptance criteria The line passes through the origin if tcalculated ≤ t(1-α/2, k-2)** 

Test of the nullity of 
the slope [65] 

t 68.34 68.65 63.50 67.36 131.32 60.76 

The slope is 
different from 
zero, there is a 

linear relationship 
between x and y  

t(0.975, 3) 3.18 
Acceptance criteria The slope is null if tcalculated ≤ t(1-α/2, k-2)** 

Test of significance 
of the slope [64] 

F 26011.31 23034.82 23098.18 24269.19 17330.50 22560.96 
F(0.95, 1, 43) 4.07 

Acceptance criteria The slope in not significance if Fcalculated ≤ F(1-α, 1, Nk-2) 

Test of significance 
of the regression [64] 

F 4670.40 4712.56 4031.72 4536.86 17246.08 3692.10 
F(0.95, 1, 3) 10.13 

Acceptance criteria The slope is not different from zero if Fcalculated ≤ F(1-α, 1, k-2) 
•Notes: *Calculated using the LINEST function in Microsoft Excel; **One-tail student test; Equation of regression curve: y = (a × x) + b (y: area; 
x: concentration mg/L)/α: risk = 0.05/s: Number of series/n: number of repetitions per level in the series/k: number of concentration levels/N: 
number of repetitions per level all series combined. Details of the calculations performed are shown in the supplementary material 
 
greater than 0.999. This value means that 99.9% of the 
variation in the concentration (within the range of the 
minimum and maximum concentrations taken into 
consideration) is expressed by the correlation. 

Linearity validation was confirmed by: i) firstly, the 
Cochran test that confirmed the homogeneity of 
variances, ii) secondary, the intercept test according to 
which it can be concluded that the line passes through the 
origin, and iii) finally, by a number of t and F tests to 
which it can be concluded that the slope is different from 
0 and there is a linear relationship between the 
concentration of the compound and the peak area. 

Repeatability 
The repeatability of the method was examined by 

analysis of two concentration levels by performing 10 
repetitions. The results of this test are presented in Table 
9. 

Intermediate precision 
The intermediate precision of the method was 

examined by analysis of 5 concentration levels three 
times for three days and calculation of the coefficient of 
variation and the intermediate precision. The found 
results are presented in Table 10. 
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Table 9. Repeatability study results for the six compounds of interest 
Compound Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein 

Concentration 
(mg/L) 49.49 197.96 48.98 195.94 49.98 199.92 47.94 191.76 49.49 197.96 49.49 197.96 

Average of 10 
repetitions (mg/L) 

50.42 196.51 50.40 195.32 51.32 198.62 48.98 190.45 48.53 190.24 51.09 197.05 

Standard deviation 
of 10 repetitions 
(mg/L) 

0.82 2.21 0.80 2.33 0.78 2.29 0.86 2.24 1.02 2.22 0.82 2.20 

Coefficient of 
variation (CV) 

1.63 1.12 1.60 1.19 1.52 1.16 1.75 1.18 2.09 1.16 1.61 1.12 

Repeatability r  2.30 6.18 2.25 6.52 2.19 6.42 2.40 6.27 2.85 6.21 2.30 6.16 
Acceptance 
criteria 

If the calculated CV is less than 5%, the proposed method is repeatable. 

Conclusion For the six phenolic compounds, the CV is less than 5%, which is acceptable. These results showed that the 
current method for quantification of the six phenolic compounds is repeatable. 

•Notes: Coefficient of variation: CV ൌ
ୗ୘ୈ

୶ത
ൈ 100 Repeatability r [67]: r = 2.8 × STD 

STD: Standard deviation of 10 repetitions; xത: Average of 10 repetitions 

Table 10. Intermediate precision study results for the six compounds of interest 
Gallic acid Concentration level (mg/L) 9.90 49.49 98.98 148.47 197.96 

Average of 9 repetitions (mg/L) 8.63 49.34 100.48 150.74 195.61 
Standard deviation of 9 repetitions (mg/L) 0.20 1.13 1.86 3.88 2.43 
Coefficient of variation (CV) 2.31 2.30 1.85 2.57 1.24 
Intermediate precision R 0.56 3.17 5.20 10.86 6.80 

Vanillic acid Concentration level (mg/L) 9.80 48.99 97.97 146.96 195.94 
Average of 9 repetitions (mg/L) 8.55 48.84 99.45 149.18 193.63 
Standard deviation of 9 repetitions (mg/L) 0.32 1.34 2.05 4.16 2.69 
Coefficient of variation (CV) 3.73 2.75 2.06 2.79 1.39 
Intermediate precision R 0.89 3.76 5.73 11.65 7.54 

p-Coumaric acid Concentration level (mg/L) 10.00 49.98 99.96 149.94 199.92 
Average of 9 repetitions (mg/L) 8.55 49.89 101.64 152.34 197.37 
Standard deviation of 9 repetitions (mg/L) 0.19 1.33 1.99 4.11 2.52 
Coefficient of variation (CV) 2.26 2.67 1.96 2.70 1.28 
Intermediate precision R 0.54 3.73 5.58 11.50 7.05 

Rutin Concentration level (mg/L) 9.59 47.94 95.88 143.82 191.76 
Average of 9 repetitions (mg/L) 8.42 47.66 97.40 146.05 189.46 
Standard deviation of 9 repetitions (mg/L) 0.27 1.13 1.80 4.02 2.40 
Coefficient of variation (CV) 3.16 2.37 1.85 2.75 1.27 
Intermediate precision R 0.75 3.16 5.05 11.25 6.72 

Quercetin Concentration level (mg/L) 9.90 49.49 98.98 148.47 197.96 
Average of 9 repetitions (mg/L) 9.24 49.35 99.90 149.56 196.75 
Standard deviation of 9 repetitions (mg/L) 0.25 1.20 2.92 4.40 5.41 
Coefficient of variation (CV) 2.72 2.44 2.93 2.94 2.75 
Intermediate precision R 0.70 3.37 8.19 12.33 15.14 

Genistein Concentration level (mg/L) 9.90 49.49 98.98 148.47 197.96 
Average of 9 repetitions (mg/L) 8.23 49.58 100.87 150.76 195.36 
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Standard deviation of 9 repetitions (mg/L) 0.31 1.39 1.78 3.89 2.74 
Coefficient of variation (CV) 3.75 2.81 1.77 2.58 1.40 
Intermediate precision R 0.86 3.90 4.99 10.88 7.66 

Acceptance 
criteria 

If the calculated CV is less than or equal to 5 %, the intermediate precision of the proposed 
method is validated. 

Conclusion It can be seen that all coefficients of variation are less than 5 %, which is acceptable. So, the 
intermediate precision of the method is validated. 

•Notes: Coefficient of variation CV ൌ
ୗ୘ୈ

୶ത
ൈ 100 Intermediate precision [67]: R = 2.8 × STD 

 STD: Standard deviation of 9 repetitions; xത: Average of 9 repetitions 
 
Detection and Quantification Limits 

The detection limit is the lowest concentration of the 
analyte that can be detected but not necessarily quantified. 
The quantification limit is the lowest concentration of the 
analyte that can be quantified at the experimental 
conditions. In the present paper, the limits were 
calculated using the graphic approach. 

This approach can be applied to analytical methods 
that provide a graphic recording (e.g., chromatography) 
with background noise. This method requires the 
determination of [48]: i) hmax is the greatest difference in 
amplitude on the y-axis of the signal observed between 
two acquisition points, excluding drift, over a distance 

equal to twenty times the width at mid-height of the peak 
corresponding to the analyte, centered on its (analyte) 
retention time. An explanatory diagram for the 
calculation of the hmax is presented at the level of the 
reference [66-68]; ii) Factor R is the quantity/signal 
response factor expressed in height. This factor 
corresponds to the slope of the regression curve, 
representing the concentration as a function of the peak 
height. It was calculated using the same data recorded to 
perform the intermediate precision test (5 concentration 
levels analyzed by performing 3 repetitions per day for 3 
d). Data used for the calculation of the detection and 
quantification limits are presented in Table 11. 

Table 11. Data used for the calculation of the detection and quantification limits 
Standard Gallic acid Vanillic acid p-Coumaric acid Rutin Quercetin Genistein 
Retention time (min)* 6.46 13.79 18.55 21.75 26.64 27.11 
Width at half height (min)* 0.12 0.22 0.19 0.25 0.16 0.11 
hmax** 752.64 266.59 381.97 431.90 989.67 885.96 
Factor R  3.18 × 10−04 7.76 × 10−04 3.35 × 10−04 1.69 × 10−03 1.29 × 10−03 2.69 × 10−04 
Detection limit DL (mg/L) 0.72 0.62 0.38 2.11 3.84 0.71 
Quantification limit QL (mg/L) 2.39 2.07 1.28 7.30 12.80 2.38 

Notes: *Retention time and width at half height are average values calculated using data from the intermediate precision study (3 
repetitions per day for 3 d) for the lowest concentration level; **hmax: Average of hmax of each repetition of the control sample (10 
repetitions in total); Detection and quantification limits were calculated using the following equations [48]: DL = 3 × hmax × R, QL 
= 10 × hmax × R 

Table 12. Results of the recovery test 

Concentration 
level 

Added 
concentration (mg/L) 

Concentration after 
addition (3 repetitions 

average) (mg/L) 

Recovered 
concentration (level 
X - level 1) (mg/L) 

Recovery 
(%) 

Recovery average 
(%) 100.63 

Level 1 0.00 100.90 - - Standard 
deviation (%) 1.70 

Level 2 9.90 111.04 10.14 102.44 Coefficient of 
variation (CV) 1.68 

Level 3 147.98 247.51 146.62 99.08 t(0.975,2) 4.30 

Level 4 197.96 299.60 198.70 100.38 Confidence 
interval ±  4.21 
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Acceptance 
criteria The CV must be less than 2 %, and the confidence interval must include the value 100 % [50] 

Conclusion The coefficient of variation is less than 2%, and the recovery average interval of confidence 
(CI = 100.63% ± 4.21) includes 100%, so the method is accurate. 

•Notes: 
Coefficient of variation 

CV ൌ
STD

𝑥̅
ൈ 100 

STD: Standard deviation 
xത: Recovery average 

 
Recovery 

Recovery ൌ  
RC
AC

ൈ 100 
RC: Recovered concentration 
AC: Added concentration 

 
Confidence interval [64] 

xത െ tሺ1 െ
α
2

, vሻSTD/√n ൏ m ൏ xത ൅ t ቀ1 െ
α
2

, vቁ STD/√n 
m: Confidence interval average 
t(1-α /2, k-1): tcritical value, it is read on one-tailed Student table (with, α: risk = 0.05); 
v: degree of liberty, v = k – 1; k: number of recovered concentration levels 

Table 13. Results of the specificity study further to the regression curve representing recovered concentrations as a 
function of added concentrations – Genistein in the EAE of Retama monosperma flowers 

Slope a* 
Standard 

deviation of 
the slope Sa* 

Intercept 
b* 

Standard 
deviation of the 

intercept Sb* 

tcalculated for the test of the 
hypothesis of “the slope 

is equivalent to 1”** 

tcalculated for the test of the 
hypothesis of “the intercept 

b equivalent to 0”*** 

Critical value 
of Student 
test t(0.01, 1) 

1.00 0.01 -0.08 1.61 0.03 0.05 63.66 

Acceptance 
criteria 

The slope of the regression curve is equivalent to 1 if tcalculated is less than t(α, k-2) read on a two-tailed Student table 
(with k: number of concentration levels; α: risk = 0.01) [48] 

The intercept of the regression curve is equivalent to 0 if tcalculated is less than t(α, k-2) read on a two-tailed Student 
table (with, k: number of concentration levels; α: risk = 0.01) [48] 

Conclusion The slope of the regression curve is equivalent to 1 
The intercept of the regression curve is equivalent to 0 

•Notes: y =(a × x) +b (y: recovered concentration (mg/L); x: added concentration (mg/L)); *Calculated using the LINEST function in Microsoft 
Excel; **Calculated with the following equation [48]: t ൌ

|ୟିଵ|

ୗ౗
; *** Calculated with the following equation [48]: t ൌ  

|ୠ|

ୗౘ
 

Table 14. Results of the specificity study further the two calibration curves (without matrix and with matrix) – 
Genistein in the EAE of Retama monosperma flowers 

Calibration curve without matrix Calibration curve with matrix tcalculated** 
Critical value of Student 

test t(0,95,5) 

Slope a* Standard deviation of the slope Sa* Slope a’* 
Standard deviation of the 

slope Sa’*   

24349.22 156.18 24364.42 400.98 0.04 2.02 
Acceptance criteria The two slopes are equal if tcalculated is less than or equal to t(1-α/2, k + k’ - 4) read on one-tail Student table 
Conclusion The two slopes are equal 

•Notes: *Calculated using the LINEST function in Microsoft Excel; Calibration curve without matrix y = (a × x) + b (y: peak area; x: concentration 
(mg/L)); Calibration curve with matrix y = (a’ × x) b’ (y: peak area; x: added concentration (mg/L)); **Calculated with the following equation [66]: 

tୡୟ୪ୡ୳୪ୟ୲ୣୢ ൌ
|ୟିୟᇲ|

ටୗ౗
మାୗ౗

ᇲ మ
; k is the number of the concentration levels used for the calibration curve without matrix; k’ is the number of the concentration 

levels used for the calibration curve with matrix; α: risk = 0.1 
 

Recovery 

In this paper, we will deal with an example of the 
recovery test which concerns the matrix of R. 
monosperma flowers of the ethyl acetate extract. This test 
can be used to assess the accuracy of the method (Table 

12) but also, by some authors [47], to confirm specificity 
(Table 13-14). 

The concentration after addition was calculated 
using the calibration curve results for the linearity test. 
Further to the statistical tests carried out, of which the 
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results are presented in Tables 13 and 14, we can confirm 
that the method is specific. 

■ CONCLUSION 

Extracts characterization using UHPLC/DAD/ESI-
MS showed i) the richness of R. monosperma of flavonol, 
isoflavone and flavone, ii) the presence of flavonol 
glycoside in R. communis, iii) the richness of B. vulgaris of 
galloyl-glucose and phenolic acids. These plant extracts 
have a high antioxidant capacity due to the presence of 
phenolic compounds. The higher capacity concerns R. 
communis methanolic extract with IC50 of 12.5, 29.59, and 
50.3 μg/mL for DPPH assay, conjugated diene, and 
TBARS assay, respectively. As an important step to ensure 
the quality of analytical results, this paper presented the 
performance criteria of the validated method using 
UHPLC/DAD/ESI-MS and focusing on six polyphenols 
known as antioxidant standards (gallic acid, vanillic acid, 
p-coumaric acid, rutin, quercetin, and genistein). The 
results of all released tests in the process of method 
validation are very satisfactory. In short, the polyphenol 
content of the plants studied in this article makes them an 
important subject for future research realized by 
industries, such as pharmaceuticals and cosmetics, 
seeking to exploit natural products such as plants to 
develop products with high antioxidant activity. 
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Fig S1. 1H-NMR spectrum of 3-methyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 

 
Fig S2. 13C-NMR spectrum of 3-methyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 
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Fig. S3. 1H-NMR spectrum of 3-butyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 

 
Fig S4. 13C-NMR spectrum of 3-butyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 
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Fig S5. 1H-NMR spectrum of 3-phenyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 

 
Fig S6. 13C-NMR spectrum of 3-phenyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 
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Fig S7. MS spectrum of 3-methyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 

 
Fig S8. MS spectrum of 3-butyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one 
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Fig S9. Theoretical NMR spectra of compounds 2a-c 
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 Abstract: This work focuses on synthesizing new imidazolin-4-one derivatives (2a-c), 
akin to leucettamine B analogs, via microwave-assisted transamination reactions. This 
reaction was carried out between 3-alkyl-5-dimethylamino-2-thioxo-imidazolidin-4-one 
(1a-c) and aniline. The structural integrity of the synthesized compounds was confirmed 
using NMR and MS spectroscopy, and their configurations were validated through DFT 
calculations. Analyses encompassed molecular electrostatic potential, frontier molecular 
orbitals, HOMO-LUMO energies, energy band gap, and global chemical reactivity 
descriptors, providing comprehensive insights into their characteristics. The investigation 
extended to the biological domain, employing substance activity spectra prediction 
(PASS) and molecular docking with Autodock Vina4 program. Notably, this holistic 
assessment aimed to gauge the potential regulatory effect of the compounds on cholesterol. 
This integrated approach contributes to compound design understanding and potential 
applications, spanning drug design and broader biomedical contexts. 

Keywords: DFT calculations; imidazolin-4-ones derivatives; HOMO-LUMO energies; 
microwave irradiation; molecular docking 

 
■ INTRODUCTION 

Marine natural products have evolved considerably 
and have become very interesting sources of inspiration 
for new drug discovery [1]. Most of the compounds have 
spurred improvements in organic chemistry, especially in 
synthesis methodologies, thereby paving the way to 
synthesize analogs with improved pharmacological or 
pharmaceutical properties [2-5]. From this point of view, 
marine sponges provide without a doubt a vast store of 
unique and physiologically active natural compounds that 
need to be studied. 

The study of 2-thiohydantoin derivatives as well as 
2-aminoimidazolin-4-one has attracted the interest of 
many researchers both in synthesis and in the study of 
their properties [6-7], particularly as a material first for 
the preparation of synthetic intermediates with a wide 
range of applications in several fields as therapeutic 
agents [8-9] antifungals, herbicides [10-11], antitumors 
[12], and other biological activities [13]. As a 
consequence, the development of solvent-free organic 
synthesis using microwaves has gained much interest 
[14-15]. 
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The purpose of this study is to synthesize new 
molecule derivatives of 2-thiohydantoins using aniline as 
the aromatic amine in the transamination step, and then 
we conducted in silico investigations using DFT 
calculations, activity prediction, and molecular docking. 
Chérouvrier et al. [16] used this strategy to obtain 
analogues of leucettamine B. However, aniline was not 
used in this reaction. 

As far as we know, the transamination of 5-
dimethylaminomethylene-3-alkyl-2-thioxoimidazolidin-
4-ones (1a-c) using aniline under microwave irradiation 
(M.W.I.) has not been described previously. In this 
framework, we report our first results concerning this 
strategy for the synthesis of new derivatives of imidazolin-
4-ones according to Scheme 1. 

It is widely established that in organic frameworks 
with large delocalized π-systems, π-electrons are more 
polarizable due to their further enhancement by the 
donor and acceptor substituents incorporation at the 
extremities of the conjugated system [17]. The magnitude 
of the charge transfer is largely determined by these 
groups at the opposite ends. 

The compounds 1a-c and 2a-c were calculated using 
the density functional theory (DFT) method with 
B3LYP/6-311G(d,p) basis set. The molecular electrostatic 
potential (MEP) shape is a plot of electrostatic potential 
mapped onto the constant electron density surfaces, 
which provides information about charge density 
distributions, nucleophilic, and electrophilic reaction 
sites for hydrogen bonding interactions in a molecule. 

The MEP map and the energies (HOMO and LUMO) 
of the compound were determined using DFT/B3LYP 
method with 6-311G(d,p) basis set in Gaussian 09 software 

 
Scheme 1. Reagents and conditions: (i) Ph-NH2 (4 eq), 
MW, for 2a: R = Me, 70 °C, 5 min; for 2b: R = Bu, 70 °C, 
5 min for 2c: R = Ph, 70 °C, 10 min 

program. In addition, the prediction of activity spectra 
for substances (PASS) and molecular docking methods 
were employed to conduct a comprehensive 
investigation, yielding essential information for 
determining the biological activity of the investigated 
compounds. 

■ EXPERIMENTAL SECTION 

Materials 

The reagents used in this study without any further 
purification are N,N-dimethylformamide dimethyl 
acetal 94% (DMF-DMA) and aniline (≥ 99%). 

Instrumentation 

A Bruker Ascend TM 300 was used to record the 
1H-NMR and 13C-NMR spectra at 300 and 75 MHz, 
respectively. Shifts () are presented in ppm relative to 
the residual proton signal of DMSO-d6 at 2.50 ppm (m). 
A Q-exactive mass spectrometer and electrospray 
ionization (ESI) were used to record mass spectra. 
Sample injection (MeOH as solvent) was carried out 
using UHPLC without a column (50 L and 3 min 
acquisition at 0.200 mL/min). The acquisition was 
carried out with a full scan at 60,000 resolutions. The 
capillary temperature was 350 °C and the source voltage 
was 3.5 kV. Spectra were recorded in positive mode and 
calibrated using the Pierce™ LTQ Velos ESI Positive Ion 
Calibration Solution (Thermo Fisher Scientific). A 
Kofler melting point apparatus was used to determine 
the melting points (m.p.) of all products with a 
temperature reading scale graduated from 50 °C to 
260 °C. 

Procedure 

Synthesis and characterization of 5-
dimethylaminomethylene-3-alkyl-2-
thioxoimidazolidin-4-ones (1a-c) 

5-Dimethylaminomethylene-3-alkyl-2-
thioxoimidazolidin-4-ones (1a-c) were synthesized 
following procedures described in the literature [16,18]. 
Briefly, a mixture of 3-alkyl-2-thioxo-imidazolidin-4-
one and DMF-DMA (1.2 eq) was reacted in a microwave 
for 30 min at 70–80 °C. After cooling at room 
temperature, the crude products were washed with 
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ethanol. The aminomethylenation products (1a-c) were 
obtained as a solid in yields ranging from 74 to 77%. 

General method for the synthesis of 3-alkyl-5-
phenylaminomethylene-2-thioxoimidazolidin-4-ones 
(2a-c) 

A mixture of 5-dimethylaminomethylene-3-alkyl-2-
thioxoimidazolidin-4-one (1a-c) and aniline (4 eq) was 
reacted in a microwave at 70 °C for 5 to 10 min (Scheme 
2). When the reaction was completed, the crude reaction 
mixture was allowed to cool down at room temperature, 
and then ethanol was added until the compounds had 
completely precipitated. The expected compounds were 
obtained after filtration on sintered glass. 

■ RESULTS AND DISCUSSION 

The new imidazolin-4-ones 2a-c were obtained by a 
simple transamination reaction between 3-alkyl-5-
dimethylamino-2-thioxo-imidazolidin-4-ones 1a-c and 
aniline using the eco-friendly solventless methodology 
under microwave irradiation. The expected compounds 
were obtained in good yields ranging from 70 to 84% after 
filtration and by adding the ethanol. 1H-NMR, 13C-NMR, 
and mass spectrometry were used to confirm the obtained 
product structures. The 1H-NMR shows that the reaction 
is stereospecific. In fact, only one stereoisomer is observed 
in 1H-NMR of the reaction product. The exocyclic double 

bond proton C=CH has a chemical shift of about 9 ppm. 
The coupling constant 3J = 13.2 Hz [19] for compounds 
2a and 2b that exists between the exocyclic vinyl proton 
C–H and the amino proton N–H lead to the suggestion 
of the trans relation between these two hydrogens about 
the C–N bond which acquires partial double character 
due to conjugation. However, this vinylic C–H appears 
as a singlet in the case of 2c caused by the fast exchange 
of the proton of the amine group. The appearance of the 
signals of phenyl and N–H groups at respectively 7.00 
and 7.40 ppm (2b) affirm the transamination reaction. 
This result is confirmed by 13C-NMR, which shows the 
signals of sp2 carbons of the phenyl group varying from 
108 to 138 ppm. Moreover, the comparison between 
experimental and theoretical 1H- and 13C-NMR spectra 
obtained by Gaussian 09 confirms the obtaining of 
imidazolin-4-ones derivatives (2a-c) (Fig. S9). 

NMR and MS Spectroscopies Results 

3-Methyl-5-phenylaminomethylene-2-
thioxoimidazolidin-4-one (2a) 

Yield: 70%; yellow powder; m.p. > 260 °C. 1H-NMR 
(300 MHz, DMSO-d6): δ 3.13 (s, 3H, NCH3), 7.00 (t, J = 
7.3 Hz, 1H, Ar), 7.16–7.19 (m, 2H, Ar), 7.30–7.40 (m, 3H, 
Ar, NH), 9.09–9.13 (d, J = 13.2 Hz, 1H, C=CH), 11.35 
(br s, 1H, NH) (Fig. S1). 13C-NMR (75 MHz, DMSO-d6): 

 
Scheme 2. Synthesis of 3-alkyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-ones (2a-c) with mechanism 
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δ 27.33 (NCH3), 108.34 (C-Ar), 115.58 (2 C-Ar), 119.13 
(NHC=CH), 123.01 (C-Ar), 130.17 (2 C-Ar); 140.62 
(C=CH), 163.18 (C=O), 171.76 (C=S) (Fig. S2). HRMS, 
m/z: 234.0697 found (calculated for C11H12N3OS, [M + 
H]+ requires: 234.0696) (Fig. S7). 

3-Butyl-5-phenylaminomethylene-2-
thioxoimidazolidin-4-one (2b) 

Yield: 82%; light brown powder; m.p. = 224–226 °C. 
1H-NMR (300 MHz, DMSO-d6): δ 1.06 (t, J = 7.0 Hz, 3H, 
NCH2CH2CH2CH3), 3.10–3.17 (m, 4H, 
NCH2CH2CH2CH3), 3.42–3.47 (q, J = 7.0 Hz, 2H, 
NCH2CH2CH2CH3), 7.02 (t, J = 7.3 Hz, 1H, Ar), 7.19 (d, J 
= 8.0 Hz, 2H, Ar), 7.32–7.41 (m, 3H, Ar, NH), 9.10–9.13 
(d, J = 13.1 Hz, 1H, C=CH), 11.36 (br s, 1H, NH) (Fig. S3). 
13C-NMR (75 MHz, DMSO-d6): δ 19.01 
(NCH2CH2CH2CH3), 27.34 (NCH2CH2CH2CH3), 39.60 
(NCH2CH2CH2CH3), 56.50 (NCH2CH2CH2CH3), 108.34 
(C-Ar), 115.63 (2 C-Ar), 119.22 (NHC=CH), 123.06 (C-
Ar), 130.21 (2 C-Ar), 140.64 (C=CH), 163.21 (C=O), 171.80 
(C=S). (Fig. S4). HRMS, m/z: 276.1169 found (calculated 
for C14H18N3OS, [M + H]+ requires: 276.1165) (Fig. S8). 

3-Phenyl-5-phenylaminomethylene-2-
thioxoimidazolidin-4-one (2c) 

Yield: 84%; dark brown powder; m.p. ˃ 260 °C. 1H-
NMR (300 MHz, DMSO-d6): δ 7.12 (t, J = 7.4 Hz, 1H, Ar), 
7.35–7.40 (m, 2H, Ar), 7.48–7.58 (m, 3H, Ar), 7.66–7.70 
(m, 4H, Ar), 8.09 (s, 1H, C=CH), 9.97 (s, 1H, NH), 13.03 
(br s, 1H, NH) (Fig. S5). 13C-NMR (75 MHz, DMSO-d6): 
δ 120.22 (NHC=CH), 123.17 (C-Ar), 123.86 (C-Ar), 
124.35 (C-Ar), 126.44 (2 C-Ar), 128.82 (C-Ar), 129.36 (2 
C-Ar), 129.44 (3 C-Ar), 137.78 (C-Ar), 138.87 (C=CH), 
156.07 (C=O), 164.24 (C=S) (Fig. S6). 

Computational Results and Discussion 

The Gaussian 09 set of quantum chemistry codes 
were used to perform the ground state calculations [20]. 
Gauss View 5 software was used to visualize the output 
files [21]. The structural properties of compounds 1a-c 
and 2a-c were determined by applying Becke’s three-
parameter hybrid functional (B3) for the exchange part 
and the Lee-Yang-Parr (LYP) correlation function [22] 
with 6-31G(d,p) level in order to obtain the optimized 
geometrical parameters of the compound. The MEP and 

HOMO–LUMO energies were calculated at the same 
level. Additionally, the global reactivity descriptors and 
the dipole moment are also calculated to understand the 
reactive nature of the compound. For a more in-depth 
study to provide additional information as a basis for 
determining the biological activity of the studied 
compounds, we used PASS and the molecular docking 
method using Autodock Vina4 [23]. 

We harnessed Autodock Vina4 for conducting 
molecular docking and leveraged the Pass Online tool to 
predict the biological activity of the identified 
compounds namely, lig1 (2a), lig2 (2b), and lig3 (2c). 
Our discerned results substantiate the potential of these 
compounds to function as enhancers of HMGCS2 
expression. Employing molecular docking, we delved 
into the preferred orientations and binding mechanisms 
of these molecules within HMGCS2's active site. This 
comprehensive exploration facilitates insights into 
intricate molecular interactions, encompassing 
hydrogen bonding, hydrophobic interactions, and 
electrostatic forces. These interactions collectively 
underscore the fundamental stabilizing factors 
governing the system's integrity. 

Frontier molecular orbital’s (FMOs) studies: Global 
reactivity descriptors 

The charge transfer placed within the molecule was 
explained by analyzing the HOMO and LUMO. Both 
orbitals named as FMOs. The FMOs energies (EHOMO, 
ELUMO) were employed to determine the global chemical 
reactivity descriptors of the molecule such as the 
ionization potential electron affinity, the 
electronegativity, the global hardness, the global 
softness, the chemical potential, and the electrophilicity 
index [24-25]. Two important molecular properties, 
electronegativity and hardness, are useful for 
interpreting and understanding the stability and 
reactivity of molecular systems [26]. 

The HOMO-LUMO energy gap explains the 
concluding charge transfer interaction within the 
molecule and is useful in determining molecular 
electrical transport properties. A molecule with a small 
frontier orbital gap (HOMO-LUMO energy gap) has 
high chemical reactivity and low kinetic stability [27-29] 
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because it is energetically favorable to add an electron to 
the high-lying LUMO in order to remove electrons from 
the low-lying HOMO. Therefore, HOMO-LUMO energies 
are used to determine different chemical properties such 
as the global reactivity descriptors (ΔE), ionization 
potential (IP = −EHOMO), electron affinity (EA = −ELUMO), 
global chemical hardness (η = (IP−EA)/2), global chemical 
softness (s = 1/2η), electronegativity ( = (IP+EA)/2), 
chemical potential (μ = −(IP+EA)/2) and electrophilicity 
index ( = μ2/2η). 

The HOMO-LUMO gap energy and the dipole 
moment listed in Table 1 of the title compound were 
computed with DFT/B3LYP/6-311G(d,p) method. The 
calculated values of the global reactivity descriptors are 
also listed in Table 1. The FMO's atomic orbital 
compositions can be seen in Fig. 1 and 2. 

In the group of 2a-c, the best electron donor is 
compound 2b, which has the highest HOMO energy 
(EHOMO = −5.385 eV) and the lowest ionization value 
(IP = 5.385 eV), while the best electron acceptor is 
compound 2c, which has the lowest LUMO energy 
(ELUMO = −1.673 eV), the highest electron affinity 
(EA = 1.673 eV), and the highest ionization value 
(IP = 0.5413 eV) (Table 2). Furthermore, compound 2c 
showed the smallest orbital energy gap (ΔE = 3.74 eV) 
among the investigated products as the consequence of 
the highest chemical reactivity, least kinetically stable 
"soft molecule", and the most polarizable form (Fig. 2). 
The reactivity of these compounds is the greatest based 
on energy gap (ΔE) parameters, which support that 
compound 2a is the most stable as compared to others 
as follow the  order 2a > 2b > 2c (Fig. 2).  It is important  

Table 1. Some quantum chemical molecular descriptors computed of the 1a-c compounds using DFT/B3LYP/6-
311G(d,p) 

Compounds 
Compound 

1a 
Compound 

1b 
Compound 

1c 
EHOMO (eV) −5.277 −5.252 −5.279 
ELUMO (eV) −1.281 −1.265 −1.321 
|EHOMO−ELUMO| (eV) 3.996 3.987 3.957 
Dipole moment μ (Debye) 6.784 6.584 6.741 
IP (eV) 5.277 5.252 5.279 
EA (eV) 1.281 1.265 1.321 
η (eV) 1.998 1.993 1.979 
S (eV−1) 0.250 0.251 0.253 
 (eV) 3.279 3.258 3.300 
μ (eV) −3.279 −3.258 −3.300 
 (eV) 2.690 2.662 2.753 

 
Fig 1. The molecular orbitals and energies for the HOMO and LUMO with the numbering of atoms for the 5-
dimethylaminomethylene-3-alkyl-2-thioxoimidazolidin-4-ones (1a-c) 
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Table 2. Some computed quantum chemical molecular descriptors of the 2a-c compounds using DFT/B3LYP/6-
311G(d,p) 

Compounds 
Compound 

2a 
Compound 

2b 
Compound 

2c 
EHOMO eV −5.423 −5.385 −5.413 
ELUMO eV −1.645 −1.626 −1.673 
|EHOMO−ELUMO| (eV) 3.777 3.758 3.740 
Dipole moment μ (Debye) 5.783 5.577 5.668 
IP (eV) 5.423 5.385 5.413 
EA (eV) 1.645 1.626 1.673 
η (eV) 1.889 1.879 1.870 
S (eV−1) 0.265 0.266 0.267 
 (eV) 3.534 3.505 3.543 
μ (eV) −3.534 −3.505 −3.543 
 (eV) 3.305 3.268 3.356 

 
Fig 2. The molecular orbitals and energies for the HOMO and LUMO with the numbering of atoms for the titles 
compounds3-alkyl-5-phenylaminomethylene-2-thioxoimidazolidin-4-one (2a-c) 
 
to measure other important parameters such as η, S, and 
μ to measure the stability of the compound. 

Mulliken population analysis 
Quantifying the electronic structure changes caused 

by atomic displacements can be done by using atomic 
charge calculations, which can be used to explain changes 
in molecular properties. The Mulliken [30] population 
analysis is the most widely known of all models for 
predicting individual atomic charges, and it is highly 
computationally popular due to its simplicity. It was 
observed that Mulliken charges are highly dependent on 
basis sets and unpredictable, with significant fluctuations 
in partial charges [31]. 

The atomic charge values calculated by Mulliken 
analysis for 1a-c and 2a-c at the BPV86 functional with 
the 6-311G(d,p) basis set are summarized in Table 3 and 

4. According to Mulliken results, all of the hydrogen 
atoms are positively charged. In these molecules, the H1 
and H3 atoms have high positive Mulliken charges of 
0.273 and 0.279 e, respectively. These charges are 
important compared to the other hydrogen atoms due to 
the electronegative character of the N2 and N3 atoms. 
The large positive charge values of hydrogen atoms 
indicate the presence of intra and inter-molecular 
hydrogen bonding in the crystal packing. On the other 
hand, the sulfur, oxygen, and nitrogen atoms have the 
most negative charges in the four title molecules. The 
carbon atoms bound to the sulfur, oxygen, and nitrogen 
atoms have positive charges due to their electron-
withdrawing nature. The calculated Mulliken charges 
are in complete agreement with the molecular 
electrostatic potential results using the BPV86/6-
311G(d,p) level of theory. 
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Table 3. Atomic charges distribution for 5-
dimethylaminomethylene-3-alkyl-2-thioxoimidazolidin-
4-ones (1a-c) calculated by Mulliken method using the 
BPV86/6-311G(d,p) level in the gas phase 

Compound 1a Compound 1b Compound 1c 
1C 0.553 1C 0.555 1C 0.556 
2C 0.214 2C 0.272 2C 0.275 
3C 0.360 3C 0.360 3C 0.362 
4N −0.498 4N −0.499 4N −0.509 
5S −0.288 5S −0.270 5S −0.271 
6N −0.631 6N −0.624 6N −0.626 
7C 0.121 7C 0.077 7C 0.077 
8H 0.140 8H 0.145 8H 0.145 
9N −0.422 9N −0.606 9N −0.607 
10C −0.176 10C −0.176 10C -0.176 
10HA 0.126 10HA 0.126 10HA 0.126 
10HB 0.125 10HB 0.125 10HB 0.125 
10HC 0.136 10HC 0.136 10HC 0.136 
11C −0.190 11C 0.289 11C −0.190 
11HA 0.138 11HA 0.138 11HA 0.138 
11HB 0.127 11HB 0.127 11HB 0.127 
11HC 0.130 11HC 0.130 11HC 0.130 
12H 0.273 12H 0.273 12H 0.273 
13O −0.527 13O −0.527 13O −0.527 
14C −0.176 14C −0.050 14C 0.264 
14HA 0.144 14HA 0.113 15C -0.081 
14HB 0.145 14HB 0.134 15HA 0.104 
14HC 0.146 15C −0.176 16C −0.104 
  15HA 0.118 16HA 0.081 
  15HB 0.108 17C -0.074 
  16C −0.178 17HA 0.085 
  16HA 0.100 18C −0.103 
  16HB 0.096 18HA 0.090 
  17C −0.319 19C −0.064 
  17HA 0.107 19HA 0.110 
  17HB 0.104   
  17HB 0.100   

Molecular electrostatic potential 
Generally, the electrophilic and nucleophilic sites of 

a molecule can be located by studying electrostatic 
potential (ESP) [32]. It is a valuable and useful tool for 
molecular modeling studies. Predicting the interaction 
between different geometries can be done easily using the 
MEP contour map [33]. The total charge distribution of a 
molecule can be  used to define the  MEP at a  given point  

Table 4. Atomic charges distribution for and3-alkyl-5-
phenylaminomethylene-2-thioxoimidazolidin-4-ones 
(2a-c) calculated by Mulliken method using the 
BPV86/6-311G(d,p) level in the gas phase 

Compound 2a Compound 2b Compound 2c 
1C 0.555 1C 0.556 1C 0.553 
2C 0.272 2C 0.275 2C 0.273 
3C 0.360 3C 0.362 3C 0.359 
4N −0.499 4N −0.509 4N −0.613 
5S −0.270 5S −0.271 5S −0.255 
6N −0.624 6N −0.626 6N −0.523 
7C 0.077 7C 0.077 7C 0.078 
8H 0.145 8H 0.145 8H 0.146 
9N −0.606 9N −0.607 9N −0.606 
11C 0.289 11C 0.289 11C 0.289 
24C −0.176 24C −0.050 15O −0.508 
24HA 0.146 24HA 0.139 10H 0.276 
24HB 0.147 24HB 0.130 12C −0.139 
24HC 0.148 15O −0.525 13C −0.113 
14H 0.286 10H 0.276 14C −0.091 
15O −0.519 12C −0.139 15H 0.119 
10H 0.270 13C −0.113 16C −0.088 
12C −0.139 14C −0.091 17H 0.089 
13C −0.113 15H 0.119 18C −0.083 
14C −0.091 16C −0.088 19H 0.105 
15H 0.119 17H 0.089 20H 0.098 
16C −0.088 18C −0.083 21H 0.096 
17H 0.089 19H 0.105 24C 0.261 
18C −0.083 20H 0.098 25C −0.052 
19H 0.105 21H 0.096 26C −0.061 
20H 0.098 27C −0.175 27C −0.103 
21H 0.096 28H 0.108 28H 0.110 
  29H 0.118 29C −0.103 
  30C −0.179 30H 0.103 
  31H 0.100 31C −0.073 
  32H 0.096 32H 0.091 
  33C −0.319 33H 0.090 
  34H 0.101 34H 0.087 
  35H 0.104   

around it and it is connected to dipole moments. By 
analyzing the electron density, it can be used to 
determine electrophilic reactivity, nucleophilic 
reactivity, and hydrogen-bonding interactions [34-35]. 
The electrostatic potential, V(r⃗) at any point r⃗ is given by 
Eq. (1) [35]: 
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V (r⃗) = ∑ ୞ఽ

 ⃓ሬୖሬ⃗ ఽି୰ሬ⃗ |୅ ׬ -   ஡ሺ୰ሻୢ୰ᇱሬሬሬ⃗ሬሬሬሬሬሬሬሬሬሬሬ⃗

⃓୰ᇲି୰⃓ሬሬሬሬ⃗ሬሬሬሬሬሬሬሬሬሬሬሬ⃗  (1) 
where ρ (r⃗) is the electronic density function molecule, ZA 
is the charge on the nucleus A located at Rሬሬ⃗ ୅, and rᇱ is the 
dummy integration variable. In order to predict the 
molecular reactive sites, the electrostatic potential surface 
maps have been plotted for the title compounds with 
B3LYP/6-311G(d,p) level shown in Fig. 3. 

According to this MEP map, there are two 
possibilities for the electrophilic attack on the oxygen 
atoms (red), while the nucleophilic attack sites are located 
over the hydrogen atoms (yellow). These sites give 
information about the intermolecular interactions of our 
compounds. As a result, the compounds can have non-
covalent interactions. 

Molecular docking 
Molecular docking serves as a crucial tool for 

investigating the optimal interaction between ligands 
and proteins. In our study, we employed the Pass Online 
tool [36] to identify promising biological activities 
associated with the ligands under examination, aiding us 
in selecting the most relevant protein targets (Table 5). 
Notably, HMGCS2 holds a pivotal role within the 
mevalonate pathway, a significant process for 
cholesterol synthesis. The potential to modulate 
HMGCS2 expression offers an innovative avenue for 
managing elevated cholesterol levels in cases of 
hypercholesterolemia. Interestingly, the ligands 2a, 2b, 
and 2c, as indicated by Pass Online, exhibit the capacity 
to enhance this  particular enzyme  Protein PDB file was  

 
Fig 3. Molecular electrostatic potential maps calculated at B3LYP/6-311G (d,p) level 

Table 5. Biological activity of ligands 2a-c predicted by Pass Online 
Compound 2a Compound 2b Compound 2c 

Biological activity PA PI Biological activity PA PI Biological Activity PA PI 

HMGCS2 expression enhancer 0.858 0.004 HMGCS2 expression enhancer 0.793 0.005 HMGCS2 expression 
enhancer 0.869 0.003 

Chloride peroxidase inhibitor 0.712 0.009 Chloride peroxidase inhibitor 0.526 0.044 Chloride peroxidase 
inhibitor 

0.740 0.007 

N-methylhydantoinase (ATP-
hydrolyzing) inhibitor 

0.613 0.010 Antineurotic 0.563 0.085 Mcl-1 antagonist 0.672 0.005 

Nicotinic α2β2 receptor antagonist 0.642 0.039 Glutaminyl-peptide 
cyclotransferase inhibitor 0.472 0.005 Antineoplastic (breast 

cancer) 0.554 0.014 
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downloaded from the RSCB protein database using the 
URL (https://www.rcsb.org/). The binding energy for 
ligands 2a-c are listed in Table 6. 

The lig2 (2b) shows better binding energy to 
HMGCS protein, suggesting that phenyl substituent is 
better than methyl and butyl substituents in lig1 (2a) and 
lig2 (2b). Visualization is done on Discovery Studio [19] 
of lig1 (2a), lig2 (2b), and lig3 (2c) and they are depicted 
in Fig. 4, 5 and 6, respectively. Despite the fact that the 
docking was carried out with the same active site, each 
ligand has interactions with different residues. In lig1 
(2a), Asn164 residue formed two conventional hydrogen 
bonds with nitrogen atoms labeled 4 and 15, exhibiting 
distances of 2.60 and 2.45 Å, respectively. Additionally, 
the phenyl substituent displayed two π-alkyl interactions 
with Ala165 and Lys243 residues, at distances of 4.84 and 
4.14 Å, respectively. Furthermore, a carbon-hydrogen bond  

Table 6. HMGCS expression enhancer predicted Pa and 
Pi by molecular docking 

Ligand Binding energy (kcal/mol) 
lig1 (2a) −6.5 

lig2 (2b) −6.2 
lig3 (2c) −7.1 

 
Fig 4. Molecular docking results of lig1-HMGCS2 
complex 

 
Fig 5. Molecular docking results of lig2-HMGCS2 
complex 

 
Fig 6. Molecular docking results of lig3-HMGCS2 
complex 

was observed between the carbon atom labeled 13 and 
Phe241 residue, with a favorable distance of 3.71 Å (Fig. 
4). 

In the case of lig2 (2b), an alkyl interaction was 
established between the carbon atom labeled 27 and 
Ala165 residue, displaying a distance of 4.87 Å. 
Moreover, a pi-sulfur interaction occurred between 
Tyr242 and a sulfur atom labeled 7, with a distance of 
5.70 Å. Lys243 residue exhibited both a conventional 
hydrogen bond and a π-alkyl interaction with the 
nitrogen atom and the phenyl group, respectively, at 
distances of 2.21 and 5.23 Å. Additionally, π-sigma and 
π-alkyl interactions were formed between the phenyl 
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group and residues of Ile134 and Leu246, featuring 
distances of 3.69 and 5.46 Å, respectively (Fig. 5). 

For lig3 (2c), the phenyl substituent engaged in both 
π-alkyl and π-π interactions with Pro244 and Tyr239, 
separated by distances of 5.42 and 5.15 Å, respectively. 
Furthermore, a conventional hydrogen bond formed 
between Asn164 and the nitrogen atom, with a distance of 
2.39 Å. Two additional π-alkyl interactions were 
identified, involving the second phenyl group in the 
molecular structure and residues Lys243 and Ala165, with 
distances of 4.89 and 4.06 Å, respectively (Fig. 6). 

■ CONCLUSION 

In conclusion, the successful synthesis of 3-alkyl-5-
phenylaminomethylene-2-thioxoimidazolidin-4-ones (2a-
c) using microwave technology has been achieved with 
good yields. Structural confirmation was established 
through comprehensive NMR and MS spectroscopic 
analyses. Theoretical analysis of the electrostatic potential 
distribution within the compounds revealed distinct 
regions of electropositive and electronegative potential, 
aiding in the identification of donor and acceptor groups 
as well as charge transfer patterns and intramolecular 
contacts. Among the evaluated ligands, lig2 exhibited the 
most favorable binding energy, indicating robust 
potential for meaningful interactions with the target 
protein. The lig2 formed pivotal π-alkyl and π-π 
interactions with Pro244 and Tyr239, in conjunction with 
a conventional hydrogen bond involving Asn164. These 
interactions, coupled with the favorable binding energy, 
underscore the high affinity and strong molecular 
recognition between lig2 and the binding site. While lig1 
displayed conventional hydrogen bonds with Asn164, 
along with π-alkyl interactions with Ala165 and Lys243, 
lig3 demonstrated alkyl interaction with Ala165, pi-sulfur 
interaction with Tyr242, and both conventional hydrogen 
bond and π-alkyl interaction with Lys243. However, lig2's 
superior binding energy positions it as a more promising 
candidate for forming a stable complex with the target 
protein. This highlights the potential of lig2 as a lead 
compound or viable drug candidate in the realm of drug 
discovery and development. Continued exploration and 
optimization of lig2 could further capitalize on its 

favorable binding attributes, potentially paving the way 
for enhanced therapeutic efficacy. 
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