
1. Introduction 
Due to various agricultural practices and industrial 
and domestic activities, the textile industry’s 
intensive consumption of large quantities of water 
and chemicals, particularly synthetic dyes, has had 
a negative impact on aquatic ecosystems and the 
wider environment [1-3]. Dyes can be measured 

using UV–Vis spectrometry. The absorbance 
value ranges from zero to 2. When no light is 
absorbed, P0 equals P, and transmittance equals 
one. Consequently, absorption is zero. If the light 
absorption and transmission are 90% and 10%, 
respectively, resulting in T = 0.1 (absorbance 
=1).  The resulting spectrum is a graph of 
absorbance against wavelength. This UV–Vis 
spectrophotometer range was from 200 to 800 
nm. The wavelength of light that different colored 
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A B S T R A C T
Adsorption on biomass has gained popularity recently as a method 
for reducing pollutants in wastewater before release. This work 
investigates the adsorption of malachite green (MG) onto sugarcane 
bagasse (SCB). To optimize the process, the mass of the bio-adsorbent, 
contact time, temperature, and pH of the MG solution were investigated 
with the adsorbate and the adsorbent. The observed results indicate 
that MG adsorption on SCB is more effective in the environment 
because of the electrostatic interactions between the organic cations 
of the dye and the negatively charged SCB surface in this pH range. 
In ideal circumstances, SCB removes 97% of MG. The adsorption of 
MG on SCB is better described by the pseudo-second-order model, 
according to adsorption kinetics modeling. UV-Vis spectrophotometers 
were used to analyze the fluids under study and determine the dye 
concentration. Malachite green has a limit of quantification (LOQ) of 
0.1 mg L-1 and a limit of detection (LOD) of 0.06 mg L-1 using UV-Vis 
spectrophotometry. The measuring range of the procedure is 0.1 to 30 
mg L-1, which guarantees precise and repeatable results. According to 
adsorption isotherm modeling, the Freundlich and Langmuir models 
best describe MG’s adsorption on SCB. Given that both the Freundlich 
parameter 1/n and the Langmuir separation coefficient RL are smaller 
than 1, it is clear that MG’s bio-adsorption on SCB is beneficial. The 
study’s findings demonstrate that SCB, an underutilized agricultural 
waste, is a reasonably priced bio-adsorbent with a substantial capability 
for treating wastewater that contains dyes.
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dyes absorb varies. Most dyes are conjugated 
substances with alternate double and single bonds 
and generally absorb light in the visible spectrum. 
Dyes have a narrower energy gap, and electrons 
are excited by lower-energy light at visible light. 
Measure the object’s spectral reflectance before 
using a UV–Vis spectrophotometer to assess 
color. Fluorescein and indigo dye are studied 
using UV–Vis absorption spectroscopy [3]. Since 
these chemicals require treatment to lower the 
pollutant concentration before being released into 
the atmosphere, they are frequently highly harmful 
since they are difficult for effluents to biodegrade 
[4,5]. Malachite Green (MG) is a cationic dye 
that is extensively utilized in several industries, 
including the fish business, food additives, paper, 
leather, wool, and silk dying, as well as distilleries 
[6]. Although, Malachite green (MG) is harmful to 
the immunological and reproductive systems and 
can cause cancer, genotoxicity, mutagenicity, and 
teratogenicity in fish [6,7]. MG in any fish intended 
for consumption is severely prohibited in the 
United States and the European Council due to its 
excessive buildup in fish tissue [6]. Furthermore, 
by changing the water’s color and lowering the 
amount of sunlight that reaches the surface, the 
discharge of MG into nearby waters may modify the 
environment. Water-soluble MG can, nevertheless, 
have detrimental effects even at low concentrations, 
including the suffocation of aquatic vegetation 
and the development of cancer, mutagenesis, 
and teratogenic effects in humans [8]. Numerous 
techniques, including biological treatment for 
biodegradable pollutants, coagulation-flocculation, 
electrochemical treatment, nanofiltration, ion 
exchange, and adsorption, can be used to remove 
contaminants from wastewater [9,10]. Because of 
the adsorption process’s cost, efficiency, simplicity, 
and adaptability benefits are utilized increasingly 
frequently [11-14]. Various agricultural wastes 
have been employed as biosorbents for wastewater 
treatment. These include rice husk derivatives [15]
which was used to remove crystal violet (CV), 
nostoc Linckia [15]which was used to remove 
crystal violet (CV), coffee black [16], argan shell 

[17]the wood powder from the shell of Argan 
nuts was used in raw form, or modified form 
by Sodium hydroxide, as a new economic and 
ecologic adsorbent. The effectiveness of these 
materials was evaluated on Methylene Blue (MB),  
marine macroalga sargassum muticum [18]which 
has prompted greater research into effective and 
sustainable removal techniques. Even though there 
have been major efforts in the previous few decades, 
more study is still necessary to fully examine the 
long-term performance and usable applicability of 
adsorbents and different adsorption techniques for 
the removal of dye. In the present study, a brown 
marine macroalga Sargassum muticum was used 
as an effective and sustainable biosorbent for 
the crystal violet (CV), and brown seaweed [18]
which has prompted greater research into effective 
and sustainable removal techniques. Even though 
there have been major efforts in the previous few 
decades, more study is still necessary to fully 
examine the long-term performance and usable 
applicability of adsorbents and different adsorption 
techniques for the removal of dye. In the present 
study, a brown marine macroalga Sargassum 
muticum was used as an effective and sustainable 
biosorbent for the crystal violet (CV). The fibrous 
waste left behind after sugarcane is crushed to 
extract juice in sugar mills and refineries, known 
as bagasse, has been the subject of numerous 
scientific investigations highlighting its potential 
use [17,19]. The material’s favorable qualities, 
including biodegradability, availability, buoyancy, 
and low cost, have shown it to be successful in 
eliminating pollutants from wastewater, including 
heavy metals and dyes. Furthermore, it mainly 
comprises cellulose, hemicellulose, and lignin, 
which have polymer structures rich in hydroxyl 
and carboxyl groups that interact with the chemical 
contaminants in the treated solution [20-22]. This 
work aims to investigate and examine the inherent 
ability of sugarcane bagasse to extract Malachite 
green by examining the effects of different 
experimental settings on the adsorption process. 
These parameters include mass and contact 
time, solution pH, and temperature. To illustrate 
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the feasibility of the process, thermodynamic 
parameters, such as enthalpy, entropy, and free 
energy, were determined. The thermodynamic 
characteristics demonstrate the spontaneous nature 
of the MG adsorption process on SCB. 

2. Materials and methods
2.1. Materials
The dye considered in this study is a green color 
called malachite green or diamond green B (CAS 
N.: 2437-29-8, CHEMICALS, India) [23]. It was 
first prepared by Hermann Fischer in 1877. Its 
molecular structure is shown in Figure 1. It was 
used as supplied. The colored solutions at varying 
concentrations were prepared by dilution from a 
stock solution of 23 mg L-1 using distilled water. 
Analytical-grade chemicals were used for all 
experiments. Hydrochloric acid (HCl, 99% CAS 
N.: 7647-01-0) and sodium hydroxide (NaOH, 99%, 
CAS N.: 1310-73-2) were acquired from Sigma-
Aldrich (Saint-Quentin-Fallavier, France).The main 
characteristics of the dye are described in Table 1.

Fig. 1. The chemical structure of the MG [6].

2.2. Characterization Techniques
The powder X-ray diffraction patterns (XRD) of 
the sample were collected with a Bruker AXS 
model (D8-advance A25) diffractometer using 
Cu-Kα foundation (λ = 1.5418 Ǻ) at 40 Kv, 20 
mA, and a scan range 5–70. XRD results were 
recorded in the 2θ range between 2° and 70° in 
0.02° angle increments.  Infrared spectra were 
performed using a Shimizu IRAFFINIY-1S 
Fourier transform spectrometer (FTIR) equipped 
with a detector (TGS) and a ceramic source, 
separated by an optical system using a Michelson 
interferometer. The samples were prepared as 
12 mm diameter pellets with a mass of 3 mg of 
solid diluted in 97 mg of KBr. Absorption spectra 
were analyzed with a resolution of 20 cm-1 in the 
wavelength range between 400 and 4000 cm-1. 
UV-visible spectrophotometry is a qualitative 
and quantitative analysis method that identifies 
a chemical species’s presence and concentration. 
For this purpose, the spectrophotometer used is of 
the type (SHIMADZU-UV 1800) that allows the 
measurement of the absorbance of a solution at a 
precise wavelength in the range between (190 to 
900 nm) from the concentrations deduced from the 
Beer-Lambert law: A = ε. ℓ.C.
The point of zero charge corresponds to the pH 
level at which the solid’s surface charge becomes 
neutral; it was determined by the method of 
addition of solid [24]due to their low cost, 
availability, cost-effectiveness, and efficiency. In 
this study, we were interested in the elimination 
of crystal violet dye, from aqueous solutions, by 
adsorption on almond shell-based material, as a 
low-cost and ecofriendly adsorbent. The almond 
shells were first analyzed by Fourier transform 
infrared spectroscopy (FTIR). The specific surface 
of the solid material corresponds to its overall 
surface per mass unit; it was determined by the 
method of adsorption of methylene blue.

2.3. Preparation of the solid
Sugar cane bagasse was used as a bio-sorbent in 
this study. It was collected from a local vendor 
after the sugar cane had been crushed to extract 

Table 1.  Physico-chemical properties of MG
Parameters Characteristics
Molecular formula
Molecular weight
Absorption maxima
Commercial name
Appearance

C52H54N4O12

927.03 g.mol-1

618.0 nm
Malachite Green oxalate (MG) Green 
crystalline powder
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the sugar cane juice. It was then washed several 
times with water to remove dirt. The final rinses 
were carried out with distilled water to remove 
chemical residues such as salts and other soluble 
substances, then dried at 60°C for 24 hours. After 
drying, the dried sugarcane bagasse was ground 
using a grinder (mark: FRITSCH, Germany). 
They were then sieved using a sieve shaker (mark: 
FRITSCH, Germany), and the particle size used 
was determined to be less than or equal to 0.2 
mm. The final product is stored for experimental 
studies.

2.4. Adsorption procedure
All the experiments in this work were conducted 
in the same experimental setup, except for the 
study of the effect of temperature, in which a 
water bath was used to set the temperature to the 
desired value. For this purpose, a series of samples 
is prepared by suspending a precise quantity in mg 
of the biomass in a volume of 20 mL of an aqueous 
solution of the green dye malachite of known initial 
concentration C0 (2.5×10-5 M). The suspensions 
are then stirred for a time (t) ranging from 5 to 
70 minutes. After this time, the supernatant was 
extracted by centrifugation. The solution was 
analyzed by UV-visible spectrophotometry at a 
wavelength of 618.0 nm. The determination of the 

adsorbed amounts of MG is performed from the 
calibration line (Scheme 1 ).
The adsorbed amounts are calculated using the 
following Equation 1.

 (Eq. 1)

Where C0 and Ce are the initial and equilibrium 
concentration of the dye in mg L-1, respectively; m 
is the mass of the solid in g; V is the volume of the 
dye solution MG in L, and quads is the adsorbed 
amount per gram of adsorbent in mg g-1.

2.5. Modeling of adsorption kinetics 
To interpret the MG adsorption on SCB 
experimental data. Three kinetic models were 
utilized: intra-particle diffusion, pseudo-second-
order (PSO), and pseudo-first-order (PPO).

2.5.1.Pseudo-first-order model
The pseudo-first-order model is given by Lagergren, 
which is expressed by the following Equation 2 [25].

(Eq. 2)

Scheme 1. Procedure for separating MG on SCB by UV-visible.
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Where k1 is the first order reaction rate constant 
of adsorption of MG on BCS in (min-1), qe, qt the 
amount of MG adsorbed at equilibrium and at time 
t in (mg g-1), t the contact time in (min).
After integration with initial conditions qt0 at t = 0, 
Equation 3 was obtained. For the representation of 
Log (qe-qt) = f(t), we obtain a line that gives k1 
and qe.

(Eq. 3)

2.5.2.Pseudo-second order model
The following expression gives the pseudo-
second-order model in Equation 4 [26].Where 
K2 is the second-order reaction rate constant of 
adsorption of MG on SCB in (g.mg-1.min-1). 

(Eq. 4)

After integration of Equation 4, we obtain 
Equation 5. The linearization of the Equation 5 
gives Equation 6.    

(Eq. 5)

(Eq. 6)

The representation of  t/qt = f(t) allows us to obtain 
a line from which we determine k2 and qe.

2.5.3.Intra-particle diffusion model
The intra-particle diffusion is described by  
Equation7  by Weber and Morris [27]. The Kd is the 
intra-particle diffusion rate constant in (mg g-1 min 
0.5), and C is the boundary layer thickness in (mg 

g-1). In Equation 7, the representation of qt = f (t1/2) 
(allows to calculate kd and C.

(Eq. 7)

2.6. Thermodynamic parameters
The thermodynamic parameters (∆G°), (∆H°), 
and (∆S°) for the studied system (MG/SCB) were 
determined and calculated at different temperatures 
(25°C, 35°C and 45°C). The adsorption-free energy 
(∆G°) is calculated according to the standard 
Gibbs formula defined by Equation 8. 

(Eq. 8)

qe (mg g-1) represents the amount of adsorbed dye 
at equilibrium, and Ce (mg L-1) is the residual 
concentration of the adsorbate at equilibrium.
Also, the thermodynamic parameters of adsorption 
of the MG on the adsorbent can be estimated from 
the curve representing the variation ln (Kd) as a 
function of 1/T, which was shown in Equation 9.

(Eq. 9)

The values of are calculated 
from the slope and intercept of the line obtained by 
plotting ln (Kc) versus  respectively.

2.7. Modeling of adsorption isotherms
2.7.1. Langmuir Isotherm Model 
The Langmuir model was initially employed for 
systems featuring monolayer adsorption occurring 
on the surface of the adsorbent. This model 
assumes that all adsorption sites are identical, do 
not depend on surface coverage, and take place 
without lateral interaction with the adsorbate 
molecules. The following Equation 10 represents 
this model. In equation 10, qm is the maximum 
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adsorbed quantity in mg g-1, and K1  is the 
Langmuir constant in L mg-1. To determine 
the adsorption parameters of this model, we 
use the linear form of the Langmuir isotherm, 
represented by Equation 11.  In addition, among 
the essential characteristics of the Langmuir 
isotherm is the separation factor RL, defined by 
Equation 12.   

     

(Eq. 10)

(Eq. 11)

 (Eq. 12)

With: Ci is the initial concentration of the dye (mg 
L-1) and KL the Langmuir constant (Lmg-1).  Values 
of RL indicate the shapes of isotherms to be either 
unfavorable (RL > 1), linear (RL = 1), favorable 
(0 < RL < 1) [28].

2.7.2.Freundlich Isothermal Model
The Freundlich empirical model is founded on 
adsorption on heterogeneous surfaces and is 
represented by Equation 13. The linearization of 
this equation implies a passage of the terms in 
logarithmic form. 

 (Eq.13)

Where qe is the amount adsorbed at equilibrium, 
Ce is the residual concentration of the dye at 
equilibrium, and n represents the adsorption 
intensity and indicates whether the adsorption is 
favorable. If n<1 linear adsorption, if n>1 physical 

adsorption is favorable [29]. the linear form of the 
isotherm by plotting Log qe = f(LogCe). 

2.7.3.Temkin Isothermal Model
The Temkin isotherm is derived assuming that the 
decline in adsorption heat follows a linear trend, 
unlike the logarithmic decrease presumed by 
the Freundlich equation. Generally, the Temkin 
isotherm is expressed by Equation 14 [30].

(Eq.14)

The bT and AT are Temkin isotherm constants, R 
is the perfect gas constant (8.314 KJmol-1), Ce is 
the equilibrium concentration of dye ions (mg L-1), 
and T is the absolute temperature.

3. Results and discussion
3.1. Characterizations
3.1.1.XRD Analysis
The XRD diffractogram of sugarcane bagasse is 
shown in Figure 2. The SCB is mainly composed 
of lignin, cellulose, and hemicelluloses. The 
two peaks detected have values of 2ɵ around 
16 and 22 due to the semi-crystalline structure 
of the cellulose contained in the biomass  [31]. 
Moreover, the XRD spectrum resembles that of 
other lignocellulosic residues [32].

3.1.2.FT-IR analysis
Fourier transform infrared spectroscopy was 
utilized to analyze the SCB solid, and the resulting 
FT-IR spectrum is presented in Figure 3. The FT-
IR spectra of BCS show the presence of many 
functions on the surface of the adsorbent such 
as: The strong band appearing at 3374 cm-1, is 
attributed to OH groups (alcohols, phenols, and 
carboxylic acids) [33,34]. The band at 1732 cm-1 is 
characteristic of the stretching vibration of the C=O 
of xylan carboxylic acids present in hemicelluloses 
[23].The bands at 1611 cm-1  ant 1640 cm-1 is 
attributed to the C=C deformation (aromatic of 
lignin) [35], thus the band at 1370 cm-1 confirms 
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the presence of methoxy -C-O groups of lignin 
[36], the bands at 1250 and 1052 cm-1 are attributed 
to the stretching vibration of the C-O bonds of the 
aromatic compounds and the acid, alcohol, phenol, 
ether, and ester functions [33],830 cm-1 due to the 
vibration of the aromatic C-H bond, corresponding 
to the polysaccharides and lignin [37], and the band 
appears at 606 cm-1 due to the elongation of the 
C-X bond (alkyl halide) [33].

3.1.3.Point of zero charge 
In this work seven vials were prepared, each 
containing 50 ml of sodium chloride NaCl (10-3 
M). The pH of these vials is adjusted to the initial 
pH (values between 2 and 12) by adding NaOH or 
HCl solution (0.1M). After the initial pH adjustment, 
100 mg of the solid was added to each vial. The 
suspensions were kept under stirring, at room 
temperature, for 24 h, and the final pH was measured.  
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Fig. 2. Powder XRD patterns of SCB.

Fig. 3. FT-IR spectra of the BCS solid
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The representation of ΔpH = f(pHi) a determines the 
pHpzc value. The latter results from the intersection 
of the curve with the x-axis [38]. The representation 
of ΔpH = f(pHi) a allows us to determine the value 
of pHpzc, which is ulster in Figure 4. It shows that 
the pH value at which the solid surface has zero 
charge corresponds to pH = 7.3, so the solid surface 
is opposing at pH > 7.3 and positive below pH = 7.3.

3.1.4.Determination of the specific surface
The specific surface area of SCB was determined 
by the methylene blue adsorption method, which 
consists in studying the adsorption of methylene blue. 
A precise mass in mg of the biomass was suspended 
in a volume of the aqueous solution of methylene 
blue of known initial concentration, and the kinetics 
of the process were followed until a maximum value 
of the adsorption capacity was obtained. The specific 
value is calculated by Equation 15 [39]. The value of 
SBM  was obtained at 28.44 m2 g-1.

SBM = qm.NA.S                                                                    

( Eq.15)

With SBM: specific surface determined by BM 

adsorption (m²g-1); qm: maximum adsorbed 
quantity (mol g-1); S: the surface of a BM molecule 
(175 Å2); NA: Avogadro number. 

3.2. Study of MG adsorption on BCS 
Various parameters influencing the adsorption 
phenomenon are examined: the mass of the 
adsorbate, the solution’s initial pH, the adsorbent-
adsorbate contact time, and the solution temperature.

3.2.1.Effect of adsorbent mass.
Different adsorbent masses ranging from 0.01 to 0.1 g 
are added to individual 20 mL samples of an aqueous 
solution containing 2.5×10-5 M of the dye to determine 
the optimal quantity of adsorbent required to remove 
the highest amount of dye. The solution is then stirred 
magnetically for 60 minutes until the adsorption 
equilibrium is reached. The findings of this experiment 
are presented in Figure 5. Also, Figure 5 shows that the 
percentage of dye removal increases with the mass of 
the bio-adsorbent and a stabilization of the adsorption 
rate beyond a mass of 50 mg, which indicates that 
the adsorption equilibrium is reached from 50 mg of 
adsorbent (saturation). An optimal amount of 50 mg of 
biomass will be necessary to fix the maximum amount 
of the dye, corresponding to the removal of 97%.
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Fig. 4. Point of zero charge of BCS
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3.2.2.Effect of temperature
In order to determine the optimal temperature that 
gives highest capacity of adsorption, studies were 
done in a water bath at temperatures 25, 3 0, 35, 40, 
and 45°C by adding 50 mg of the bagasse in 20mL 
of the GM solution of a concentration of 2.5 ×10-

5M, for one hour under stirring. The results obtained 
are shown in Figure 6 below. The resulting curve 
indicates that when temperature increases from 

25 to 45°C, the MG adsorption capacity decreases 
from 12.84 to 12.50 mg g-1. This result, in line with 
Arrhenius’ law, implies that the surface reaction 
is exothermic and that the contact between the 
dye molecules and the biosorbent’s active sites 
decreases with increasing temperature, which is 
detrimental to the adsorption process [40]. The best 
results are obtained at room temperature.
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Fig. 5. Percentage of MG removal as a function of bagasse mass.

Fig. 6. Influence of the temperature on the amount of adsorbed dye.
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3.2.3.Effect of contact time 
To determine the time required for saturation of 
the adsorbate by the adsorbent/maximum retention 
of the dye, volumes of 20 mL of the dye solution 
at a concentration of 10-4 mol L-1 are mixed with 50 
mg of the biomass at the following temperatures 25, 
35 and 45°C. The whole is stirred at times ranging 
from 5 to 70 minutes. Separation was performed 
by centrifugation of the suspension. The residual 
concentrations were determined using the UV-
VIS spectrophotometer at 618 nm. The results 
are shown in Figure 7. The figures show that the 
amount of MG adsorbed by biomass adsorbent at 
different temperatures increases over time until an 
equilibrium plateau is reached, after 50 minutes. 
This is because the adsorbent’s surface initially has 
active sites available for use. After this time (the 
equilibrium time), there is a decrease in adsorption 
efficiency because fewer free sites remain on the 
adsorbent’s surface [24]. Additionally, the graphs 
demonstrate that the quantity of MG adsorbed by the 
biomass is somewhat temperature-sensitive. Raising 
the temperature has a negative effect on adsorption, 
indicating an exothermic process. Notably, this 
adsorption happens quickly, taking place in the first 
forty minutes after adsorption begins.

3.2.4.Effect of pH
Several tests were conducted to evaluate the effect 
of the reaction media’s pH on the adsorbent’s 
ability to adsorb dye. This required putting biomass 
suspensions in 20 milliliters of dye solution and 
changing the pH between 2 and 12 during 50 minutes 
of contact. By adding 0.1M of HCl or 0.1M of NaOH, 
the suspensions’ pH was brought to the required 
level. Figure 8 displays the results of varying 
the adsorption percentage about the solution’s 
pH. The graph shows the significant impact of 
the character of the mixture on the adsorption of 
MG by the adsorbate. As a result, effective dye 
retention is observed over a pH range from 8 to 10, 
with particularly remarkable performance at pH 
10. Above this pH range, a decrease in retention 
efficiency is observed. To explain the effect of 
solution pH on these interactions, the pH value of 
the zero charge point pHpzc was used. Since the 
pHpzc of the solid used is 7.3, the surface of the 
adsorbent is positively charged when the pH of 
the solution is below this value and is negatively 
charged when the pH of the solution is above this 
value. As the dye used is cationic, its dissolution 
releases positively charged ions, so hydrophobic 
and chemical interactions could be the main 
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adsorption forces in the pH range below pHpzc. The 
significant retention of the dye at pH values above 
pHpzc can be explained by electrostatic interactions 
between the different charges in the suspension 
and the surface of the adsorbent. In addition, MG 
molecules (pka = 10.3) [6] are protonated in the 
acid medium and deprotonated at higher pH values, 
which explains the decrease in dye retention at pH 
values above 10.

3.3. Thermodynamics parameters 
Figure 9 shows the evolution of ln(Kc) as a function 
of   . The activation energy of the adsorption process 
is determined by applying the Arrhenius equation 
of k = A.e - Ea ⁄ RT. The thermodynamic parameters 
are grouped in Table 2. The results confirm the 
exothermic nature of MG’s adsorption onto the 
adsorbent (ΔH° is negative). A decrease in disorder 
during the adsorption of MG onto the adsorbent is 
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indicated by the negative values of ΔG° and ΔS°, 
which indicate that the process is spontaneous [41]. 
The Arrhenius equation was also used to compute 
the activation energy value, which is less than 40 kj 
mol-1. This suggests that a physisorption mechanism 
underlies the adsorption process.

3.4. Modeling of adsorption kinetics
3.4.1.Pseudo-first-order kinetics
The figure shows the results of these models, with 
the kinetic parameters derived from the slopes and 
intercepts of the theoretical lines. Table 3 shows the 
kinetic parameters derived from the linear Lagergren 
models. The obtained data (Figure 10 and Table 3) 
demonstrate that the experimental points for this model 
are not entirely linear, the experimentally adsorbed 
quantities of malachite green are significantly different 
from the calculated qcal, and the R2 coefficients depart 
considerably from the value of 1. As a result, this 
model cannot explain the outcomes of the adsorption 

of malachite green on our adsorbent.
3.4.2.Pseudo-second order kinetics
 The experimental results were also compared with 
the pseudo-second-order kinetic model Figure 
11. The results obtained for the linear adsorption 
kinetics models are shown in the figure 11.
Table 3 shows the kinetic parameters calculated from 
the slopes and ordinates of the theoretical lines. 
According to Figure 11, the model with the highest 
correlation factor is the pseudo-second-order model. 
The adsorbed quantity values in this model qcal 
are similar to those obtained experimentally qexp, 
with correlation coefficients R2 close to 1. In this 
way, it can be concluded that the pseudo-second-
order model better represents the malachite green 
adsorption process on the SCB solid. It would 
appear that the biosorption of MG molecules by 
the SCB from an aqueous solution proceeds rapidly 
[42]. This result is similar to that observed in other 
research [6].

Table 2.  The thermodynamic parameters
Temperature

(oK)
∆H°ads

(Kj mol-1)
∆S°ads

(jK-1 mol-1)
∆G°ads   

(Kj mol-1) R2 Ea
(Kj mol-1)

298

-25.90 0.49

-26.046

0.998 35.75
303 -26.048
308 -26.051
113 -26.053
318 -26.056

Fig. 10. Application of the pseudo-first-order model on MG-SCB adsorption
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3.4.3.Intra-particle diffusion model
Figure 12 below shows a graphical representation 
of the variation of the amount of dye adsorbed at 
each time qt as a function of the square root of 
time (t1/2). According to these results, the curves 
representing qe = f (t0.5) do not pass through 
the origin, which indicates that the diffusion of 
the dyes into the biomass pores is not the only 
mechanism determining the adsorption kinetics, 
the double linearity of the curves suggests that 
there is a combination of two different steps. 
Therefore, the rate of adsorption kinetics varies 
from one step to the other. Table 4 displays the 
parameters of the intra-particle diffusion model 
for the adsorption of MG on SCB. From these 
results, it can be seen that the diffusion rate 

constant Kd values in the first step are higher than 
those in the second step, which indicates that the 
first step of the dye diffusion kinetics is faster 
than the second step. The first step represents 
the dyes’ diffusion on the adsorbent’s external 
surface. In contrast, the second step reflects 
the diffusion of the dye molecules through the 
internal pores within the biomass particles, 
which is a slower step [43]. Thus, the values of 
the constant C are different from 0; this last one 
expresses the thickness of the diffuse layer; we 
notice that the intra-particle diffusion is not the 
only factor that controls the rate of adsorption of 
malachite green on the adsorbent [44]. Table 4. 
Parameters of the intra-particle diffusion model 
of MG on BCS.

Fig. 11. Application of the pseudo-second-order model on GM-BCS adsorption.
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Table 3.  Kinetic parameters of linear modeling of MG dye adsorption.
Temperature Adsorbed values Pseudo-first order model Pseudo-second order model

 (oK) qexp(mg.g-1) qcal K1 R2 qcal K2 R2

298 12.86 3.54 2.21 0.914 12.50 0.049 0.999
308 12.66 0.1 2.81 0.866 12.50 0.082 0.998
318 12.51 0.01 0.48 0.965 12.50 1.28 0.999
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According to these results, the curves representing 
qe = f (t0.5) do not pass through the origin, which 
indicates that the diffusion of the dyes into 
the biomass pores is not the only mechanism 
determining the adsorption kinetics, the double 
linearity of the curves suggests that there is a 
combination of two different steps. Therefore, the 
rate of adsorption kinetics varies from one step to 
the other. Table 4 displays the parameters of the 
intra-particle diffusion model for the adsorption 
of MG on SCB. From these results, it can be 
seen that the diffusion rate constant Kd values in 
the first step are higher than those in the second 
step, which indicates that the first step of the dye 
diffusion kinetics is faster than the second step. 
The first step represents the diffusion of the dyes 
on the external surface of the adsorbent, while 
the second step reflects the diffusion of the dye 
molecules through the internal pores within 
the biomass particles, which is more of a slow 

step [43]. Thus, the values of the constant C 
are different from 0; this last one expresses the 
thickness of the diffuse layer; we notice that the 
intra-particle diffusion is not the only factor that 
controls the rate of adsorption of malachite green 
on the adsorbent [44].

3.5. Modeling of adsorption isotherm
3.5.1.Langmuir Isotherm
Figure 13 illustrates the modeling results obtained 
from the model, while Table 5 summarizes the 
isotherm’s parameters. The data presented in 
Table 5 shows that the experimental data for MG 
biosorption on biomass is well described. This 
is confirmed by the high value of the coefficient 
of determination (R2 = 0.98), proving that the 
biosorption process occurred in a monolayer 
fashion. In addition, MG dye ions (KL = 0.011 L mg-

1) highly refined the biosorption sites on the biomass 
surface, demonstrating their ability to effectively 
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 T= 25°C  T= 35°C  T= 45°C
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ds

(m
g.
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)

t0,5(min0,5)
Fig. 12. Application of the external diffusion model to adsorption MG -SCB

Table 4. Parameters of the intra-particle diffusion model of MG on BCS.
Temperature 1st right 2nd right

(oK) C K1 R2 C K2 R2

298 0.92 2.23 0.917 12.45 0.057 0.65

308 0.95 2.54 0.94 12.29 0.06 0.58

318 0.96 2.53 0.969 12.01 0.07 0.807
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remove dye particles from aqueous solutions 
[18]. Deviations from the linearity of biosorption 
are considered when determining the Langmuir 
isotherm model’s second parameter (dimensionless 
factor RL). The value of RL is between zero and one, 
indicating favorable biosorption [28]. Furthermore, 
the maximum dye adsorption amount predicted by 
this model, qm, closely matches the experimental 
value (qexp:12.84 mg g-1).

3.5.2.Freundlich isotherm
The outcomes of modeling the adsorption 

isotherm of the dye on the adsorbent are depicted 
in the following Figure 14, based on this model. 
According to Sahu and colleagues [45], it has been 
reported that the higher the value of n, the more 
intense the reaction between the adsorbate and the 
biosorbent. In addition, the increase in the R2 value 
(0.98) indicates that multilayer biosorption has an 
impact on the process. This also shows that the 
Freundlich isotherm model accurately illustrates the 
equilibrium of MG biosorption by SCB biomass, 
with a high affinity between the heterogeneous 
biomass surface and the MG particles [45].

Fig. 13. Linear representation of the Langmuir model of MG adsorption on SCB
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Fig. 14.   Linear representation of the Freundlich model of MG adsorption on SCB
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3.5.3. Temkin isotherm 
Figure 15 depicts the outcomes of modeling the 
dye’s adsorption isotherm on the adsorbent, as 
per this model. According to the results in Table 5, 
the Temkin model is suitable for the biosorption 
of MG on biomass, as demonstrated by the high 
R2 value (0.97). This also confirms the possibility 
of heterogeneous sites with different binding 
energies [46]. The higher b-value (187.1 Jmol-1) 
suggests a strong interaction between MG ions and 
different functional groups present on the biomass 

surface, which is associated with the decrease 
of the adsorption heat of ions in the layer [18]. 
Furthermore, the adsorption energy of the dye from 
the aqueous solution, according to the Temkin 
model (bT), is positive, suggesting an exothermic 
nature of the adsorption [47]. According to the 
Langmuir, Freundlich, and Temkin biosorption 
isotherms, the R2 values are all greater than 0.97, 
which suggests that the biosorption process is 
multimechanistic and that it is very likely to be a 
multilayer physisorption.
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Fig. 15.  Linear representation of the Temkin model of MG adsorption on SCB

Table 5. Parameters related to the adsorption models used.

Isotherm Parameters

Langmuir

qm = 12.9
KL=0.011
RL= 0.8

R2 = 0.98

Freundlich

KF = 2.752

  = 0.69

R2 = 0.98

Temkin
AT= 1.15

bT = 187.1
R2 = 0.97



21Analysis adsorption of MG based on SCB and UV-Vis spectrophotometer            Smail Imame et al

3.6. Mechanism of MG adsorption on SCB
To propose a mechanism for MG adsorption on 
SCB, Fourier transform infrared spectroscopy 
is a critical study that must be conducted. This 
examination is an essential tool for examining the 
interaction between dye molecules and the solid 
material’s surface-active sites, and it is carried out 
both before and after MG adsorption. Comparison 
of the two FTIR spectra (Fig. 16) reveals neither 
the appearance of new bands nor the disappearance 
of bands previously observed in the raw SCB 
alone. The only change detected is a variation in 
the intensity of the absorption bands. Indeed, there 
is a reduction in the intensity of the broadband 
located between 3374 cm-1, corresponding to the 
elongation of the vibrations of the (OH) groups, 
suggesting a possible involvement of hydrogen 
bonds between the hydroxyl groups on the SCB 
surface and the nitrogen atoms of the MG in the 
adsorption mechanism. In addition, ion exchange 
could occur by replacing the sodium, magnesium, 
and calcium ions present on the biomass cell wall 
with ions from the MG dye [18]. This would also 
be a process of electrostatic interaction, as the 
biosorbent surface is negatively charged at a pH 
above 7.3 (pHpzc); this facilitates the interaction 
of the algal surface with the positively charged 
particles of the MG dye (Schema 2). Thus, it 

can be concluded that hydrogen bonding, ion 
exchange, and electrostatic interaction may all 
play a role in the biosorption of MG dye on SCB 
biomass.

4. Conclusion
The study focused on using SCB sugar cane bagasse 
waste in its natural form to remove the malachite green 
(MG) dye by adsorption in an aqueous medium. The 
physicochemical characterization of the material has 
shown that it is rich in hydroxyl groups present in 
several surface functions, such as acids and alcohols. 
The specific surface of the adsorbent is estimated at 
around 28.44 m2g-1. This surface is opposing at a pH 
greater than 7.3; the biosorbent is rich in oxygenated 
functions such as alcohol, acid, and ether, capable 
of attracting cationic pollutants in an essential 
medium. UV-Vis spectrophotometry is used to 
assess the concentrations of MG dye solutions. 
The performance of BCS in removing MG from 
wastewater was about 12.84 mg g−1, corresponding 
to a removal efficiency of 97% at room temperature. 
The study of the optimization of the conditions 
showed that the adsorption capacity decreases with 
the increase in temperature, which represents a strong 
point for treating this dye. The kinetic and isothermal 
study results clearly showed that the adsorption of 
MG on the biosorbent adhered to the pseudo-second-
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Fig. 16.   FT-IR spectra of SCB before and after adsorption of dye molecules.
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order model. The variations in adsorption and Gibbs 
free energy (ΔG°), entropy (ΔS°), and enthalpy 
(ΔH°) were computed, revealing that the adsorption 
of MG occurs spontaneously through an exothermic 
process. The investigation into the adsorption of MG 
has shown that this material constitutes an adsorbent 
abandonment and is economical and practical for the 
treatment of wastewater loaded with dyes.

5. Acknowledgements
The authors thank the Applied Chemistry and 
Biology Laboratory, Faculty of Sciences, Moulay 
Ismail University, Morocco.

6. References
[1]	 S. Teimoori, H. Shirkhanloo, A. H. Hassani, 

M. Panahi,  N. Mansouri, Rapid extraction 
of BTEX in water and milk samples based 
on functionalized multi-walled carbon 
nanotubes by dispersive homogenized-micro-
solid phase extraction, Food Chem., 421 
(2023) 136229. https://doi.org/10.1016/j.
foodchem.2023.136229

[2]	 S. Teimoori, H. Shirkhanloo, A. H. Hassani, 
M. Panahi,  N. Mansouri, An immobilization 
of aminopropyl trimethoxysilane-phenanthrene 
carbaldehyde on graphene oxide for toluene 

extraction and separation in water samples, 
Chemosphere, 316 (2023) 137800. https://doi.
org/10.1016/j.chemosphere.2023.137800

[3]	 M. Arjomandi, A Review: Analytical methods 
for heavy metals determination in environment 
and human samples, Anal. Methods Environ. 
Chem. J., 2 (2019) 97–126. https://doi.
org/10.24200/amecj.v2.i03.73

[4]	 M. B. H. Abadi, H. Shirkhanloo, J. Rakhtshah, 
Air pollution control: The evaluation 
of TerphApm@MWCNTs as a novel 
heterogeneous sorbent for benzene removal 
from air by solid phase gas extraction, Arab. J. 
Chem., 13 (2020) 1741–1751. https://doi.org/ 
10.1016/j.arabjc.2018.01.011

[5]	 J. Rakhtshah, H. Shirkhanloo,  N. Esmaeili, 
A rapid extraction of toxic styrene from water 
and wastewater samples based on hydroxyethyl 
methylimidazolium tetrafluoroborate 
immobilized on MWCNTs by ultra-assisted 
dispersive cyclic conjugation-micro-solid phase 
extraction, Microchem. J., 170 (2021) 106759. 
https://doi.org/ 10.1016/j.microc.2021.106759

[6]	 S. Arellano-Cárdenas, S. López-Cortez, M. 
Cornejo-Mazón, J. C. Mares-Gutiérrez, Study 
of malachite green adsorption by organically 
modified clay using a batch method, Appl. 

Scheme 2. Proposed mechanism for the retention of MG dye over the SCB solid



23Analysis adsorption of MG based on SCB and UV-Vis spectrophotometer            Smail Imame et al

Surf. Sci., 280 (2013) 74–78. https://doi.
org/10.1016/j.apsusc.2013.04.097

[7]	 K. Vasanth Kumar, S. Sivanesan, V. 
Ramamurthi, Adsorption of malachite green 
onto Pithophora sp., a fresh water algae: 
Equilibrium and kinetic modelling, Process 
Biochem., 40 (2005) 2865–2872. https://doi.
org/ 10.1016/j.procbio.2005.01.007

[8]	 A. Dehbi, Comparative study of malachite 
green and phenol adsorption on synthetic 
hematite iron oxide nanoparticles (α-Fe2O3), 
Surf. Interface., 21 (2020) 100637. https://doi.
org/ 10.1016/j.surfin.2020.100637

[9]	 M. Mohammadi Asl, N. Mansouri, S. A. R. Haji 
Seyed Mirzahosseini, F. Atabi, Simultaneity 
comparative evaluation of toluene removal 
from the air by adsorption and UV semi-
degradation-based adsorption procedure, Int. J. 
Environ. Sci. Technol., 21 (2024) 6677-6694. 
https://doi.org/10.1007/s13762-024-05503-0

[10]	 M. M. Asl, F. Atabi, Functionalized graphene 
oxide with bismuth and titanium oxide 
nanoparticles for efficiently removing 
formaldehyde from the air by photocatalytic 
degradation–adsorption process, J. Anal. Test., 
7 (2023) 444-458. https://doi.org/10.1007/
s41664-023-00272-0

[11]	 R. Ashouri, Dynamic and static removal of 
benzene from air based on task-specific ionic 
liquid coated on MWCNTs by sorbent tube-
headspace solid-phase extraction procedure, Int. 
J. Environ. Sci. Technol., 18 (2021) 2377-2390. 
https://doi.org/10.1007/s13762-020-02995-4

[12]	 S. Teimoori, H. Shirkhanloo, A. H. Hassani, 
M. Panahi,  N. Mansouri, New extraction of 
toluene from water samples based on nano-
carbon structure before determination by gas 
chromatography, Int. J. Environ. Sci. Technol., 
20 (2023) 6589–6608. https://doi.org/ 10.1007/
s13762-023-04906-9

[13]	 A. Faghihi-Zarandi, H. Shirkhanloo, C. 
Jamshidzadeh, A new method for removal of 
hazardous toluene vapor from air based on 
ionic liquid-phase adsorbent, Int. J. Environ. 
Sci. Technol., 16 (2019) 2797–2808. https://doi.

org/ 10.1007/s13762-018-1975-5
[14]	 A. Faghihi-Zarandi, J. Rakhtshah, B. Bahrami 

Yarahmadi, A rapid removal of xylene vapor 
from environmental air based on bismuth oxide 
coupled to heterogeneous graphene/graphene 
oxide by UV photo-catalectic degradation-
adsorption procedure, J. Environ. Chem. Eng., 
8 (2020) 104193. https://doi.org/ 10.1016/j.
jece.2020.104193

[15]	 R. F. Wang, L. G. Deng, K. Li, X. J. Fan, W. 
Li,  H. Q. Lu, Fabrication and characterization 
of sugarcane bagasse–calcium carbonate 
composite for the efficient removal of crystal 
violet dye from wastewater, Ceram. Int., 46 
(2020) 27484–27492. https://doi.org/ 10.1016/j.
ceramint.2020.07.237

[16]	 I. Loulidi, Adsorptive removal of chromium 
(VI) using walnut shell, almond shell, 
coconut shell and peanut shell, Res. J. Chem. 
Environ., 23 (2019) 25–32. http://www.
scopus.com/inward/record.url?eid=2-s2.0-
85081283619&partnerID=MN8TOARS

[17]	 M. El Khomri, N. El Messaoudi, A. Dbik, S. 
Bentahar,  A. Lacherai, Efficient adsorbent 
derived from Argania Spinosa for the adsorption 
of cationic dye: Kinetics, mechanism, isotherm 
and thermodynamic study, Surf.  Interface., 
20 (2020) 100601. https://doi.org/ 10.1016/j.
surfin.2020.100601

[18]	 M. A. Fawzy, Sustainable use of marine 
Macroalga Sargassum muticum as a biosorbent 
for hazardous crystal violet dye: Isotherm, 
kinetic and thermodynamic modeling, Sustain., 
15 (2023) 15064. https://doi.org/ 10.3390/
su152015064

[19]	 N. Ameram, Chemical composition in 
sugarcane bagasse: Delignification with sodium 
hydroxide, Malaysian J. Fundam. Appl. Sci., 
15 (2019) 232–236. https://doi.org/ 10.11113/
mjfas.v15n2.1118

[20]	 T. L. Bezerra, A. J. Ragauskas, A review of 
sugarcane bagasse for second-generation 
bioethanol and biopower production, Biofuel. 
Bioprod. Bior., 10 (2016) 634–647. https://doi.
org/ 10.1002/bbb.1662



24

[21]	 V. Yogeshwaran, A. K. Priya, Experimental 
studies on the removal of heavy metal ion 
concentration using sugarcane bagasse in batch 
adsorption process, Desalin. Water Treat.,  
224 (2021) 256–272. https://doi.org/ 10.5004/
dwt.2021.27160

[22]	 H. Tahir, M. Sultan, N. Akhtar, U. Hameed,  
T. Abid, Application of natural and modified 
sugar cane bagasse for the removal of dye from 
aqueous solution, J. Saudi Chem. Soc.,  20 
(2016) S115–S121. https://doi.org/ 10.1016/j.
jscs.2012.09.007

[23]	 E. K. Guechi, O. Hamdaoui, Biosorption of 
methylene blue from aqueous solution by 
potato (Solanum tuberosum) peel : equilibrium 
modelling, kinetic, and thermodynamic study, 
Desalin.  Water Treat., 57 ( 2016) 10270-10285. 
https://doi.org/ 10.1080/19443994.2015.1035338

[24]	 I. Loulidi, Adsorption of crystal violet onto 
an agricultural waste residue: Kinetics, 
isotherm, thermodynamics, and mechanism of 
adsorption, Sci. World J.,  2020 (2020) 873521. 
https://doi.org/ 10.1155/2020/5873521

[25]	 K. D. Belaid, S. Kacha, Study of the kinetics and 
thermodynamics of the adsorption of a basic 
dye on sawdust, J. Water Sci., 24 (2011)131–
144. https://doi.org/ 10.7202/1006107ar

[26]	 E. Sudova, J. Machova, Z. Svobodova, T. 
Vesely, Negative effects of malachite green 
and possibilities of its replacement in the 
treatment of fish eggs and fish: A review, Vet. 
Med., 52 (2007) 527–539. https://doi.org/ 
10.17221/2027-VETMED

[27]	 M. Sadoq, Elimination of crystal violet 
from aqueous solution by adsorption on 
naturel polysaccharide: Kinetic, isotherm, 
thermodynamic studies and mechanism 
analysis, Arab. J. Chem., 17 (2024) 105453. 
https://doi.org/ 10.1016/j.arabjc.2023.105453

[28]	 B. Shetty, Y. S. R, J. Johns, A Green approach 
to the removal of Malachite Green dye from 
aqueous medium using chitosan/cellulose 
blend, Res. Square,  2022. https://doi.org/ 
10.21203/rs.3.rs-1376666/v2

[29]	 S. Dawood, T. K. Sen, Removal of anionic 

dye Congo red from aqueous solution by 
raw pine and acid-treated pine cone powder 
as adsorbent: Equilibrium, thermodynamic, 
kinetics, mechanism and process design, Water 
Res.,  46 (2012) 1933–1946. https://doi.org/ 
10.1016/j.watres.2012.01.009

[30]	 D. Kavitha, C. Namasivayam, Experimental 
and kinetic studies on methylene blue 
adsorption by coir pith carbon, Bioresour. 
Technol., 98 (2007) 14–21. https://doi.org/ 
10.1016/j.biortech.2005.12.008

[31]	 M. Ertaş, M. Hakki Alma, Pyrolysis of laurel 
(Laurus nobilis L.) extraction residues in a 
fixed-bed reactor: Characterization of bio-
oil and bio-char, J. Anal. Appl. Pyrolysis,  88 
(2010) 22–29.  https://doi.org/ 10.1016/j.
jaap.2010.02.006

[32]	 A. Kali, Efficient adsorption removal of an 
anionic azo dye by lignocellulosic waste 
material and sludge recycling into combustible 
briquettes, Colloids Interfaces, 6 (2022) 22. 
https://doi.org/ 10.3390/colloids6020022

[33]	 A. F. Abbas, M. J. Ahmed, Mesoporous 
activated carbon from date stones (Phoenix 
dactylifera L.) by one-step microwave assisted 
K2CO3 pyrolysis, J. Water Process Eng., 9 
(2016)  201–207. https://doi.org/ 10.1016/j.
jwpe.2016.01.004

[34]	 Z. Belala, M. Jeguirim, M. Belhachemi, F. 
Addoun,  G. Trouvé, Biosorption of basic 
dye from aqueous solutions by date stones 
and palm-trees waste: Kinetic, equilibrium 
and thermodynamic studies, Desalin., 271 
(2011) 80–87. https://doi.org/ 10.1016/j.
desal.2010.12.009

[35]	 N. El Messaoudi, M. El Khomri, S. Bentahar, 
A. Dbik, A. Lacherai, B. Bakiz, Evaluation of 
performance of chemically treated date stones: 
Application for the removal of cationic dyes 
from aqueous solutions, J. Taiwan Inst. Chem. 
Eng., 67 (2016) 244–253. https://doi.org/ 
10.1016/j.jtice.2016.07.024

[36]	 M. A. Al-Ghouti, J. Li, Y. Salamh, N. Al-
Laqtah, G. Walker, M. N. M. Ahmad, 
Adsorption mechanisms of removing heavy 

Anal. Methods Environ. Chem. J. 8 (1) (2025) 5-25



25

metals and dyes from aqueous solution using 
date pits solid adsorbent, J. Hazard. Mater., 
176 (2010) 510–520. https://doi.org/ 10.1016/j.
jhazmat.2009.11.059

[37]	 L. Rodier, K. Bilba, C. Onésippe, M. A. Arsène, 
Utilization of bio-chars from sugarcane bagasse 
pyrolysis in cement-based composites, Ind. 
Crops Prod., 141 (2019) 111731. https://doi.
org/ 10.1016/j.indcrop.2019.111731

[38]	 E. N. Bakatula, D. Richard, C. M. Neculita,  
G. J. Zagury, Determination of point of zero 
charge of natural organic materials, Environ. 
Sci. Pollut. Res., 25 (2018) 7823–7833. https://
doi.org/ 10.1007/s11356-017-1115-7

[39]	 K. M. Kifuani, Adsorption d’un colorant 
basique, Bleu de Méthylène, en solution 
aqueuse, sur un bioadsorbant issu de déchets 
agricoles de Cucumeropsis mannii Naudin, Int. 
J. Biol. Chem. Sci., 12 (2018) 558. https://doi.
org/ 10.4314/ijbcs.v12i1.43

[40]	 E. K. Guechi, O. Hamdaoui, Biosorption 
of methylene blue from aqueous solution 
by potato (Solanum tuberosum) peel: 
equilibrium modelling, kinetic, and 
thermodynamic studies, Desalin. Water Treat., 
57 (2016) 10270–10285. https://doi.org/ 
10.1080/19443994.2015.1035338

[41]	 N. B. Singh, G. Nagpal, S. Agrawal, Water 
purification by using adsorbents : A review, 
Environ. Technol. Innov., 11 (2018) 187–240. 
https://doi.org/ 10.1016/j.eti.2018.05.006

[42]	 S. D. Ahranjani, A lead analysis based on 
amine-functionalized bimodal mesoporous 
silica nanoparticles in human biological 
samples by ultrasound assisted-ionic liquid 
trap-micro solid phase extraction, J. Pharm. 
Biomed. Anal., 157 (2018) 1-9. https://doi.
org/10.1016/j.jpba.2018.05.004

[43]	 Z. Khademi, B. Ramavandi, M. T. Ghaneian, 
The behaviors and characteristics of a 
mesoporous activated carbon prepared 
from Tamarix hispida for Zn(II) adsorption 
from wastewater, J. Environ. Chem. Eng., 3 
(2015) 2057–2067. https://doi.org/ 10.1016/j.
jece.2015.07.012

[44]	 F. Wu, R. Tseng, S. Huang, R. Juang, 
Characteristics of pseudo-second-order kinetic 
model for liquid-phase adsorption : A mini-
review, Chem. Eng. J., 151 (2009) 1–9. https://
doi.org/ 10.1016/j.cej.2009.02.024

[45]	 S. Sahu, Adsorption of methylene blue on 
chemically modified lychee seed biochar: 
Dynamic, equilibrium, and thermodynamic 
study, J. Mol. Liq., 315 (2020) 113743. https://
doi.org/ 10.1016/j.molliq.2020.113743

[46]	 H. Zeghache, S. Hafsi, N. Gherraf, Adsorption 
of organic dyes onto commercial activated 
carbon by using non-linear regression method, 
Environ. Asia, 12 (2019) 127–142. https://doi.
org/ 10.14456/ea.2019.15

[47]	 P. Sampranpiboon, Equilibrium isotherm 
models for adsorption of zinc ( II ) ion from 
aqueous solution on pulp waste faculty of 
engineering, WSEAS Trans. Environ. Dev.,  
10 (2014) 35–47. https://wseas.org/cms.
action?id=4031

Analysis adsorption of MG based on SCB and UV-Vis spectrophotometer            Smail Imame et al



1. Introduction
Nanotechnology science refers to any product 
or device created by matter manipulated by 
controlling atoms and molecules at the nanoscale 
[1]. These materials are known as nanomaterials 
or nanoparticles (NPs), with no more than 100 
nanometers thick in at least one dimension of 
materials or molecules at the nanoscale. These 
materials promise great promise for a scientific 

career when applied to industries like sports, 
healthcare, and electronics [2,3]. The field of 
inorganic nanoparticles has been developed in 
recent years. Metal nanoparticles differentiate 
from bulk with their physical and chemical 
properties, including their morphology and 
geometry, size and distribution, catalytic activity, 
and magnetic properties. This leads to broad 
fields of application in biomedical, electronics, 
environment, and air pollution [4,5]. Different 
chemical, physical, and biological methods 
produce metal nanoparticles. The chemical and 
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A B S T R A C T
Water pollution poses significant threats to the environment and human 
health, applications of photodegradation technology offer a promising 
solution for mitigating these impacts by utilizing light energy to break 
pollutants; this technology can effectively clean contaminated water, 
contributing to a sustainable challenge and enhanced the practicality 
and efficiency of photodegradation systems. This study compares the 
photodegradation efficiency of (20 ppm, pH = 6.4) methylene blue 
dye (MB) under three different types of ultraviolet (UV) irradiation 
light sources, which are UV type A (365 nm), UV type B (311 nm), 
UV type C (254 nm) by using new home-made photoreactor. The 
photodegradation activity of this system comprises various conditions, 
first on circulation of MB dye in the system without irradiation or 
adding catalytic, when irradiation MB dye with UV-A, UV-B, and 
UV-C light sources with circulation, finally, the effect of adding 0.05 g of 
green synthesis of titanium dioxide nanoparticles (TiO2NPs) by using 
watermelon rind extract with irradiation in the system. Different 
percentage of MB dye removal was reported. The prepared catalytic 
TiO2NPs were characterized using ultraviolet−visible spectroscopy 
(UV-Vis), Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscope (SEM), energy dispersive analysis (EDX), X-ray 
spectroscopy (XRD), and atomic force microscopy (AFM). High 
photodegradation performance was reported under UV-C and UV-B 
irradiation of MB dye in 90 minutes. 
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physical methods have their drawbacks, with 
hazardous products and poisonous creation 
products [6,7]. Biosynthesis approaches with 
low-cost, environmentally friendly methods, with 
one step to generate metal NPs, and using plant 
parts as a starting point such as (seeds, roots, and 
fruits) [8,9], or microorganisms which are used 
in green synthesis of metal nanoparticles [10,11] 
which contain bioactive agents such as fungi, 
yeasts, and bacteria [12-14]. A plant extract is 
used to produce NPs on a large scale, which is 
cost-effective, simple, and safe. Plant extract 
contains bioactive compounds that play different 
roles in green synthesis methods as capping, 
stabilizing, and reducing agents [15,16], with 
compounds such as saccharides [17], vitamins 
[18], antioxidants [19], alkaloids [20], flavonoids 
[21], as well as various proteins, amino acids, 
and enzymes [22]. Watermelon fruit (Citrullus 
lanatus) is one of the most consumed worldwide 
[23], but only the red flesh is eaten; the green rind 
is always discarded to waste. However, the rinds 
contain various bioactive components, proteins, 
carotenoids, citrulline, pectin, and cellulose 
[24,25]. Also, it contains soluble carbohydrates 
up to (45-65%), carotenoids, alkaloids, saponin, 
and phytates [26]. WMRs also contain various 
proteins (15-50%), including prolamin, glutelin, 
albumin, and globulin. Also, it is considered a 
good source of vitamin B-complex (B1, B2, B3, 
B6, and B12) [27]. Water pollution nowadays 
receives global attention due to organic 
contaminations [28,29], which cannot be isolated 
with conventional methods. An increase in 
pharmaceutical concentration, especially using 
amino acid products, which affects plants and 
other living organisms [30-32]. Due to the 
photocatalytic technology based on the ultraviolet 
spectrum and TiO2NP substances [33,34], which 
undergo the generation of reactive oxygen species 
(ROS), which is considered the key oxidant that 
decomposes water pollutants [35]. TiO2NPs are 
known for low cost, high stability photocatalytic, 
and non-toxicity. Also, TiO2NPs are known for one 
drawback, which is a large band gap in the visible 

spectrum [36]. Several chemical and physical 
methods are reported to remove dyes and organic 
pollutants from water, such as photocatalysis, 
coagulation-flocculation, adsorption, membrane 
separation, and electrochemical processes. 
Among all these methods, photocatalysis has been 
reported as cheaper, more effective, and preferred 
over other methods due to its simple design, 
operation, energy efficiency, eco-friendliness, 
and cost-effectiveness. Other methods also 
focus on changing the pollutants from an aqueous 
solution to a solid state. In contrast, photocatalysis 
focuses on the degradation of contaminants by an 
advanced oxidation process on the catalyst’s surface 
[37–40]. The present work reports the degradation 
of methylene blue dye by photocatalytic method 
using TiO2NPs as a photocatalyst and irradiation of 
different ultra-viable light sources, such as UV-A, 
UV-B, and UV-C.

2. Materials and Methods
2.1. Chemicals and Materials
Titanium tetrachloride (TiCl4, 99.99%, CASN.: 
7550-45-0) was supplied from Sigma Aldrich, 
America. Methylene blue dye (C16H18ClN3S, 
≥95%, CAS N.: 61-73-4) was bought from 
Merck, America. Ammonia (≥10%, CASN.: 
1336-21-6) bought from Prolabo, Canada. All 
experiments include using deionized water (DW 
Millipore).

2.2. Preparation of Watermelon rinds Aqueous  
Several watermelons are bought from the market; 
the rinds are separated and washed with water to 
remove all remaining parts for several days. The 
rinds were kept in a dark place to dry. The next 
step was to use a grinder from Al saif-elec., model 
HM-917, and the dried rinds ground to powder. 
To prepare the aqueous solution of watermelon 
rind, 5.0 g of powder was added to 100 mL DW, 
the mixture was heated using a stirrer hot plate, 
the temperature kept under 80 0C, stirring at 200 
rpm for 30 minutes, and a green solution was 
obtained, the aqueous cooled and filtered, stored 
in a dark brown bottle.
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2.3. Preparation of green TiO2 NPs by the Sol-Gel
To prepare TiO2NPs by sol-gel method, (100ml) of 
green watermelon rinds were heated and stirred with 
a hot plate to 70 0C, then (100 mL) of (0.5M) TiCl4 
solution was added. The mixture was kept to reach the 
wanted temperature, a dropwise of ammonia solution 
was added, and the mixture color changed from white-
green to yellow color after (60) minutes; the mixture 
cooled down, centrifuged, dried, and ground with 
crystal mortar to obtain the TiO2NPs powder. The last 
step, purification, is done by calcinating the powder in 
the furnace at (400°C) to remove water moisture for 
three hours and oxidize the entire TiO2NPs to powder 
(Fig. 1). The TiO2NPs characterized by AFM, SEM, 
FTIR, UV-vis spectrum, XRD, and EDAX.

2.4. Photoreactor and UV light sources
A photoreactor instrument designed to bring 
photons to reactant is known as a photoreactor; 
the device consists of a frame bought from the 
market, attached to a diaphragm pump 24V.16L-1 
min-1. The frame connected to the ultraviolet 
chamber barrel consists of a high-quality tube 
of quartz for UV-light sources, which are (T5 
8W) UV-A (365 nm), (T5 8W) UV-B (311 nm), 
and (T5 8W) UV-C (254 nm). A water cartridge 
with 10 inches where used, plastic tubes with 
connectors used to close the system flow. All UV-
light sources were bought from the Coospider 
quartz ultraviolet lamp, 220v, China, as shown 
in Figure 2.

Anal. Methods Environ. Chem. J. 8 (1) (2025) 5-38

Fig. 1. Sol-Gel method for green synthesis of TiO2NPs 

Fig. 2. Photoreactor system design
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2.5. The procedure of photodegradation
To ensure the solution flow in the photoreactor 
device, (320 mL) of methylene blue with 
concentration (20 mg L-1,, PH = 6.4) was selected. 
An experiment was done to show the impact on 
MB circulation in the photoreactor. To study the 
effect of irradiation of three UV lamps, which are 
UV-A, UV-B, and UV-C, on the circulation of MB 
in the photoreactor, a set of experiments was done 
to show the effect. The last set of experiments was 
done to show the impact of loading (0.05 g) of 
TiO2NPs with irradiation with three UV-lamps for 
degradation of MB, with these set of experiments 
and to ensure the adsorption-desorption equilibrium 
of MB on the surface of TiO2NPs, after adding (0.05 
g) of the catalyst, the solution kept for (15) minutes 
in a dark place.  In all experiments, a sample of (2.5 
mL) was first collected from the photoreactor; after 
irradiation started, the sample was collected every 
(15) minutes using a pipette, and all experiments 
were done in (90) minutes.

2.6. Instrument and principle of operation 
Ultraviolet (UV) radiation is a form of electromagnetic 
radiation with shorter wavelengths than visible 
light; there are three types of UV rays: UV-A, UV-
B, and UV-C. To investigate the photodegradation 
of MB dye, a UV-Vis spectrophotometer with a 
double beam was used for its capability to analyze 
the absorption and transmission of light with the 
dye and degradation products, as this technique 
provides information about electronics transition 
and understand the mechanism of degradation and 
efficiency of the photocatalyst. This instrument is 
based on the interaction between light and matter; as 
light passes through a molecule of MB dye, it causes 
vibration to this molecule, and the wavelength of 
this absorbed light is called absorption maximum, 
which can identify the changes in the reaction, 
the instrument consists of light source which 
provides illumination at specific wavelength, a 
monochromator used to select the wavelength, 
a detector to measure the intensity of light passes 
through the sample, and a data recorder to record the 
absorbance or transmission of the light[41].

2.7. Photodegradation kinetic study 
The photocatalytic study of TiO2NPs was tested, 
and the photodegradation rate of MB dye was 
calculated by Equation 1 [42,43].

 (Eq.1)

Where A0 is the absorbance of initial MB; At is the 
absorbance of the solution after irradiation at time 
t. According to the first-order kinetics reaction, 
rate constant k (min-1) was determined using the 
following relation Equation 2[44,45]. C0 and Ct are 
concentrations at the beginning, and at a particular 
time, t is the irradiation time. 

(Eq.2)

2.8. Characterization of Titanium oxide 
nanoparticles
A BOYN D8000 double-beam UV−vis 
spectrophotometer (China) was used to identify 
the compounds’ functional groups. The Naio AFM 
atomic force microscopy model Nano surf AG, 
Switzerland, measured the surface roughness and 
mean diameters. Environmental scanning electron 
microscopy (ESEM) and Energy-dispersive X-ray 
spectroscopy (EDX) were used for element analysis 
by Tescan Mira with a resolution of 1.2 nm at 30 kV 
and 2.3 nm at 3.0 kV. FTIR analysis was performed 
to measure the absorbances of methylene blue dye 
(Vertex-80v FTIR spectrometer with a frequency range 
from 4000–400 cm−1). An XRD persee, China, XD3 
(X-ray diffractometer) was carried out on  TiO2NPs 
powder to identify the structure and the composition, 
the range -40-90° at a scanning speed 0.125°-120°min-

1, step size of 0.00025° with scanning radius 180 mm. 

3. Results and discussion
3.1. Morphological analysis
3.1.1.Scanning Electron Microscope and Energy 
Dispersive Analysis of X-ray
To characterize the surface morphology of 
TiO2NPs prepared by green synthesis, Figure 3 
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(left) and (right) show the SEM images. The results 
of these images show the non-uniform distribution of 
TiO2NPs, consisting of single particles or clusters with 
an average size (21 nm) diameter. Also, it is shown 
from a closer view that the rough surface’s slight 
agglomerations due to high calcination temperature 
accelerate the crystal growth of TiO2NPs.
Figure 4 shows an EDAX analysis used to prepare 
TiO2NPs. The results are described in Table 1, 
which shows the atomic percentage of oxygen and 

titanium-grown nanoparticles. This can conclude 
the right ratio of titanium and oxygen with 1:2. 
The spectra show different elements from the 
watermelon rind compounds, as shown in Table 1.

3.1.2.X-ray diffraction (XRD)
Figure 5 shows the results of analyzing the X-ray 
spectra and studying the structure and crystallization 
of TiO2NPs, starting with the Match phase analysis 
software.

Anal. Methods Environ. Chem. J. 8 (1) (2025) 5-38

Fig. 3. SEM images of TiO2NPs view field (left) 200 nm and (right) 1μm

Fig. 4. TiO2NPs EDAX spectrum
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The diffraction peaks sharp spectrum appeared 
at 2θ = 22.20°, 25.45°, 38.00°, 48.15°, 54.13°, 
55.13°,62.83°, 69.05°, 70.30°, and 75.25°. The 
spectrum matches with anatase phase patterns 
of TiO2NPs from (COD card No. 96-901-5930) 
[46], with a tetragonal crystal plane and average 
crystallite size for the TiO2NPs estimated according 
to the Debye−Scherrer’s Equation 3 [47].

                    (Eq.3)

Where K represents the Scherrer constant (0.94), 
D is the nanoparticle crystalline size, λ is the X-ray 
wavelength (1.54 A°), θ is the Bragg’s diffraction 
angle, and β is the peak width at half maximum. The 
average particle size has been calculated in Match 
software to be (26.69 nm) as shown in Figure 6.

Tab le 1. Chemical composition of green TiO2NPs in terms of weight
and atomic percentage from (EDAX) measurement

Elements Weight percentage (Wt. %) Atomic percentage (%)
C
O
Na
Si
P
Cl
K
Ti

Total

4.21
54.22
3.18
1.67
1.44
2.11
2.00
31.08
100.00

7.39
71.39
2.92
1.32
0.98
1.25
1.08
13.76
100.00

Fig. 5. XRD pattern of green synthesis TiO2NPs

Fig. 6. TiO2NPs Crystallite size calculation
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3.1.3.FTIR spectroscopy study
The FTIR spectroscopy of both watermelon rind 
and prepared TiO2NPs powders was carried out to 
determine functional groups as shown in Figure 
7. TiO2NPs spectra (a and b) show three spectrum 
peaks, the observed peaks at 3452.43 cm−1 and 
3431.13 cm−1, which are stretching vibration 
asymmetric and symmetric attributed to the 
hydroxyl group in (Ti-OH) [48]. The band observed 
peak in 1618.17 cm−1 attributed to the binding 
vibration of the (OH) group in the water molecule, 
which adsorbed on the surface of TiO2NPs [49,50], the 
peaks at the broadband from 800 to 400 cm-1 region is 
attributed to the Ti-O stretching and Ti-O-Ti vibration 
absorption from the anatase TiO2NPs [51,52].

3.1.4.Atomic force microscopy (AFM) 
AFM carried out the topography analysis 
phases of TiO2NPs. The results show spherical 
nanoparticles. An image topographic roughness 
inspection showed an average size of 9nm, as 
shown in Figure 8.

3.2. Photodegradation Studies
3.2.1.Absorption of MB dye
The concentration of the experimental part chosen 
20ppm (6×10-5M) at 662 nm wavelength and (0.680) 
absorbance as shown in Figure 9, by reference to 
Beer’s law, this concentration of 20ppm which lies 
between (0.2-0.7) absorbances with least errors and 
best range for measurements [53].

Anal. Methods Environ. Chem. J. 8 (1) (2025) 5-38

Fig.7. FTIR pattern (a) green synthesis TiO2NPs (b) watermelon rind

Fig. 8. TiO2NPs Atomic force microscopy analysis
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3.2.2.Irradiation of MB dye with different UV-
light sources
Irradiation of MB dye with different lamps (UV-
A, UV-B, UV-C) without loading photocatalyst: 
All these experiments show the MB decreasing in 
concentration with time in different percentages. 
Also, the photodegradation process increases 
with different percentages, as shown in Figures 
10 and b. The results show that photodegradation 
for UVC = 34%, and both UVB and UVA results 
are 29%.

3.2.3. Photocatalyst loading for photodegradation 
of methylene blue
The photodegradation of methylene blue with 
loading (0.05g) TiO2NPs photocatalyst has been 
carried out in (90) minutes with irradiation by three 
different UV lumps, which are UV-A (365 nm), 
UV-B (311nm), UV-C (254 nm), as in Figure11a, 
which indicate the decrease of MB dye concentration 
with time. UV-C reaches 99.9% degradation of MB 
dye after 75 minutes, while UV-B reaches 96% 
degradation, and UV-A reaches 50% degradation 

Fig. 9. UV-Vis of MB (a) Absorbance vs wavelength (nm), (b) Concentration vs time

F ig. 10. (a) MB irradiation with different UV-light sources, (b) D% for MB irradiation with different UV 
lamps, both experiments ([MB] = 20 ppm; TiO2NPs loading = none)
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after 90 minutes. Figure 11b shows Regression 
correlation values R2 for each UV tube, UV-A, 
UV-B, and UV-C. F igures 11c and 11d show that 
the degradation percentage increases (D%), and all 
experiments were done in (90) minutes. 
The photodegradation of MB dye with UV-C is 
faster than that with UV-B and UV-A, indicating 
its photolysis capability, as it has a shorter 
penetration wavelength and high energy level. The 
photodegradation kinetic study follows a first-order 
reaction [54,55]. A graph of ln(C0/Ct) against time 
was plotted, as shown in Figure 11b, with a high 
regression correlation value.

4. Conclusion
This study shows the easy procedure to produce 
TiO2NPs by the sol-gel method, which was 
successfully prepared using watermelon rinds for 
the green synthesis method. The critical role of 
green synthesis is to prepare metal nanoparticles 
with their advantages and acceptances in wastewater 
treatment and for the environment. Photodegrading 
using semiconductor TiO2NPs, with a new 
photoreactor system design, is highly effective 
in degrading methylene blue dye under different 
ultraviolet light irradiation. This process can break 
down harmful organic compounds into less toxic 

Anal. Methods Environ. Chem. J. 8 (1) (2025) 5-38

Fig. 11. (a) MB Conc. Decrease with time (b) Regression correlation values R2, (c) and (d) D% for 
MB irradiation with different UV lamps. all experiments ([MB] = 20 ppm; TiO2 NPs loading = 0.05g)
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or harmless substances. This is particularly useful 
for treating industrial wastewater and contaminated 
natural water. The results of the photodegradation 
process, with loading (0.05g) of TiO2NPs, indicate 
the effectiveness of ultraviolet C rays, as they have 
higher energy and shorter wavelengths. Compared 
to ultraviolet B and ultraviolet A, this makes 
them very effective at breaking chemical bonds 
in methylene blue dye (20 mg L-1, pH=6.4). This 
indicates their capability in photolysis, as they have 
a shorter penetration wavelength and high energy 
level.
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1. Introduction
The scientific community attributes the causes of 
climate change to the increased production of carbon 
dioxide (CO2) through human activity. CO2 is one of 
the principal greenhouse gases contributing to global 
warming. To minimize the continuous growth of its 
atmospheric concentration, CO2 can be used as raw 
material to obtain products with high energy value 
[1]. Electrochemical CO2 reduction reaction (CO2RR) 
is recognized as one of the most attractive and 
environmentally friendly approaches for reducing CO2 

emissions. This approach is especially effective when 
integrated with the utilization of renewable energies [2-
3]. Carbon dioxide (CO2) is a highly stable molecule 
that requires considerable energy to transform into 
useful compounds. Scientists have identified several 
methods to convert CO2 into valuable chemicals, 
including carbon monoxide (CO) [4]. hydrocarbons, 
and oxygenated hydrocarbons. These methods 
include gas-phase, liquid-phase, electrochemical, and 
photocatalytic reactions. Gas-phase reactions involve 
dry reforming of methane (CH4 + CO2 → 2CO + 2H2) 
and hydrogenation of CO2 (CO2 + H2 → CO + H2O, 
which is also known as the water-gas shift reversal 
reaction; CO2 + 4H2 → CH4 + 2H2O). On the other 
hand, the liquid-phase technique uses CO2 dissolved 
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in an aqueous solution (CO2(aq) + H2(aq) → COOH) to 
produce formic acid (HCOOH) [4–8]. Carbon dioxide 
(CO2) electroreduction is a process that involves 
different numbers of electrons and protons to produce 
specific products. Metallic catalysts such as gold 
(Au), silver (Ag), palladium (Pd), zinc (Zn), lead (Pb), 
bismuth (Bi), tin (Sn), indium (In), mercury (Hg), 
and copper (Cu) have shown remarkable selectivity 
towards different products. Depending on the catalyst 
used, the major products of CO2 electroreduction can 
be classified into three categories: (1) CO is produced 
by Au, Ag, Pd, and Zn; (2) formic acid/formate 
is produced by Pb, Bi, Sn, In, and Hg; [9–11] (3) 
various hydrocarbons are produced by Cu [12–15]. 
Despite this promising progress, these catalysts are 
still far from being industrially applicable, especially 
regarding current density. To have a sustainable 
impact on the environment and climate, it is crucial 
to conduct industrially relevant research. Therefore, 
urgent efforts are needed to develop more efficient 
and cost-effective catalysts for CO2 electroreduction 
[16]. The CO2 reduction reaction (CO2RR) process 
faces challenges such as high overpotential and 
low current density [17-18]. Additionally, if the 
reaction occurs in an aqueous solution, the hydrogen 
evolution reaction competes with the desired product 
formation [19]. Therefore, the selectivity of product 
formation is influenced by several factors, such as 
the concentration of CO2 in the electrolyte, electrode 
potential, temperature, electrolyte solution, and 
electrocatalyst used [15]. Electrocatalytic reduction 
of CO2, also known as CO2RR, is a challenging 
process due to the thermodynamic stability of CO2, 
which causes slow reaction kinetics. Moreover, CO2 
conversion often competes with hydrogen evolution 
reaction (HER), leading to reduced selectivity of 
carbon products. Therefore, there is a need for highly 
effective, selective, and stable electrocatalysts to meet 
the requirements for practical applications of CO2RR 
[20]. In electrocatalysis, several techniques have been 
developed to improve the performance of catalysts. 
These methods include alloying, surface modification, 
element doping, oxidative treatment, and shape control 
[21]. Alloying is widely regarded as one of the most 
effective ways to enhance electrocatalytic activity. 

This is because bimetallic alloying can modify not 
only the conventional electronic and geometric 
structures but also the ensemble effects of the metal 
active sites. By introducing a second metal into the 
catalyst, alloying can create new active sites or modify 
the electronic properties of existing sites, leading to 
improved catalytic activity and selectivity. Overall, 
alloying as a strategy for enhancing electrocatalytic 
performance has shown great promise in many 
research studies [22-23]. Tin (Sn) based catalysts have 
recently emerged as a promising metal for catalyzing 
the electrochemical reduction of CO2. These are highly 
efficient, selective, and cost-effective, making them an 
attractive alternative to noble metal-based catalysts 
[24]. Sn-based catalysts can selectively convert CO2 to 
formate, a valuable chemical feedstock. A wide range 
of Sn-based catalysts has been reported for CO2RR, 
including single metals, alloys, oxides [25,26], sulfides, 
and hybrids with carbon nanomaterials such as carbon 
nanotubes and graphene. These hybrids offer improved 
catalytic activity and stability and enhanced selectivity 
towards formate production. Furthermore, Sn-based 
catalysts are eco-friendly, non-toxic, and abundant 
in nature, making them a sustainable alternative to 
traditional catalysts. Currently, formate and CO can 
achieve Faradaic efficiencies of ~ 100% and over 
90%, respectively [27-31]. We experimented to test the 
effectiveness of adding ethyl cellulose (EC) to SnO2 
nanoparticles (NPs) and applying it onto a rotated disk 
of 306 stainless (306S.S) steel using the drop-casting 
technique. The resulting SnO2-EC@306S.S electrode 
was used as a catalyst for CO2 reduction. Ethylcellulose 
helps to improve the adhesion of SnO2 NPs to the 
substrate and prevent degradation. We analyzed the 
structure and composition of the SnO2-EC@306S.S 
electrode using various methods, including atomic 
force microscopy (AFM), Field emission scanning 
electron microscopy (FESEM), X-ray diffraction 
(XRD), and Fourier transform infrared spectroscopy 
(FT-IR). To evaluate the catalyst’s efficiency in 
promoting the reduction of CO2, we used an H-type 
cell equipped with three electrodes and a solution of 
0.1M KHCO3 with a continuous flow of CO2 gas. We 
applied a negative potential ranging from -1.8V to -1V 
at intervals of 0.2V. The CO2 liquid products were 
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analyzed using the chemical oxygen demand (COD) 
method, and it was found that the oxygen content 
reached a maximum value of 226 mgL-1 at a potential 
of -1.2 mV.

2.  Material and Methods
2.1. Reagents
Tin oxide nanoparticles (SnO2 NPs, 305nm, CAS 
No:18282-10-5) were purchased from Hongwu 
International Group, China. At the same time, 
ethyl cellulose (EC, 99%, CAS No:9004-57-3) was 
procured from Sigma Aldrich, Germany. Potassium 
hydrogen carbonate (KHCO3, 99.99%, CAS 
No:298-14-6) was prepared from Fluke, Germany. 
Nafion (5 wt.%, CAS No:31175-20-9) solution 
was purchased from Wuhan Golden Kylin industry, 
and Ethanol (EtOH, 99.9%, CAS No:64-17-5) was 
purchased from Chem-lab company, Belgium. The 
carbon dioxide (CO2, 99.999%, CAS No:124-38-
9) and Nitrogen gas (N2, 99.999%, CAS No:7727-
37-9) supplied Gulf company for industrial gases, 
Baghdad, Iraq.

2.2.  Characterization instruments 
Field Emission-Scanning Electron Microscope 
(FE-SEM, Sigma VP-Zeiss equipped with EDS-
EBSD-Mapping-Line, Oxford Instrument Co) 
was used to examine the morphology of SnO2 and 
EC-SnO2 catalysts. Additionally, an Atomic Force 
Microscope (CoreAFM, Nanosurf, Switzerland) 
was used to measure the coated catalyst’s particle 

size, roughness, adhesion force, and hardness. 
XRD diffraction (PANalytical XPert Pro XRD, 
Philips, Holland) was employed to estimate grain 
size, and electrocatalytic CO2 reduction was carried 
out using the Vertex One Potentiostat equipped 
with Electrochemical Impedance Spectroscopy 
(EIS, Ivium Technologies, Holland). Finally, a 
Colorimeter (Lovibond, Germany) was employed 
to measure COD content. 

2.3.  Preparation of SnO2-Doped Ethyl Cellulose 
(SnO2-EC)
 In a one-neck round-bottom flask (25 mL), 8 mg 
of ethyl cellulose (EC) was dissolved in 20 mL of 
ethanol and sonicated for 30 min. Then, 92 mg of 
SnO2 NPs was added to the solution, and the mixture 
was stirred at room temperature for 120 min. After 
that, the solution was concentrated by evaporating 
the solvent at 50°C for 60 min. The thick solution 
was decanted into a Petri dish, and the yellow powder 
was collected and dried at 60°C for 10 hours. The 
resultant composite was donated as SnO2-EC. 

2.4.  Preparation of Working Electrode (SnO2-
EC@306S.S)
 To prepare the catalyst, 50 mg of SnO2-EC powder 
was mixed with 500 µL ethanol and 100 µL Nafion (5 
wt.%). An ultrasonic probe sonicated the mixture for 
10 minutes, after which thick ink dropped-casted onto 
a rotating disc of 1 cm2 306 stainless steel and allowed 
to dry at room temperature, as illustrated in Figure 1.  

Fig. 1. Illustrate the route of electrocatalyst and ink preparation
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2.5.  Electrochemical Measurements
Experiments were carried out to reduce CO2 using 
an H-type electrochemical cell. A Nafion 117 
proton exchange membrane separated the cathodic 
and anodic compartments. A three-electrode 
system was used with the electrocatalyst deposited 
on 306 stainless steel, which served as the working 
electrode, a high-surface-area platinum plate as the 
counter electrode (area = 1 cm2), and a Hg/HgCl2 
(saturated KCl) as the reference electrode, as shown 
in Figure 2. All electrochemical experiments were 
conducted using a Potentiostat (Vertex One, Ivium 
Technologies, Netherlands).
The cathodic and anodic compartments were filled 
with a fresh solution of 110 mL of 0.1M KHCO3. 
The pH of the catholyte solution was initially 
measured to be 8.45 before purging with CO2 
gas. After saturating the solution with CO2 for 60 
minutes, the pH decreased to 7.23. This significant 
change in pH demonstrates the strong influence 
of CO2 on the solution’s acidity. Linear sweep 
voltammetry (LSV) curves were conducted in an 
N2 and CO2-saturated electrolyte at a flow rate of 
10 mL per seconds with an applied potential in 
the range of 0 to -2 V vs. RHE with a scan rate of 

10 mV per seconds. All potentials were calibrated 
against the reversible hydrogen electrode (RHE) 
using Equation1. 

(Eq.1)

Electrochemical impedance spectroscopy (EIS) 
was carried out under the same electrolyte and 
electrodes with an amplitude of 10 mV and a frequency 
ranging from 0.1 Hz to 100 kHz at AC potential.   

3. Result and Discussion
3.1. Morphology Characterization
The FE-SEM equipped with EDX was used to 
characterize the morphology of SnO2 nanoparticles 
and ethyl cellulose doped with SnO2 nanoparticles, 
as shown in Figures (3A and 3B). The microscopic 
images of SnO2 nanoparticles at low (50kx) and 
high (100kx) magnifications, as displayed in 
Figure 3A, clearly demonstrate that the particles 
exhibit a uniform spherical shape with a diameter 
ranging from 12.67nm to 16.20nm. Furthermore, 
the surface appeared rougher due to the small sizes 
of the SnO2 nanoparticles.   

Anal. Methods Environ. Chem. J. 8 (1) (2025) 39-53

Fig. 2. Electrochemical measurement steps using an H-type cell with three electrode systems
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Doping SnO2 nanoparticles into ethyl cellulose 
(EC) resulted in individual nanoparticle clusters, 
each containing more than ten particles. The 
stiffening action of ethyl cellulose improves the 
surface adherence of SnO2 nanoparticles, which 
causes the size of the particles to increase and 
become variable, ranging from 55.52 nm to 74.90 
nm, as shown in Figure 3B.  

3.2. AFM Characterization
An atomic force microscope (AFM) is a technique 
that provides two and three-dimensional high-
resolution images that result in information 

about topography and morphology. In brief, all 
prepared electrodes were measured in tapping 
mode, the most common dynamic mode type used 
in AFM. In this mode, the cantilever (Tap300-G, 
reflected coating with 30nm Au, Resonance freq. 
300KHz and force constant 42N/m) oscillated 
with its resonance frequency near the surface. 
The SnO2@306S.S electrode with scanned area 
(2 × 2um) observed spherical-like shapes with 
uniform distribution of SnO2 nanoparticles over 
306S.S surface, while ethyl cellulose doped with 
SnO2 NPs demonstrated aggregation of SnO2 NP 
within EC layer that led to increase particle size as 
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Fig. 3A. FESEM images of SnO2 nanoparticles with low (left) and high (right) magnification.

Fig. 3B. FESEM images of SnO2 NPs-doped ethyl cellulose as clusters
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compared with pure SnO2 NPs which was shown in 
Figure 4. Regarding surface roughness, the SnO2-
EC@306S.S electrode exhibited higher roughness 
than the SnO2@306S.S electrode; the mean 
diameter, root mean square height (Sq), and surface 
roughness (Sa) calculated using SPIP mountains 
software are listed in Table 2.
Force-distance (FD) spectroscopy is an AFM mode 
that can measure the nano-mechanical properties 
of various materials, such as adhesion force, 
hardness, adhesion energy, and work function. 
The force-distance curve is obtained by allowing 
the cantilever tip to approach the sample surface, 

leading to an attractive force (Van der Waals forces). 
When the tip comes into contact with the surface, a 
rise in repulsive force (electrostatic forces) occurs, 
pushing the tip away from the surface and causing 
the cantilever to bend to overcome the tip-sample 
adhesion forces. The tip is then pulled sharply 
toward its equilibrium position, and the value of 
tip-surface deflection is monitored and recorded as 
a function of tip-surface displacement [32-35] as 
illustrated in Figure 5. This data is then plotted as a 
force-distance curve, which is used to estimate the 
adhesion force (pull-off force).
The force-distance curve of the SnO2-EC@306S.S 
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Table 2. Mean diameters, root mean square height (Sq), and surface roughness (Sa) of prepared catalyst.
No. Electrode Sq (nm) Sa (nm) Mean diameter (nm)
1 SnO2@306S.S 7 5 31.29
2 SnO2-EC@306S.S 56 35 98.30

Fig. 4. 2D and 3D-dimensional of SnO2 NPs (A, B) SnO2 NPs-doped ethyl cellulose (C, D)
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electrode showed a large pull-off force of 0.519 
nN and a hardness of 1.601 MPa. In contrast, the 
SnO2@306S.S electrode exhibited a lower adhesion 
force of 0.093 nN and a hardness of 52 kPa, as 
depicted in Figure 6. The higher adhesion value of 
the SnO2-EC@306S.S electrode may be attributed 
to the presence of OH-groups in the structure of 
ethyl cellulose, which plays an important role in 
holding SnO2 NPs on the stainless-steel surface 
through hydrogen bonding with vapour water, 
making the surface hydrophilic. Therefore, more 

force is required to pull the tip away from the 
surface. Additionally, the higher surface roughness 
of the SnO2-EC@306S.S electrode resulted in 
a higher adhesion force compared to the lower 
roughness of the SnO2@306S.S electrode. All 
force-distance spectroscopy measurements were 
conducted in contact mode in an air environment, 
using a cantilever with a backside aluminium 
reflective coating (30 nm), a force constant of 
0.2N/m, a frequency of 13 KHz, and a tip radius 
of 10nm. 
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Fig. 5. Diagram of force–distance curve [35]

Fig. 6. Force-distance curve of SnO2-EC@306SS (left) and of SnO2@306SS (right) electrodes.
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3.3. X-Ray Diffraction Analysis
The diffractograms for both sonicated ethyl cellulose 
(EC) and SnO2-doped ethyl cellulose as shown in 
Figure 7. Ethyl cellulose pattern showed a broad peak 
at a position of 17.06°, corresponding to a d-spacing of 
0.5193 nm. This broad peak could be attributed to the 
amorphous structure and nano-size effect after treatment 
with an ultrasonic probe for 60 minutes. 
The average crystalline size was calculated using 
the Debye-Scherer formula [36-40] as illustrated in 
Equation 2 and was found to be 45 nm.

                          (Eq.2)

Where D is the crystalline grain size, B = FWHM, = 
angle of diffraction and  = wavelength of x-ray. The 
XRD pattern of SnO2-doped ethyl cellulose powder 
displayed more than ten peaks with different intensities 
and positions listed in the Table 3. The narrow and sharp 
diffraction peaks revealed no impurities in the prepared 
catalyst, indicating good crystallinity. The average size 
estimated to be 44.21 nm, which is in close agreement 
with results obtained by FESEM and AFM.
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Fig. 7. XRD pattern of ethyl cellulose (EC) and SnO2-doped EC. 

Table 3. XRD parameters of SnO2-doped ethyl cellulose

No. FWHM 
[°2Th]

Peak pos. 
[°2Th]

Crystallite 
size (nm) No FWHM 

[°2Th]
Peak pos. 

[°2Th]
Crystallite size 

(nm)

1 0.197 24.944 43.0 8 0.216 55.975 43.3

2 0.108 27.540 81.8 9 0.276 58.794 34.0

3 0.177 31.470 48.8 10 0.236 59.913 40.2

4 0.197 34.822 44.1 11 0.236 62.880 40.8

5 0.216 38.966 40.5 12 0.276 65.696 35.3

6 0.197 47.488 45.9 13 0.236 66.921 41.8

7 0.187 52.782 49.5 14 0.336 72.250 30.0
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3.4. Electrochemical Performance
Conducted linear sweep voltammetry tests on 
three electrodes (306S.S, EC@306S.S, and SnO2-
EC@306S.S) in 0.1M KHCO3 electrolytes saturated 
with N2 and CO2, in the voltage range of 0 to -2V 
(Fig.8). The onset potential for all three electrodes 
was -1V, indicating stability within the applied 
potential range. In CO2-saturated conditions, the 
current densities for both electrodes (306S.S and 
EC/306S.S) were measured at -5 mA/cm2 and -8 
mA/cm2, respectively. This suggests that the use 
of rotated disc and ethyl cellulose loaded on 306 
stainless steels did not contribute to ECO2RR due 
to low current densities. From the LSV curve, we 
observed that the SnO2-EC@306S.S electrocatalyst 
exhibited a significant increase in current density 
in CO2-saturated electrolytes, reaching -33 mA 
cm-2, compared to -0.205 mA cm-2 in N2-saturated 
conditions. This indicates lower current density 

in the absence of CO2 (N2-saturated) due to 
hydrogen production from the hydrogen evolution 
reaction (HER) in the cathodic region, which is 
considered a side product competing with CO2RR 
and reduces faradaic efficiency. The higher current 
density contributes to CO2 reduction and HER, 
demonstrating that the prepared catalyst is more 
electrically active towards CO2 electrochemical 
reduction despite the production of H2 gas.
The double layer capacitances (Cdl) and charge 
transfer resistance (Rct) parameters of 306S.S, 
EC/306S.S, and SnO2-EC/306S.S electrodes were 
estimated after fitted electrical equivalent circuit 
using the electrochemical impedance spectroscopy 
technique at a potential of -1.2V vs RHE, as listed 
in Table 4. The Nyquist plot resulting from the 
EIS investigation shows a smaller semicircle due 
to the higher conductivity of the SnO2-EC/306S.S 
electrode. The 306S.S electrode exhibited a low Cdl 
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Fig. 8. Linear sweep voltammograms of 306S.S, EC@306S.S, and SnO2-EC@306S.S 
in 0.1M KHCO3 electrolyte saturated with N2 and CO2 gas.

Table 4. Charge transfer resistance (Rct) and double layer capacitance (Cdl) of prepared electrodes
Electrode Charge transfer resistance Rct (ohm) Double layer capacitances Cdl (F cm-2)

SnO2-EC/306S.S 5.519E+01 6.432E-04
EC/306S.S 5.902E+01 6.421E-04

306S.S 6.157E+01 6.412E-04



48

(0.0006412 F cm-2), followed by EC/306S.S, which 
showed a slight increase in Cdl (0.0006421 Fcm-

2). However, the SnO2-EC/306S.S electrocatalyst 
showed a higher Cdl (0.0006432 F cm-2) as illustrated 
in Figure 9. The higher value of Cdl indicates that 
the catalyst has a high electrochemically active 
surface area (ECSA) and more active sites in the 
SnO2-EC/306S.S catalyst, which leads to enhanced 
electrocatalytic activity of the desired electrode for 
the CO2 reduction reaction. The higher conductivity 
of the SnO2-EC/306S.S electrocatalyst could be 
attributed to the lower charge transfer resistance 
(Rct 5519 ohm) that improves electrocatalytic CO2 

reduction, while electrodes 306S.S and EC/306S.S 
exhibited high Rct (low conductivity).
The electrocatalytic performance of the SnO2-
EC/306S.S electrode was investigated using 
chronoamperometry to determine the oxygen 
content of products under different applied 
potentials (ranging from -1 to -1.8 mV) for 180 
minutes at each potential in a 0.1M KHCO3 solution 
saturated with CO2 gas, as shown in Figure 10. The 
current density of the SnO2-EC/306S.S electrode 
increased with the increase in applied potential and 
remained constant without any drop during CO2 
reduction, indicating its good stability.
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Fig. 9. Nyquist plots of 306S.S, EC@306S.S, and SnO2-EC@306S.S in 0.1M KHCO3 electrolyte saturated with CO2 gas

Fig. 10. Chronoamperometry curves at different applied potentials for 3 hrs.
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The liquid products at each potential are collected 
and analysed using a chemical oxygen demand 
(COD) test. This method is used to detect the 
amount of oxidizable organic compounds in liquid 
and waste based on the reduction of potassium 
dichromate (K2CrO7) to chromium salt at high 
temperatures reaching 150°C [41]. The absorbance 
is then determined using a colorimeter as shown in 
Figure 11. 
The SnO2-EC/306S.S electrode demonstrated high 
electrocatalytic performance with a high oxygen 
content at an applied potential of -1.2V vs. RHE 
(-2mA cm-2) and a concentration of 235 mgL-1. This 
was indicated by a colour change in the dichromate 

from yellow to black, showing the oxidation of 
organic products. As the potential increased towards 
the more negative cathodic region, the oxygen 
content decreased, measuring 46 mgL-1, 31 mgL-

1, and 17 mgL-1 for potentials of -1.4V vs. RHE 
(-2 mA cm-2), -1.6V vs. RHE (-7.3 mA cm-2), and 
-1.8V vs. RHE (-15.6 mA cm-2), respectively. This 
suggests that high potentials were not favorable 
for CO2 reduction due to the competing hydrogen 
evolution reaction (HER), leading to a decrease in 
oxygen content in the liquid products. The COD test 
indicated no reduction process at a potential of -1V vs. 
RHE (-0.7 mA cm-2) when CO2 reduction occurred at 
a less harmful potential, as listed in Table 5.

Fig 11. Colour of oxidized CO2 products at different applied potentials

Table 5. Oxygen content of CO2 products at different applied potentials

No Potential 
(mV)

Current
(mA cm-2)

Temp. 
(OC)

COD
(mg L-1) Colour

1 Blank ---- 25 ---- Yellow

2 -1000 0.7 25 0 Yellow
3 -1200 2.0 25 235 Black
4 -1400 2.5 25 46 Yellow
5 -1600 7.3 25 31 Yellow
6 -1800 15.6 25 17 Yellow
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4. Conclusion
This study doped SnO2 nanoparticles (30 nm) 
with ethyl cellulose ultrasonically to enhance their 
adhesion to a rotated disc made of 306S.S. This was 
done to prevent degradation of the catalyst-coated 
layer in the electrolyte during CO2 reduction. 
Ethylcellulose played a key role by making the SnO2 
nanoparticles more rigid, resulting in increased 
hardness from 52 kPa to 1.601 MPa and surface 
roughness from 5 nm to 35 nm. Electrochemical 
CO2 reduction using a three-electrode setup was 
performed in a 0.1 M KHCO3 solution saturated 
with CO2. Among the three electrodes tested 
(306S.S., EC@306S.S., and SnO2-EC@306S.S.), 
only SnO2-EC@306S.S. exhibited a high current 
density of -33 mA cm-2 via LSV. This was due to 
its low charge transfer resistance (Rct 5519 ohm) 
and high electrical conductivity (Cdl 0.0006432 F 
cm-2), making it a well-suited electrode for the CO2 
reduction reaction. The electrode also showed high 
oxygen demand through COD testing at a potential 
of -1.2V, estimated at 235 mg L-1.
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1. Introduction
The increasing population with industrialization 
has been implicated in impacting significantly 
environmental pollution with chemical compounds, 
with surface water and groundwater increasingly 
becoming sinks for heavy metal ions. Mining 
activities have contributed significantly to water 
pollution with dissolved heavy metals in recent years 

[1]. Household waste, discarded electronic devices, 
and industrial solid wastes dumped indiscriminately 
have also contributed to trace metal pollution of water 
bodies [2]. Furthermore, heavy metal poisoning 
of water supplies has been linked to the overuse of 
herbicides, pesticides, and fertilizers. Heavy metals 
have been found in various thick laminated leaves 
used to cover food products like eba, moi-moi, and 
agidi, according to [3]. The leaves degrade due to 
heavy precipitation and runoff; the released heavy 
metals enter rivers and percolate into aquifers, 
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poisoning water bodies. The authors also implicated 
small-scale road-side mechanics and petroleum motor 
spirit road-side traders, sometimes known as “black 
marketers,” in the pollution of the environment with 
heavy metals. Water contamination is also caused 
by the dissolution of heavy metal-containing rocks 
and soils and bush burning [4]. Chemical elements 
with a specific gravity of at least 5 times that of 
water are known as heavy metals. They are neither 
biodegradable nor biodegradable in environmental 
matrices. Mercury in water was determined using 
multiwall carbon nanotubes [5]. They can be found in 
colloidal, particulate, and dissolved forms in surface 
waters, but their concentrations are typically modest 
[5, 6]. According to Misihairabgwi et al. [7], colloidal 
and particulate phases may occur as hydroxides, 
oxides, silicates, or sulfides; or absorbed into clay, 
silicate, or organic matter, while the dissolved phase 
is in the form of ions or unionized organometallic 
chelates or complexes [3]. As much as some of these 
heavy metals (e.g., copper, cobalt, iron, manganese, 
molybdenum, vanadium, strontium, selenium, 
and zinc) are essentially needed in very low levels 
in the human body to maintain metabolism when 
their concentrations in drinking water are above the 
threshold limit, they become poisonous. Because they 
build up in living tissues, they can cause disorders 
including neurological and renal breakdown, brain 
damage, high blood pressure, convulsions, cancer, 
metabolic acidosis, and mouth ulcers, among others 
[6, 7, 8]. linked these heavy metals’ toxicity to 
developing complexes in human cells with organic 
molecules containing oxygen, sulfur, or nitrogen 
groups. Some enzymes are inactivated, protein 
structure is altered, cells lose their capacity to 
function normally, or cells die [6, 9]. Children are 
more susceptible to heavy metal toxicity than adults, 
particularly when exposed to lead poisoning, due to 
their faster rate of absorption. According to [9,10], 
the toxicity of these metal ions is determined by their 
stability, bioavailability, and environmental mobility, 
as well as the speciation, concentration, and type of 
heavy metal. Due to epileptic power supply, lack of 
maintenance culture, and high operational expenses, 
governments and donor agencies’ efforts to solve 

potable water scarcity for 3 million Ebonyians never 
achieved any positive outcomes, according to [11]. 
As a result, drinking water is not properly treated, 
treatment plants are under-equipped or moribund, 
and distribution pipes are broken, causing regrowth. 
Neuropsychological effects of long-term exposure 
to heavy metal reported by Bagheri et al. [12]. 
According to [11], the demand for water in Ebonyi 
State has increased due to the growing population, 
and people are now sourcing their drinking water 
from boreholes, hand-dug wells, streams, and rivers. 
Ebonyi State is endowed with large deposits of heavy 
metals. However, the rate of accumulation of these 
heavy metals into the water bodies in virtually all three 
senatorial zones of the State due largely to the mining 
of these solid minerals and discharge of the untreated 
effluents has become a serious health concern, 
especially to natives who source their drinking 
water from these water bodies [13]. Many poor 
countries are increasingly interested in developing 
water treatment techniques that can efficiently and 
affordably remove heavy metal ions from drinking 
water [14]. Membrane filtration (candle, packed 
column, or beds) [15] ion exchange, reverse 
osmosis, solid-liquid trap phase extraction, 
and solid-phase microextraction [16, 17], as 
well as gas field separation consolidation process 
[18], are not cost-effective for use in treating water 
in the developing countries. Electrodialysis, or 
chemical precipitation, to treat water at home is 
costly, especially if the volume of water is large.  In 
addition to incomplete removal at low metal levels, 
the operations are difficult for non-skilled users. In 
multi-metals systems, studies have demonstrated 
that single strategies of heavy metal removal, such 
as adsorption using activated carbons, are challenged 
by interaction effects and competition for adsorption 
sites, lowering the removal effectiveness of one 
heavy metal over the others [19]. The present study 
used different blends of modified biomaterials 
and coagulants to absorb selected heavy metals in 
water samples naturally containing multi-metal 
cations. The choice allowed interaction effects and 
competition for sites on the modified biomaterials 
to be avoided through the synergic effects of charge 
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separation and sweep flocculation. This method has 
advantages over the traditional methods in that the 
precursor materials are abundant locally (from local 
markets and refuse dumpsites), sustainable, require 
unskilled operators, cost-effective, and accessible 
to rural dwellers. Nevertheless, the potential 
shortcoming of this method lies in the fact that the 
recommended optimum dose of the different blended 
composites used in this present study might fall short 
of the required dose if the level of pollution of the 
river and borehole waters increases for increased 
anthropogenic activities and vice-versa. Information 
abounds in the literature concerning the pollution 
of the major water resources (Ebonyi River and 
Ezeiyiaku River, in Ebonyi North and Central, and 
Ebonyi South senatorial zones, respectively, and 
groundwater) by heavy metals as a result of the 
mining of lead, zinc ores, and other metal ores in all 
the senatorial zones of Ebonyi State. Nevertheless, 
besides the works of Igwe et al. [20, 21], there is a 
dearth of information regarding efficient techniques 
for the removal of pollutants such as heavy metals, 
which can be affordable to the economically less 
privileged Eboyians, who depend on these water 
sources for drinking and other domestic purposes, 
especially in the rural areas. 
Therefore, the current study created a composite 
material using local sodium chloride-activated carbon 
derived from coconut shell, counter softwood, and 
iron(III) sulfate derived from scrap iron metal and 
evaluated its potential in the removal of heavy metals 
(HMs), notably lead (Pb), cadmium (Cd), mercury 
(Hg), and nickel (Ni), from borehole and river 
samples (through a multi-barrier treatment strategy).

2. Experimental
2.1. Instruments
The following instruments were used in this study: 
muffle furnace (carboniser) supplied by the Industrial 
Chemistry Department, Ebonyi State University, 
Abakaliki, pH meter (LF 90, Germany), Benchtop pH 
Meter, Orion Star A221 pH Portable Meter, labtech 
digital turbidity meter (probe), SEM (Phenom-Prox, 
Phenom world Eindhoven the Netherlands) and EC 
meter (WKW, Germany). Others include TDS Meter 

(CD650, ELUTECH Instruments), Micromeritics 
ASAP 2020 Surface Area and Porosity Analyzer: 
Norcross (GA 30093-2901, U.S.A.), ICP-OES 
(Perkin Elmer 8000 ICP-OES), and FOV (537 μm, 
Mode: 15kV - Image, Detector: BSD Full DSM 9872 
Gemini SEM) were used.

2.2. Reagents
The chemicals used in this study were of analytical 
grade, which includes acetone (Hainan Starry, CAS 
N: 67-64-1, China), concentrated sulphuric acid 
(Merck Millipore, CAS N: 7664-93-9, Darmstadt, 
Germany), hydrochloric acid (Merck Millipore, CAS 
N: 7647-01-0, Darmstadt, Germany), and Hydrogen 
peroxide (JIGS Chemical, CAS N: 7722-84-1, India). 
Others are copper sulfate (Spectrum Chemical, CAS 
N: 7758-99-8, New Jersey, USA), Iodine (Merck 
Millipore, CAS N: 7553-56-2, Darmstadt, Germany), 
Sodium thiosulphate (Sigma Aldrich, CAS number 
7772-98-7, Massachusetts), Sodium hydroxide 
(Sigma Aldrich, CAS N: 1310-73-2, Massachusetts), 
and Potassium chloride (Sigma Aldrich CAS N: 
7447-40-7, Massachusetts). Some of materials such 
as Granulated coconut shell carbon (GCSC), Akparata 
(counter)softwood carbon (ACSC), and Iron(III) 
sulphate coagulant (ISC) were prepared. The major 
drinking water sources in Ebonyi State are borehole 
water (motorized and mechanical) and surface water 
(rivers and streams). Therefore, water samples were 
taken at the Ebonyi River and Eziyiaku River, precisely 
at Mgbo and Ndiachi Akaeze, in Abakaliki and Ivo 
local government areas of Ebonyi State. The locations 
were chosen due to the heavy settlement of locals 
along these rivers. Alex Ekwueme Federal University, 
Ndufu-Alike, and Assemblies of God Church Avenue, 
Abakaliki, were selected for borehole water sampling 
due to the use of these waters for cooking/drinking by 
students and inhabitants in the capital city, Abakaliki, 
respectively. The sampling was carried out in August, 
September, and October 2022, representing the rainy 
season, and December 2022, January, and February 
2023, representing the dry seasons.

2.3. Study area
Abakaliki, AEFUNAI Ikwo, and Akaeze are in 
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Ebonyi State’s North, Central, and South Senatorial 
Zones, respectively.  Mgbo is located on longitude 
80o 15′ E and Latitude 60o 22′ N, Assemblies of God 
Church Avenue is situated on Longitude 80o 10′ E 
and Latitude 60o 20′ N. AE-FUNAI is on Longitude 
80o 17′ E and Latitude 60o 8′ N, while Ndiachi, 
Akaeze is located on Longitude 70o 45′ E and 
Latitude 50o 55′ N [21]. The study areas are defined 
by two distinct seasons: the dry season (November 
to March) and the rainy season (April to October) 
[21]. The rainy season peaks between July and 
August. Cretaceous sedimentary rocks underlie the 
Albian Esu River and Turonian Eze-Aku Formations 
in the three research locations. The lithology of 
Abakaliki (containing Abakaliki urban and Ikwo) 
is highly folded, faulted, and fractured by tectonic 
activity [22]. Dark grey shale, volcaniclastics, 
mudstone, manganiferous sandstone, siltstone, and 
limestone comprise most of the rock [23]. In the 
geology of the study areas, especially Abakaliki 
and Ikwo [24], there is a significant deposit of lead-
zinc mineralization, Galena (PbS) and Sphalerite 
(ZnS) veins, and this occurrence in the fracture led 
to mining activities along the hydrothermal Pb-Zn 
vein lodes. Groundwater availability in Abakaliki 
and Ikwo is inadequate due to underlying shale 
or aquiclude and limited groundwater recharge. 
According to [25], the geology of the Abakaliki 
basin is characterized by compressional tectonic 
pressures, resulting in low primary porosity, which 
indicates slow movement. The Esu River facies are 
notable for insufficient water recharge [26]. Only 
the Eze-Aku and Agwu formations in the Esu River, 
Eze-Aku, Agwum Nkporo, and Mamu formations in 
the Cross River basin are suitable aquifers [21]. The 
Turonian Eze-Aku group comprises substantial grey 
and black calcareous shale, limestone, and siltstone. 
The principal shale unit of this group has its kind of 
locality near the Eze-aku River in Akaeze.

2.4. Sample collection
The water samples were collected using conventional 
procedures. Plastic bottles (1 liter) were washed in 
warm liquid soap, rinsed thoroughly with warm de-
ionized water, and then immersed for 48 hours in 10 

% nitric acid [27]. They were then thoroughly cleaned 
in de-ionized water and securely protected. To obtain 
representative samples, the motorized borehole taps 
were allowed to run for 5 minutes, after which the 
bottles were cleaned 3-4 times before collecting three 
replicate samples by 7:20 a.m. The river was agitated 
with the sample bottle at the sampling point (banks 
and center of the river), then uncapped and rinsed 
three times with the water sample before plunging 
about 30 cm below the water’s surface.

2.5. Activated carbon preparation and synthesis of 
iron (III) sulfate 
2.5.1.Coconut shell and Akparata counter softwood 
modification and pyrolysis  
Different masses (of impregnation ratios of 1:1, 
1:2, 1:3, and 2:1) of the coconut shell and akparata 
(counter) softwood were soaked with the local sodium 
chloride solution and boiled until the mixture became 
pasty [20, 21]. They were filtered and dried in an oven 
for 2 hours, after which they were carbonized using a 
muffle furnace between the temperature range of 450 
and 650 oC. The activated biomaterials were washed 
thoroughly with distilled water and dried in the oven 
(Gen lab) for another 2 hours before use.

2.5.2.Preparation of coagulant and adsorbent
The coagulant was made using the [20, 21] method. 
A 23.5 g scrap iron metal was first degreased and 
soaked in 2 liters of 40 % concentrated sulphuric acid 
in a capped amber bottle and was allowed to react 
for 24 hours. The resulting iron (II) sulfate crystals 
were removed, washed with enough distilled water, 
and crushed to a fine size. Oxidization of the iron 
(II) sulfate crystal was done by careful addition of 30 
– 40 % hydrogen peroxide solution in the presence 
of 10 mg per 50 mL of copper sulfate as a catalyst 
at a temperature of 80 °C in 500 mL beaker using 
temperature, and time regulated magnetic hot-plate 
stirrer until a brownish yellow paste was formed. It 
was allowed for about 3 hours for complete oxidation 
to iron (III) sulfate. The iron(III) sulfate paste was 
then dried in the oven at 120oC for 2 hours. An iron 
(III) sulfate lump formed and was then ground into 
anhydrous powder. 
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2.6. Characterization of GCSC, ACSC and ISC 
2.6.1.Degree of pore development (DPD)
The iodine test assessed the DPD distribution using 
the Igwe et al. [20] technique. A 1.0 g of the different 
impregnated ratios of the GCSC and ACSC was 
separately wetted with 5 ml of 5 % w/v of concentrated 
hydrochloric acid and mechanically shaken in a 100 
ml conical flask. This was stirred for 1 hour with 25 
ml of 0.1 M iodine solution in a magnetic stirrer; 
the mixture was then filtered. A standardized 0.1 M 
sodium thiosulphate solution was titrated against 25 
mL of the filtrate to a cloudy solution using starch 
solution as an indicator. The iodine values of the 
different impregnated biomaterials were obtained 
using Equation 1.

	
(Eq. 1)

In equation 1, Vi is the volume of iodine solution 
added to the flask, VA is the volume of 5 % HCl 
used, Mi is the molar concentration of the iodine 
stock solution, VT is the volume or average titre 
of the thiosulphate solution, WMB is the weight of 
the adsorbent, and Xm is the adsorbent’s iodine 
number in mg g-1. VF is the volume of filtrate used. 
MT and VT are thiosulfate molar concentration and 
volume or average titer, respectively.

2.6.2.Surface charges of GCSC, ACSC and ISC 
The approach of [21] was used to make this 
determination. With 0.1 M NaOH and HCl solutions, 
seventeen sets of 100 ml beakers containing 50 mL of 
0.1 M potassium chloride (KCl) solution with initial 
pH values ranging from 2.00 to 10.00 were prepared. 
0.150  of adsorbents and 0.002 g of coagulant were 
soaked individually in the initial pH of KCl solutions 
for 48 hours to achieve equilibrium. The ultimate pH 
values of the various contents of the beakers were 
evaluated after two days.

2.6.3.Surface morphology of the GCSC and ACSC
For surface and morphological characterization, a 
scanning electron microscope (SEM) (Phenom-Prox, 
Phenom-World Eindhoven, the Netherlands) was used. 

2.6.4.Elemental composition of the GCSC and 
ACSC 
Energy Dispersive X-ray (EDX) was employed to 
characterize the ultimate analysis of the biomaterials. 

2.7. General procedure
The procedure is followed by schema 1. During the 
rainy and dry seasons, a 250 mL sample of Funai 
borehole water( FBW) was batched separately and 
mechanically agitated with five sets of GCSC/ACSC/
ISC composite materials masses (0.500, 0.500, and 
0.005; 0.500, 1.000, and 0.010; 1.000, 0.500, and 
0.015; 1.500, 0.500, and 0.020; 0.500, 1.500, and 
0.025; 2.000, 2.000, and 0.030) to determine the 
optimum dose of the composite treatment materials 
needed for the removal of DHMs in the water 
samples. At the water sample’s prevailing pH, each 
mix was physically stirred for 60 minutes before 
sedimentation. After filtering the untreated and 
treated FBW water samples, the concentrations of 
the untreated and treated FBW water samples were 
determined using an inductively coupled plasma 
optical emission spectrophotometer (Perkin Elmer 
8000 ICP-OES) [28]. The optimal doses treated the 
other water samples during both seasons. The water 
samples were treated using the same procedure as 
the optimization process. The percentage of DHMs 
removed from the water samples was estimated using 
Equation 2.
The rationale behind the choice of the specific 
combinations of the blended composite materials 
was based firstly on the information obtained from 
past studies that modified coconut shell carbon is 
rigid (in terms of abrasion resistance) and effective 
in adsorbing contaminants in aqueous system (in 
terms of low macroporosity and high carbon yield) 
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[29]. Furthermore, modified coconut shell carbon 
contains more micropore distributions, while 
modified wood carbon contains more mesopore/
macropore distributions [30]. By combining these 
different adsorbents, the effectiveness of removing 
both small and large size-cations contaminants in the 
water samples would have been enhanced. Secondly, 
since the medium from which the DHMs are being 
removed is a multi-component metal system that has 
shown to present competition amongst the different 
size cations during adsorption, the inclusion of the 
third component-the iron(III) sulphate coagulant- 
synergically removes any recalcitrant adsorbate by 
neutralization and sweep-floc mechanisms due to the 
high density of its floc formed [31].   

3. Results and discussion
3.1. The impact of modification of GCSC and 
ACSC on the pore development (iodine test)
Table 1 presents the values of the iodine test carried 
out to determine the extent of pore development 
on the surface of the GCSC and ACSC. Table 1 
indicated that the iodine values for the GCSC and 
ACSC at different impregnation ratios ranged 
from 1204 to 1613 and 1115 to 1532 mg/g, 
respectively. The lowest values were observed 
with an impregnation ratio of 3:1. It can be inferred 
from Table 1 that the iodine values obtained for 

ACSC at the different impregnation ratios at 
500 C were lower than the corresponding iodine 
values for GCSC. This may be attributed to the 
different types of precursor biomaterial containing 
various degrees of cellulose and hemicellulose. 
An increase in a biomaterial’s cellulose and 
hemicellulose content has been observed to impart 
a higher degree of microporosity when activated 
[32]. It was equally observed that increasing the 
impregnation ratio resulted in increased iodine 
values of the biomaterials up to a 2:3 impregnation 
ratio for both GCSC and ACSC. The highest 
iodine values obtained at an impregnation ratio of 
2:3 for both adsorbents were 1613 and 1532 mg 
g-1.  At a 0.3 impregnation ratio, the activating 
agent penetrated the inner structure to widen 
the pores. This increase in iodine value with an 
increase in impregnation ratio reached its plateau 
at an impregnation ratio of 0.7. This is due to 
the extensive dehydration and catalytic actions 
of the alkali metal (Na, the activating agent) on 
the cellulose and hemicellulose components of 
the adsorbent [33]. Further, an increase in the 
impregnation ratio resulted in the excessive carbon 
born-off and collapse of carbon structure as well as 
a reduction in the surface area of both GCSC and 
ACSC due to micropores transition to mesopores 
and macropores [34] and at the impregnation 
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	 a                                         b                                             c	                                           d
Schema 1. Muffle furnace (a) used prepared iron(III) sulphate coagulant from scrap iron 

(b), granulated activated coconut shell carbon (c), and counter wood carbon (d).

Table 1. Iodine Value Test for the Modified Biomaterials, Iodine Value (mg g-1)
Impregnation Ratio                      1:3                       1:2                       2:3                      1:1                      2:1                       3:1
GCSC			   1306                    1489                    1613                    1383                    1351                    1204

ACSC			   1287                    1441                    1532                    1310                    1286                    1115
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ratio of 3, the lowest iodine values for the two 
adsorbents were achieved. 
Table 2 presents the results of the characteristics of 
the water samples. The mean values of the TDS and 
EC for the untreated water samples recorded during 
the rainy and dry seasons (Table 2) showed that the 
highest mean values (43.05 ± 0.17, and 72.61 ± 0.20; 
113.55 ± 0.11, and 206.41 ± 0.16) were observed in 
FBW samples while the highest mean pH values (8.01 
± 0.16, and 8.05 ± 0.12) were observed in Assemblies 
of God church borehole water (rainy season) and 
FBW (dry season), respectively. After treatment, the 
highest mean TDS and EC values obtained (31.73 
± 0.22 and 5.35 ± 0.05; 84.90 ± 0.30, and 41.62 ± 
0.09) were observed in FBW samples for both 
seasons, while 7.64 ± 0.08, and 7.42 ± 0.25 mean pH 
values were recorded for ABW and FBW samples, 
respectively. Total dissolved solids (TDS) measure all 
the dissolved cations and anions, including carbonates, 
chlorides, sulfates, nitrates, sodium, potassium, 
calcium, and magnesium [35]. The results indicated 
that the untreated surface water samples’ mean TDS 
and EC values (ERWA and EBRW) were lower than 
those for groundwater (FBW and ABW) during the 
rainy season. This could result from dissolved solid 
mineral contents in the aquifer of these study areas 
[23, 24, 25]. During the dry season, both the surface 
and groundwater samples were noted to have mean 
values higher than their corresponding values during 

the rainy season. This trend has been attributed to the 
dilution of the ions by rainwater by many researchers 
[36]. After the treatment of the water samples during 
both seasons, the mean values of the TDS and EC 
were found to reduce. The mean values obtained were 
all within the allowable range of the (World Health 
Organization [WHO] [37] and Standard Organization 
of Nigeria [SON] [38]. This shows that the composite 
materials used were effective in reducing the values. 
All the pH values of the untreated and treated water 
samples during both seasons were alkaline and slightly 
acidic. The slight increase in the mean pH values of 
the surface water samples during the dry season may 
be traced to human activities, such as laundry, around 
the River (Fonddriest Environmental, Inc [FEI] [39]. 
Generally, the pHs of the treated water samples were all 
lower than their corresponding untreated samples. This 
may result from the decreasing pH nature of ISC [40]. 

3.2. Effect of surface charge and physicochemical 
characteristics 
Figure 1 displays the points of zero charge (pHpzc) 
for GCSC, ACSC, and the generated iron(III) 
sulphate coagulant. GCSC and ACSC had pHpzc 
values of 7.32 and 7.12, respectively, whereas the 
ISC had a pHpzc of 2.92. Figure 1 shows that at 
pH 7.32 and 7.12, the net charge on the surface of 
both adsorbents was equal to zero. Therefore, when 
the pH of the solution is below these values, i.e., 
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Table 2. Mean Values of Physicochemical Parameters of the Untreated
and Treated Water Samples during the Rainy and Dry Seasons

                                                                             Rainy Season                                            Dry Season
				    Untreated              Treated                   Untreated                   Treated
Parameter	 Sample		  Mean ± Std	 Mean ± Std            Mean ± Std                Mean ± Std
TDS (mg L-1)	 ERWA		  15.60 ± 0.13  	 5.20 ± 0.14              20.52 ± 0.74                 2.11 ± 0.46
		  EBRW		  10.17 ± 0.52	 4.46 ± 0.37              16.18 ± 0.12                 0.88 ± 0.23
		  FBW		  43.05 ± 0.17	 31.73 ± 0.22            72.61 ± 0.20                 5.35 ± 0.05
		  ABW		  30.33 ± 0.18	 27.25 ± 0.20            51.48 ± 0.17                 1.25 ± 0.20

EC (µS cm-1)	 ERWA		  98.44 ± 0.35	 67.72 ± 0.44            146.58 ±0.88                38.22 ± 0.34		
                                EBRW		  58.63 ± 0.18	 27.86 ± 0.52            93.56 ± 0.14                 16.75±0.08
		  FBW		  113.55 ± 0.11  	 84.90 ± 0.30            206.41 ± 0.16               41.62 ±0.09
		  ABW		  69.89 ± 0.14	 62.07 ± 0.18            100.02 ± 0.22               30.76 ± 0.41

pH		  ERWA		  6.84 ± 0.07	 6.68 ± 0.10              7.66 ± 0.18                   6.94 ± 0.26
		  EBRW		  7.02 ± 0.16	 6.70 ± 0.14              7.54 ± 0.19                   7.16 ± 0.24
		  FBW		  7.97 ± 0.08	 7.05 ± 0.05              8.05 ± 0.12                   7.42 ± 0.25
		  ABW		  8.01 ± 0.16	 7.64 ± 0.08              7.57 ± 0.30                    6.72±0.27



61

if the solution is acidic, the hydrogen ions in the 
solution bind with the surface functional groups 
of the adsorbent, creating a positive charge on the 
adsorbent surface. This development will hence 
facilitate the adsorption of anions in the solution. 
However, if the pH of the solution is above the pHpzc 
of the adsorbent, the surface functional groups will 
lose protons, thereby making the adsorbent’s surface 
negatively charged. This will enhance the adsorption 
of cations such as dissolved heavy metals by 
electrostatic attraction [41]. On the other hand, the 
alkaline nature of the water samples resulted in the 
precipitations of the heavy metal ions as hydroxides, 
which were swept down by the settling coagulant 
flocs, resulting in the removal of the dissolved 
heavy metals. Nanographene oxide nanomagnetic 
composite for removal of aluminum in wastewaters, 
water samples, and Al precipitations have occurred 
as aluminum hydroxide at basic pH [42].

3.3. Physical surface structures of the granulated 
activated biomaterials
Figures 2a-f illustrate the results of the GCSC and 
ACSC morphologies. Figures 2a- c Scanning electron 
micrographs of granulated coconut shell carbon at 
8000, 9000, and 10,000 magnifications showing few 
micropores with non-uniform mesopores. Figures 

2d- f Scanning electron micrographs of apparatus 
counter softwood carbon at 8000, 9000, and 10,000 
magnifications show a flaky, honeycomb-like surface 
with many micropore distributions.  The SEM at 8 
000, 9 000, and 10 000 magnifications was employed 
to view the morphologies and pore structures/
distribution on the surfaces of the GCSC and ACSC. 
It was observed that there were few micropores on the 
surface of GCSC in addition to non-uniform larger 
pores (mesopores and pore channels-macropores).  
The larger pore cavities observed may have resulted 
from high activation temperature, which led to the 
conversion of already formed micropores to mesopores 
and macropores [34], and hence, smaller surface 
area. [33] attributed this to the evolution of oxygen 
functional groups of the activated carbon.  Figures 2d- 
f showed the pore structure and distribution of ACSC 
magnified at 9,000 and 10,000. It was found that the 
surface was flaky and honeycomb-like, with many 
micropore distributions, resulting in a larger surface 
area. The increased pore network and volumes may 
be attributed to the dehydrating action of NaCl and 
escaping Na+ and Cl– during the activation process, as 
posited by [33] in Equation 3.

NaCl + 2nH2O → Na+(H2O)n + Cl–(H2O)n

(Eq.3)
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Fig. 1. Points of Zero Charge (pHpzc) for ISC, GCSC and ACSC
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3.4. Ultimate analysis of GCSC and ACSC
The results for assessing the elemental compositions of 
the activated GCSC and ACSC are presented in Figure 3 
(a and b). The results showed that GCSC contains Cl, C, 
Na, Si, S, O, N, and Fe, while ACSC contains Cl, C, Na, 

Si, S, O, N, and Zn. Carbon has the highest percentage 
composition, while chlorine was observed to have the 
lowest percentage composition in GCSC. On the other 
hand, silicon was the most abundant in ACSC, while 
zinc had the lowest percentage composition.
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Fig. 2 (a, b, and c). Scanning Electron Micrographs of the GCSC

Fig. 2 (d, e, and f). Scanning Electron Micrographs of the ACSC

Fig. 3. Energy Dispersive X-ray of GCSC and ACSC (Left side, a): Energy dispersive x-ray of granulated coconut 
shell carbon indicating that it contained elements such as Cl, C, Na, Si, S, O, N, and Fe, (Right side, b): Energy 

dispersive x-ray of akparata counter softwood carbon showing the composition of Cl, C, Na, Si, S, O, N, and Zn. 
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3.5. Effect of dose optimization of the composite 
materials 
Table 3 presents the experimental design, indicating 
the process variables and observed responses for the 
dosage optimization of composite materials using 
FBW samples. The initial amounts of Pb, Zn, Cd, and 
Cu in the FBW sample were 0.205, 0.148, 0.068, and 
0.078 mg L-1, respectively. Hence, 0.5, 1.5, and 0.025 
g of GCSC, ACSC, and ISC, respectively, were the 
best dosages of composite materials for achieving the 
maximum percentage of heavy metals removal.
It is to be noted, however, that the efficiency of 
removal of the DHMs by the blended composite 
treatment materials may be affected by the seasonal 
variations in the pH and temperature of the water 
samples. Studies have shown that the temperature of 
the water is affected by many factors, including air 
temperature and discharges (domestic and industrial) 
into the water body [43]. In this present study, it was 
observed that anthropogenic activities (bathing and 
laundry) were higher during the dry season than the 
rainy season as the volume of the river waters got 
reduced (became shallow) due to evaporation, vis-à-
vis, increase in air temperature. As expected, the pH 
of water bodies may rise or fall if there is an increase 
in the water temperature. An increase in temperature 
usually stimulates phytoplankton photosynthetic 
activity, causing more carbon dioxide consumption, 
which increases pH [44]. Conversely, at higher water 
temperatures, there is low diffusion of gases, which 
causes microorganisms to decompose organic matter 
in the water by anaerobic means, which introduces 
more CO2 in the water, resulting in low pH. Therefore, 
the pH of water bodies may correlate inversely or 
directly with temperature, depending on other factors.  
In this present study (Table 1), it was observed that 
there was a slight increase in the average pH of all 

the water samples during the dry season against the 
average pH recorded for all the water samples during 
the rainy season. Table 4 and Table 5 presented the 
results of the percent removal of the DHMs from the 
various water samples during rainy and dry seasons, 
respectively. Pb had the highest mean concentrations 
in all the untreated water samples during the rainy 
season, while the mean concentrations of Cu and Zn 
were the least observed in FBW and ABW, EBRW, 
and ERWA samples, respectively, after treatment. 
Furthermore, the average levels of dissolved Pb and 
Cd in untreated FBW, ABW, EBRW, and ERWA 
samples exceeded the World Health Organization, 
2004 according to [39] maximum acceptable limits 
of 0.01 and 0.003 mg/L, respectively, for drinking 
water, while the mean concentration of Zn in the 
EBRW sample exceeded the maximum allowable 
limits of 3.0-5.0. The mean amounts of the examined 
dissolved heavy metals in all water samples were 
below the Regulatory Bodies’ recommended limits 
throughout the dry season. FBW, ERWA, EBRW, 
and ERWA had the highest % removal of dissolved 
Cu, Zn, Pb, and Cd during the rainy season, whereas 
FBW, EBRW, ERWA, and ABW had the lowest 
percentage removal of dissolved Cu, Zn, Pb, and Cd 
during the rainy season. The observed trend in the 
degree of removal was consistent with other previous 
studies, and this might be explained by Cu and Zn 
strong attachment to the active sites or pores of the 
modified biomaterials due to the effective cationic 
radius [45]. Pb, Cd, Zn, and Cu have effective 
ionic radius of 0.2655, 0.2305, 0.2165, and 0.2065 
nm, respectively [46]. Speciation of lead in human 
samples based on MWCNTs@DMP was obtained 
by the ionic liquid-suspension-micro-solid phase 
[47]. According to [48], heavy metal removal could 
also be due to initial metal ion concentrations, which 
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Table 3. Experimental Design Showing the Process Variables and Observed Responses
Run GCSC ACSC ISC Cu Zn Cd Pd

1 0.500 0.500 0.005 33.330 24.320 38.240 40.980
2 0.500 1.000 0.010 65.390 50.000 77.940 67.810
3 1.000 0.500 0.015 89.740 93.240 88.240 77.560
4 1.500 0.500 0.020 96.150 95.960 88.240 85.370
5 0.500 1.500 0.025 97.440 98.650 88.240 89.760
6 2.000 2.000 0.030 93.590 97.300 88.240 85.850
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is the driving force to overcome all mass transfer 
resistance of metal between the aqueous and solid 
phases. However, as the prevailing pH of the solutions 
increased, the adsorption of the DHMs increased. The 
level of dissolved DHMs in untreated water samples 
was below the detection limits of the instrument used 
during the dry season. After treatment, 100 percent 
removal of the detected dissolved components was 
achieved in the FBW, ABW, and EBRW samples. 
Though some of the water samples were alkaline 
and could have antagonized the effective adsorption 
of the DHMs by the GACSC [48], however, the 
ISC which is acidic in nature lowered the pH of the 
solution and enabled the removal (adsorption and 
coagulation) of the heavy metals from the water 
samples. Tables 4 and 5 indicated that during the 
rainy season, the efficiency of removal of the DHMs 
followed the order Zn>Cu>Pb>Cd for FBW, ABW, 
and ERWA samples, while during the dry season, the 
efficiency of removal was in the order Zn=Cu=Pb in 
all the samples. Furthermore, the river waters were 
slightly more alkaline during the dry season in the 
present study due to increased water temperature 
necessitating increased photosynthesis by aquatic 
plants. The efficiency of removal of the DHMs 

depends on many factors, including the surface 
chemistry of the modified biomaterial and the pH 
range upon which the iron(III) floc (amorphous 
hydroxide) remains stable. At low pH, there is 
competition for adsorption of available sites between 
the DHMs and protons, resulting in lower removal 
efficiency. As pH increases, there is deprotonation 
on the surface of the modified biomaterials, causing 
the surface to be negatively charged and, hence, 
increasing removal efficiency. On the other hand, 
it has been revealed that the soluble monomeric 
hydrolytic species of Fe(III) in equilibrium with the 
amorphous hydroxide occur over a wider pH range 
(4.0 –10.0). The solubility of amorphous species, 
Fe(OH)3, is least at pH 4 but increases to its plateau at 
pH 9 and then steeps above pH 9 [49]. Furthermore, 
an increase in the temperature of the aqueous 
solution has been revealed to result in an increase 
in the efficiency of coagulants [30].  Therefore, it 
might be reasonable to posit in the present study that 
the removal efficiency of the DHMs by the blended 
composite treatment materials was enhanced as the 
temperature and pH of the water samples increased 
during the dry season. This is in tandem with many 
other findings [50].
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Table 4. Degree of Removal of Dissolved Heavy Metals in Water Samples during Rainy Season

Sample Metals Initial 
pH

Untreated Mean Conc.
(mg L-1)

Treated Mean Conc.
(mg L-1)

% Rm
Permissible Limit

FBW Pb 7.97 0.205 ± 0.021 0.021 ± 0.002 89.76
Zn 0.148 ± 0.015 0.005 ± 0.001 96.62
Cd 0.068 ± 0.007 0.012 ± 0.001 82.35
Cu 0.078 ± 0.008 0.121 ± 0.001 97.44

ABW Pb 8.01 0.161 ± 0.016 0.010 ± 0.001 93.79
Zn 0.109 ± 0.011 0.002 ± 0.000 98.17
Cd 0.026 ± 0.003 0.006± 0.001 76.92
Cu 0.096 ± 0.009 0.005 ± 0.001 94.79

EBRW Pb 7.02 1.371 ± 0.053 0.011 ± 0.001 99.19
Zn 11.153 ± 0.643 4.220 ± 0.342 62.16
Cd 0.044 ± 0.002 0.008 ± 0.000 81.81
Cu 0.101 ± 0.004 0.006 ± 0.000 94.06

ERWA Pb 6.84 0.100 ± 0.002 0.018 ± 0.001 82.00
Zn 0.099 ± 0.005 0.002 ± 0.000 97.98
Cd 0.023 ± 0.002 0.004 ± 0.000 82.60
Cu 0.042 ± 0.003 0.005 ± 0.001 88.10

Where ND represents not detected
WHO and SON Maximum(n=3): Pb=0.01, Zn=3.0-5.0, Cd=0.003, Cu=1.0
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3.5.1. Statistical relevance of the optimization 
process
The statistical relevance of the optimization process 
of the composite materials for the removal of the 
DHMs in the FBW sample was carried out using 
a reduced linear model of analysis of variance 
(ANOVA) as shown in Table 6. There was evidence 
that the model was suitable and statistically 
significant in describing the experimental data 
based on their probability >F values being less 
than 0.05 except for the percent removal of Cd 
where the probability >F values were greater than 
0.05. The probability>F values showed that the 
ISC component of the composite had a much-
pronounced effect on the percent removal of Cu, 
Cd, and Pb, while ACSC and GCSC contributed 

latently in influencing the percent removal of the 
DHMs. This apparent non-contribution by the 
GCSC and ACSC to the removal of the DHMs was 
attributed to the reduced linear model used, which 
does not imply that the adsorbents did not entirely 
have an effect on the removal of the DHMs.
The relevance of the reduced linear model in 
describing the experimental data was collaborated 
by the plot of predicted percent removal of DHMs 
from the model against actual or experimental 
percent removal of DHMs in Fig 4 (a to d). For 
removing Cu, Zn, Cd, and Pb, the determination 
coefficient (R2) values were 0.7202, 0.9147, 
0.5636, and 0.7654, respectively. These values 
indicated that the regression model did not capture 
0.2798, 0.0853, 0.4364, and 0.2346 % of the total 
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Table 5. Degree of Removal of Dissolved Heavy Metals in Water Samples during Dry Season

Sample Metals Initial 
pH

Untreated Mean Conc.
(mg L-1)

Treated Mean Conc.
(mg L-1)

% Rm
Permissible Limit

FBW Pb 8.05 0.701 ± 0.032 ND 100
Zn 0.143 ± 0.006 ND 100
Cd ND ND ND
Cu 0.230 ± 0.012 ND 100

ABW Pb 7.57 ND ND ND
Zn 0.101 ± 0.005 ND 100
Cd ND ND ND
Cu ND ND ND

EBRW Pb 7.54 0.100 ± 0.004 ND 100
Zn ND ND ND
Cd ND ND ND
Cu 0.101 ± 0.005 ND 100

ERWA Pb 7.66 ND ND ND
Zn ND ND ND
Cd ND ND ND
Cu ND ND ND

Where ND represents not detected
WHO and SON Maximum(n=3): Pb=0.01, Zn=3.0-5.0, Cd=0.003, Cu=1.0

Table 6. F-values and Prob >F from analysis of Variance for the Reduced Linear Model
                        Cu Zn Cd Pb

Response F-value Prob>F F-value Prob>F F-value Prob>F F-value Prob>F
RL 10.32 0.0325 16.09 0.0249 5.17 0.0855 13.05 0.0225
ISC 10.32 0.0325 26.60 0.0141 5.17 0.0855 13.05 0.0225

ACSC ---- ---- 5.71 0.0968 ---- ---- ---- ----
Removal % 97.440 98.650 88.240 89.760

RL: Reduced Linear
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possible variations. Furthermore, the adjusted 
determination coefficients (R2a) for the various 
heavy metals, CuR2a (0.6509), ZnR2a (0.8579), 
CdR2a (0.4545), and PbR2a (0.7068), were of high 
linear relationship for Zn and Pb, moderate for 
Cu but was weak for Cd. R2a adjusts the R2 for 
the regression model’s sample size and number of 
variables. Figure 4a shows the plot of the predicted 
percent removal of Cu against the experimental 
percent with a square of regression of 0.7202. 
Figure 4b plots the expected percent removal of 
Zn against the experimental percent with a square 
of regression of 0.0853. Figure 4c is a plot of 
the predicted percent removal of Cd against the 
experimental percent with the square of regression 
of 0.5636. Figure 4d plots the predicted percent 
removal of Pb against the experimental percent 
with a square of regression of 0.7654.
To predict both the main and interaction effects in 
this study, it was necessary to use a 3D response 
surface plot and the corresponding x/y 2D contour 
plot on the response variables. The response surface 
plots showing the effects of the experimental 

variables on the percent removal of Cu, Zn, Cd, 
and Pb in the ABW sample were presented in 
Figures 5, 6, 7, and 8, respectively.  Figure 5a 
shows the main and interaction effects of ISC and 
ACSC on the percent removal of Cu while keeping 
GCSC constant. It was observed from the plot that 
irrespective of the incremental amount of ACSC, 
there was no influence on the percentage of dissolved 
Cu removed. Nevertheless, there was a positive 
correlation between the amount of ICS used and the 
percentage of dissolved Cu removed. The same trend 
was observed in Figure 5b for the main and interaction 
effects of ISC and GCSC on the percent removal of 
Cu while keeping the amounts of ACSC constant.
The main and interaction effects of the amounts 
of GCSC and ACSC on the percent removal of Zn 
while keeping the amounts of ISC steady are shown 
in Figure 6a. The amounts of ACSC used varied 
directly with the percent removal of Zn, though 
minimally. In contrast, the effect of the GCSC 
on the percent removal of Zn remained constant, 
irrespective of the increment in amounts. There 
was a positive correlation between ACSC and the 
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Fig. 4 a – 4d. Plots of Predicted against Actual Values for Percent Removal of Cu, Zn, Cd, and Pb, respectively.
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percent removal of Zn, while GCSC did not show a 
positive correlation. Figure 6b revealed that ISC had 
a significant positive correlation with the percent 
removal of Zn, while ACSC had no influence on 
the removal of Zn. Figure 6c shows a positive 
correlation between ISC and the percent removal 
of Zn. On keeping the amounts of GCSC constant, 
Figure 6b shows the main and interaction effects 
of the amounts of ACSC and ISC on the percent 

removal of Zn. Compared to the observation in 
Figure 6a, ISC had a more significant influence on 
the percent removal of Zn than the removal of Cu, 
while ACSC had no effect on the percent removal 
of Zn. The same trend was observed in Figure 6c 
when the impact of ACSC was kept constant, and 
the main and interaction effects of ISC and GCSC 
on the percent removal of Zn were investigated.
Figures 7a and 7b show the main and interaction 
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Fig. 5. a) Main Interaction and Effects of ISC and b) ACSC, and ISC and GCSC on the Percent Removal of Cu.

Fig. 6. a) Main Interaction and Effects of ACSC and GCSC, b) ISC and ACSC, and ISC, and
c) GCSC on the Percent Removal of Zn.



68

influences of the amounts of ISC and ACSC, ISC 
and GCSC on the percent removal of Cd while 
keeping the effects of the amounts of GCSC and 
ACSC steady, respectively. Both plots showed the 
same trend: only the ISC had moderate positive 
correlations with the percent of Cd removed from 
the FBW sample.
Figures 8a and b present the response surface 
plots for the primary and interaction effects of 
ISC and GCSC and ISC and ACSC on the percent 
removal of Pb while maintaining the amounts of 
ACSC and GCSC constant, respectively. Figures 
8a and b revealed that the ISC varied directly with 
the percent removal of Pb, while the GCSC and 
ACSC had no relationship with this. There are two 
response surface plots in which Figure 8a shows the 
interaction between GCSC and ISC, with a positive 
correlation between ISC and the percent removal of 
Pb. Figure 8b shows the interaction between ACSC 
and ISC in which a positive correlation existed 
between ISC and the percent removal of Pb.
 
3.5.2. Statistical Analysis of the Mean Levels of 
DHMs in Treated Water Samples 
Table 7 presented the result for testing the season’s 
significance, untreated/treated water samples, 
and metals in removing dissolved heavy metals. 

At the conventional 5 % level of significance, 
there was evidence of significant difference 
(p<0.05) only in the means of the two seasons. 
However, at a 10 % level of significance, there 
was evidence of a significant difference (p<0.1) 
in the degree of removal of heavy metals between 
the untreated and treated water samples. This 
implies that the composite materials used were 
synergetic in removing heavy metals. None of 
the various samples and metals showed evidence 
of a significant mean difference in the degree of 
removal of dissolved heavy metals. This may 
result from the surface water and groundwater 
samples during both seasons experiencing the 
same technique of heavy metals removal. With 
mean values of 0.006 and 0.0135, the removal of 
heavy metals seems higher during the dry season 
and for treated water, respectively. Even though 
no significant evidence was established for both 
the samples and metals, the degree of heavy metal 
removal appears higher for ERWA and lower 
for EBRW. This may be attributed to the initial 
concentrations of the heavy metals in the two 
River samples.  In the same way, removal was also 
higher with samples containing Cd and lowest 
with water samples containing Zn. 
Table 8 shows the interactions between the DHMs 
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Fig. 7.  Main Interaction and Effects of ACSC and GCSC on  ISC, a) ACSC vs. ISC and 
b) GCSC vs. ISC for Removal of Cadmium
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and the water samples. The interest was to investigate 
if all possible interaction effects of metals and water 
samples produced the same degree of removal. 
Generally, at as small as a 1 % significance level, 
there was evidence of a significant (p<0.01) mean 
difference in the degree of heavy metal removal 
for all the possible interactions. At a 1 % level of 

significance, the variable interactions showed 
that Zn demonstrated higher interactions with the 
samples by having the highest mean values. Pb, Cu, 
and Cd followed this in a decreasing order of mean 
values. Cd-ERWA produced the highest degree of 
heavy metal removal, followed by Cd-ABW, Cu-
ERWA, and so on, while removal was lowest in Zn-
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Fig. 8. Main Interaction and Effects of ISC and GCSC, and ISC and ACSC on the 
Percent Removal of Lead (Pb)

Table 7. Test of Significance: season, untreated/treated water samples, water, and metals
in removing dissolved heavy metals

Factors Variables Mean  sd
Sig. value

(p<0.05)

Season
Rainy

Dry

0.567 ± 0.028

0.006 ± 0.000
0.001

Water 
Untreated

Treated

0.438 ± 0.011

0.135 ± 0.005
0.072

Samples

FBW

ABW

EBRW

ERWA

0.044 ± 0.002

0.027 ± 0.001

1.057 ± 0.055

0.018 ± 0.001

0.354

Metal

Pb

Zn

Cd

Cu

0.118 ± 0.005

0.993 ± 0.045

0.012 ± 0.000

0.022 ± 0.001

0.419
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EBRW. It can also be observed that interaction with 
ERWA produced a high degree of removal for each 
of the four metals. In contrast, most metal interactions 
with EBRW resulted in a low degree of removal. 
This observation in this work implied that there were 
different factors (i.e., pH, initial cation concentrations 
in the multi-metal system, effective ionic radius, 
etc.) responsible for removing heavy metals from the 
individual water samples for both seasons. This was 
in line with the investigations of [45, 47, 48].
Table 9 shows the multivariate test for the factors 
(season, water, samples, and metal) and their 
corresponding variables at 1, 5, and 10 % levels of 
significance. It was used to check for evidence of 
a significant mean difference between vector means 
relating to two groups. Concentrations 1, 2, and 3 
were considered independent variables. At the 1 % 
significance level, there was evidence of a significant 
difference in means for samples, whereas the season 
was not substantial; water and metal at 1 %, 5 %, and 

even as high as 10 % were insignificant. This showed 
that with the observations made independently at 
three concentrations, heavy metal removal patterns 
were not the same for the samples. 
Table 10 presented the result for testing the significant 
mean difference in the degree of heavy metal removal 
for both rainy and dry seasons. Table 10 revealed 
significant values of the variables during the rainy 
and dry seasons, which ranged from <0.001 to 0.002 
and <0.001 to 0.004, respectively. For both seasons, 
there was evidence of a significant difference 
(p<0.05) in the degree of removal of  heavy metals 
for treated and untreated water. Whereas the degree 
of removal is high for treated water, the dry season 
seems to present a tendency for a higher removal of 
heavy metals. Lower concentrations of the DHM in 
water samples during the dry season contributed to 
this, as evidenced by the lower mean values across 
all samples and metals.
Table 11 shows the result of the investigation 
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Table 8. Metal-sample interaction between the DHMs and the water samples

Variable Interaction		               Mean  sd		                        Sig. value

Cu		  FBW	  		  0.026			   <0.001

		  ABW			   0.025			   <0.001

		  EBRW			   0.027			   <0.001

		  ERWA			   0.012			   <0.001

Zn		  FBW			   0.074			   <0.001

		  ABW			   0.030			   <0.001

		  EBRW			   3.843			   <0.001

		  ERWA			   0.025			   <0.001

Cd 		  FBW			   0.020			   <0.001

		  ABW			   0.008			   <0.001

		  EBRW			   0.013			   <0.001

		  ERWA			   0.007			   <0.001

Pb		  FBW			   0.056			   <0.001

		  ABW			   0.043			   <0.001

		  EBRW			   0.345			   <0.001

		  ERWA			   0.027			   <0.001
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Table 9. Multivariate Hotelling’s Test, Concentrations 1, 2, and 3 were considered independent variables

Factor Variable Conc.. Sig. value

Season
Rainy

Dry

0.567 ± 0.024

0.006 ± 0.001
0.116

Water
Untreated

Treated

0.438 ± 0.024

0.135 ±  0.006
0.393

Sample

FBW

ABW

EBRW

ERWA

0.044 ± 0.002

0.027 ±  0.001

1.057 ±  0.051

0.018 ±  0.011

0.107

Metal

Pb

Zn

Cd

Cu

0.118 ±  0.005

0.993 ±  0.045

0.012 ±  0.001

0.022 ±  0.001

0.156

Table 10.  Test of Significance during the rainy and dry seasons

Factors Variables
      Mean  sd Sig. value            Mean  sd Sig. value

     Rainy Season           Dry Season

Water Untreated

Treated

0.864 ± 0.043

0.270 ± 0.013
0.002

0.012 ± 0.001

ND
0.004

Samples FBW

ABW

EBRW

ERWA

0.066 ± 0.003

0.052 ±  0.002

2.114 ±  0.107

0.035 ±  0.001

<0.001

0.022 ±  0.002

ND

ND

ND

<0.001

Metals Pb

Zn

Cd

Cu

0.235 ±  0.012

1.967 ±  0.112

0.024 ±  0.001

0.042 ± 0.002

<0.001

ND

0.019 ± 0.001

ND

ND

0.002
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to ascertain whether there was an increment 
or reduction in the DHMs removal due to the 
interaction of each of the metals with all the water 
samples during both seasons. The interactions of the 
heavy metals with the samples during rainy season 
in the order of decreasing removal was as follows: 
Cd-ERWA > Cd-ABW > Cu-ERWA > Cd-EBRW 
> Cu-FBW > Zn-ERWA > Cu-ABW > Cu-EBRW 
> Pb-ERWA > Zn-ABW > Zn-FBW > Pb-ABW 
> Pb-FBW > Pb-EBRW > Zn-EBRW. During dry 
season, the decreasing order is as follows: Cd-ABW 
= Cd-EBRW = Cd-ERWA = Cd-FBW = Cu-ABW 
= Cu-ERWA = Pb-ABW = Pb- EBRW = Pb- ERWA 
= Pb-FBW = Zn-EBRW = Zn-ERWA > Cu-EBRW 
> Pb-FBW > Zn-ABW > Cu-FBW > Zn-FBW.
At p<0.001 in the two seasons, there was evidence 
of a significant difference in the degree of heavy 
metal removal. Again, the dry season presented 
evidence of increased removal of heavy metals 
across all metal-sample interactions. As in the 
overall case presented in Table 8, Cd-ERWA 
interaction enabled higher removal, followed by 
Cd-ABW interaction, then Cu-ERWA interaction, 

and so on, down to Zn-EBRW, which had reduced 
heavy metal removal.  Generally, metal interactions 
with ERWA appeared to encourage high removal of 
heavy metal, while metal interactions with EBRW 
lowered the degree of heavy metal removal. The 
result was in tandem with the initial metal ions 
concentrations in the untreated water samples 
(Table 5 and Table 6) and other previous works due 
to surface saturation [48].
During both seasons, the interaction of heavy 
metals and treatment materials was presented in 
Table 12, which showed higher removal in treated 
samples than in untreated samples. The result also 
showed evidence of significance between composite 
treatment materials (i.e., GCSC, ACSC, and ISC), 
heavy metals, and water samples. A P-value of 
<0.001 implied enough evidence of significance in 
the degree of metal removal concerning treatment 
materials-metals-samples interaction. Removal was 
notably high in treated-Cu-FBW, treated-Zn-ABW 
and treated-Zn-ERWA. This was closely followed 
by treated Cd-ERWA, while removal was lowest in 
treated Zn-EBRW. 
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Table 11. Metal-sample Interaction by Season

			   Mean  sd				    Mean  sd		
Variable Interaction	 Rainy season		  Sig. Value	 Dry season		  Sig. value

Cu	 FBW		  0.040 ±  0.002		  <0.001		  0.011 ±  0.001		  <0.001

	 ABW		  0.051 ±  0.003		  <0.001		           ND		                 <0.001

	 EBRW		  0.053 ±  0.004		  <0.001		           ND		                 <0.001

	 ERWA		  0.024 ± 0.001		  <0.001		           ND		                 <0.001

Zn	 FBW		  0.077 ±  0.008		  <0.001		  0.072 ± 0.003		  <0.001

	 ABW		  0.055 ±  0.006		  <0.001		  0.015 ±  0.001		  <0.001

	 EBRW		  7.687 ±  0.256		  <0.001		           ND		                 <0.001

	 ERWA		  0.050 ±  0.004		  <0.001		           ND		                 <0.001

Cd	 FBW		  0.040 ±  0.002		  <0.001		           ND		                 <0.001

	 ABW		  0.016 ±  0.001		  <0.001		           ND		                 <0.001

	 EBRW		  0.026 ±  0.001		  <0.001		           ND		                 <0.001

	 ERWA		  0.014 ±  0.002		  <0.001		           ND		                 <0.001

Pb	 FBW		  0.109 ± 0.005		  <0.001		  0.013 ±  0.001		  <0.001

	 ABW		  0.086 ±  0.004		  <0.001		           ND		                 <0.001

	 EBRW		  0.690 ±  0.036		  <0.001		           ND		                 <0.001

	 ERWA		  0.054 ± 0.001		  <0.001		           ND		                 <0.001



73

4. Conclusion
The results show that 0.5 g, 1.5 g, and 0.025 g 
masses of the blended composite were successful in 
removing DHMs in separate 250 ml water samples 
during the rainy and dry seasons and determined by 
ICP-OES, respectively, with 62.16 - 99.19 percent 
and 100 percent removal efficiency. The statistical 
relevance of the optimization process of the 
composite materials for the removal of the DHMs 
using a reduced linear variance analysis model 
showed evidence of the model being suitable and 
statistically significant to describe the experimental 
data. The probability>F values indicated that the 
ISC component of the composite had a much-
pronounced effect on the percent removal of Cu, 
Cd, and Pb. At the same time, ACSC and GCSC 
contributed latently in influencing the percent 
removal of the DHMs due to the reduced linear 
model used, and this does not imply that the 
adsorbents did not entirely have an effect on the 
removal of the DHMs. Furthermore, at (p< 0.001, 
p< 0.01, p< 0.05, and p<0.1), there were indications 
of significant mean differences in the following 
interactions: individual heavy metals with all the 
water samples during both seasons: DHMs and 
water samples, and in the vector mean of the water 

samples; between untreated and treated water, 
between water samples and their vector mean, and 
between the heavy metals during both seasons; as 
well as between the rainy and dry seasons, between 
the untreated and treated water, and in the vector 
mean of the water samples, respectively. With a 
p-value of <0.001, there was a significant mean 
difference concerning the interaction of treatment 
materials-metals-samples. It is recommended that a 
composite of 0.5 g GCSC, 1.5 g ACSC, and 0.025 
g ISC be used to treat 250 ml of river or borehole 
water samples for DHMs removal. Additional 
research should be conducted to comparatively 
assess all possible effects of separately treating the 
water samples with the GCSC, ACSC, and ISC 
while varying the initial pH of the water samples.

5. Abbreviations 
FBW Funai borehole water

ABW Assemblies of God church borehole water
EBRW Ebonyi River water
ERWA Eziyiaku river water, Akaeze
GCSC Granulated coconut shell carbon
ACSC Akparata (counter)softwood carbon
ISC Iron(III) sulphate coagulant
DHMs Dissolved heavy metals
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Table 12. Test of Significance for Treatment-Metal-Sample Effect

Treatment Heavy 
Metal FBW ABW EBRW ERWA

Untreated

Pb 0.106 0.081 0.686 0.050

Zn 1.460 0.060 5.577 0.050

Cd 0.034 0.013 0.022 0.012

Cu 0.050 0.048 0.051 0.021

Treated

Pb 0.006 0.005 0.005 0.004

Zn 0.003 0.001 2.110 0.001

Cd 0.006 0.035 0.004 0.002

Cu 0.001 0.003 0.003 0.003

P-value                                     <0.001                            <0.001                           <0.001                          <0.001
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1. Introduction
According to current nutritional theories, one secret 
to good health is to absorb more antioxidants, which 
promote the proper aging of the body’s various 
organs. This is one of the major reasons why a 
Mediterranean diet rich in fresh fruit and vegetables 

is recommended [1].
The ingestion of secondary metabolites via fruit and 
vegetables could enable our bodies to strengthen their 
defenses against the oxidation processes that threaten 
our cells on a daily basis. However, the mechanisms 
involved probably go far beyond the direct reduction 
of reactive oxygen species by secondary metabolites 
such as phenolic compounds [2]. Citrus (Citrus L. 
de Rutaceae) is one of the world’s major fruit crops. 
It is widely cultivated in tropical and subtropical 

Anal. Methods Environ. Chem. J. 8 (1) (2025) 78-99

Research Article, Issue 1
Analytical Methods in Environmental Chemis try Journal

Journal home page: www.amecj.com/ir

AMECJ

 Determination and investigation of phenolic compounds 
in Citrus pulps and zests by Ultra-high performance 

liquid chromatography
Amal Sammama a,b,*, Hasnaa Sammamac,d, Rachid  Bengueddour a

aNatural Resources and Sustainable Development Lab, Department of Biology, Faculty of Science, Ibn Tofail University, 
Kenitra, Morocco

bCenter of Analysis and Characterization, University Cadi Ayyad, Marrakech, Morocco
cLaboratory of Phyto-Bacteriology, Plant Protection Research Unit, National Institute of Agricultural Research, Marrakesh, Morocco
dLaboratory of Agro-Biotechnology and Bioengineering, Department of Biology, Faculty of Sciences and Technologies-Gueliz, 

Cadi Ayyad University, Marrakesh, Morocco

A B S T R A C T
This study aimed to evaluate in vitro the influence of extraction methods 
(maceration and soxhlet) and solvents (hexane, dichloromethane, ethyl 
acetate and methanol) on the phenolic composition and antioxidant 
activity of tree citrus species: C. limon, C. limetta and C. aurantifolia. 
The results showed that the soxhlet remains the best extraction method 
for quantifying polyphenols, flavonoids and condensed tannins. Polar 
solvents (ethyl acetate and methanol) make it possible to obtain the best 
extraction yields and high polyphenols and flavonoids. Citrus aurantifolia 
shows the highest contents for epicarps and pulps, respectively in 
polyphenols (326.73 mg and 443.57 mg Gallic acid equivalent (EAG) 
per gram of fresh weight; FW) and in flavonoids (133.00 mg and 138.62 
mg Equivalent (EQ) per gram of FW). The evaluation of the antioxidant 
activity using the 2.2-diphenyl-1-picrylhydrazyl (DPPH) for the different 
extracts showed that methanol and ethyl acetate extracts by soxhlet 
possess the best antioxidant activities. A strong antiradical power was 
noted for the epicarps and the pulps of C. aurantifolia fruit, respectively 
of 5.13 and 4.89 µg mL-1. 15 phenolic compounds were tentatively 
identified by an ultra-high-performance-liquid-chromatographic-
diode array (UHPLC-DAD) in the polar Citrus pulp and epicarp 
extracts. In fact, the identification of three flavonols (rutin, kaempherol 
and quercetin), two flavanones (hesperidin and naringin), a flavone 
(3,4,5,7-tetrahydroxyflavone)and a phenolic acid (pyrogallic acid) were 
the major compounds identified in polar citrus pulp and epicarp extracts.
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regions of the world and in many other areas. Citrus 
cultivation is the world’s largest fruit production 
sector, with more than 161.8 million tons annually in 
2021 [3]. Citrus is a highly valuable matrix due to its 
wealth of functional ingredients (essential oils, fibers, 
carotenoids, vitamin C, phenolic compounds) with a 
wide range of applications in the food, cosmetics and 
nutraceutical industries, as well as in the production 
of biofuels and biodegradable materials [4]. However, 
various epidemiological studies have suggested that 
citrus fruits positively affect a range of degenerative 
disorders [5]. Citrus consumption has expanded 
dramatically in recent years due to its beneficial effects 
on human health. Citrus peels represent a major 
source of phenolic compounds, mainly flavonoids and 
phenolic acids. Citrus flavonoids include glycosylated 
flavanones and polymethoxylated flavones [6]. Citrus 
peel flavonoids are characterized by their antioxidant, 
therapeutic, antiviral, antifungal and antibacterial 
activity [7]. Indeed, recent research has focused 
on by-products that extract natural antioxidants to 
replace synthetic antioxidants [8]. In addition, most 
industries have focused on fruit and vegetable by-
products to transform them into exploitable products 
[9]. Indeed, our study evaluate firstly the effect of 
extraction methods (maceration and soxhlet) and the 
different solvents (hexane, dichloromethane, ethyl 
acetate and methanol) on the quantification of total 
phenols, flavonoids and condensed tannins contained 
in Citrus Limon Burm, Citrus Limetta Risso and Citrus 
Aurantiifolia (Christm.) Swingle. Secondly, evaluating 
the effect of the extraction methods and the different 
solvents on the antioxidant activity of the studied 
extracts. Thus, the various phenolic compounds of 
polar citrus extracts are characterized by UHPLC-
DAD.

2. Material and Methods
2.1.  Plant material 
At the maturity stage, the fruits of C. limetta, C. limon, 
and C. Aurantiifolia were randomly harvested from all 
the trees. The fruits were washed, the pulp and epicarp 
were manually separated and seeded.  25.0 g of fresh 
pulp or epicarp was extracted by maceration (250 ml) 
and soxhlet (300 mL) in increasing solvent polarity for 

24h at room temperature and in the dark.  The extracts 
were evaporated using a rotavapor, then taken up with 
various volumes of methanol and stored at -4°C.

2.2. Reagents
All thirty-three standards used for analyses were 
obtained from Sigma-Aldrich (Berin, Germany):  
blend 1: pyrogallic acid (CAS Number: 87-66-1), 
vannilic acid (CAS Number: 121-34-6), caffeic acid 
(CAS Number: 331-39-5), ferulic acid (CAS number: 
1135-24-6), hesperidin (CAS Number: 520-26-3) and 
salicylic acid (CAS Number: 69-72-7). The blend 
two including: Gallic acid (CAS Number: 149-91-
7), Catechin (CAS Number: 7295-85-4), chlorogenic 
acid (CAS Number: 327-97-9), epicathechin (CAS 
Number: 490-46-0), vanillin (CAS Number: 121-33-
5), p-coumaric acid (CAS Number: 501-98-4), sinapic 
acid (CAS Number: 530-59-6), naringin (CAS Number: 
10236-47-2), rutin (CAS number: 153-18-4), quercetin 
(CAS number: 117-39-5) and kaempferol (CAS 
number: 520-18-3). Also, the blend three including: 
catechol (CAS number: 120-80-9), hydroxybezoic acid 
(CAS Number: 99-96-7), syringic acid (CAS Number: 
530-57-4), 3,4 dimethoxybezoic acid (CAS Number: 
93-07-2), 2-hydroxynaphthoic acid (CAS Number: 
2283-08-1), rosmarinic acid (CAS Number: 20283-
92-5), 4’.5.7 trihydroxyflavanone (CAS Number: 
67604-48-2), 3’,5,7 trihydroxy-4’-methoxyflavone 
(CAS Number:520-33-2). And the blend four 
including: 3-hydroxybenzoic acid (CAS Number: 
99-06-9), 4-hydroxybenzoic acid (CAS Number: 99-
96-7), 3,4-dihydroxycinnamic acid (CAS Number: 
331-39-5), 4-hydroxy-3,5-dimethoxycinnamic acid 
(CAS Number: 530-59-6), ellagic acid (CAS Number: 
476-66-4), tannic acid (CAS Number: 1401-55-4), 
3’,4’,5,7-tetrahydroxyflavone (CAS Number: 491-70-
3), curcumin (CAS Number: 458-37-7). Reactif Folin-
Ciocalteu (CAS Number: 12111-13-6), 2,2-Diphenyl-
1-picrylhydrazyl (CAS Number: 1898-66-4), and 
Ascorbic acid (CAS Number: 50-81-7, Sigma).

2.3. Determination of total phenolics, total 
flavonoids and tannins
The polyphenols were determined by the Folin-
Ciocalteu method according to Li et al. [10]. The 
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results were reported in milligrams of gallic acid 
equivalent per gram of fresh weight (mg GE g-1 
FW). The flavonoids were characterized by the 
aluminum trichloride (AlCl3) method according to 
Shraim researcher [11]. Results were expressed as 
micrograms of quercetin equivalent per gram of fresh 
weight (mg QE g-1   FW). The condensed tannins were 
determined by the vanillin acid method [12]. Results 
were expressed as milligrams of catechin equivalent 
per gram of fresh weight (mg CE g-1   FW).

2.4. Analysis of DPPH radical scavenging activity
According to Awika et al. [13], antioxidant activity 
was measured using the DPPH method. The methanol 
dissolved the DPPH radical at a 5.5 mg mL-1 

concentration. Then, it was sonicated for 3 minutes 
and kept at -4 °C for 1 hour at obscurity. Briefly, 1.0 
mL of each extract of pulp or epicarp was added to 
2.5 mL of DPPH solution, and the absorbance was 
measured after 30 min at 515 nm. DPPH trapping was 
determined using Equation 1. 

 
  

(Eq. 1)

Abs (t = 0): absorbance of the DPPH radical at t = 0 min 
Abs (t = 30): absorbance of the DPPH radical + 
phenolic extracts at t = 30 min.
The positive control was a solution containing the 
standard antioxidants: ascorbic acid, gallic acid, 
and quercetin. The absorbance of the solution was 
evaluated under identical conditions as the samples. 
For each concentration, the test was repeated three 
times.

2.5. Determination of phenolic compound
The Dionex Ultimate 3000 chromatography system 
(CA, USA), which is furnished with a quaternary pump 
(HPG 3400 RS), an autosampler (WPS 3000 TSL) and 
a column oven (TCC 3000), was used to carry out the 
chromatographic separation. A Kinetex C18 reversed 
phase column (250 × 4,6 mm, Eurospher 100-5) 
provided by Thermo Fisher Scientific (CA, USA) was 
used for the proposed technique. The separation and 
identification of phenolic compounds was performed 
using the method of Puigventós et al. [14]. Retention 
times and UV spectra were compared to standards to 
identify the compounds investigated in the methanolic 
and ethyl acetate extracts (Schema 1).

Schema 1. Schematic of study stages including the sampling, the extraction method,
and analysis of phenolic compounds by UHPLC-DAD
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Table 1. The multi standards with their retention times
Compounds Retention time

Blend 1
 Pyrogallic Ac 5.45
Vanillic Ac 11.81
Cafeic Ac 12.18
Furelic Ac 16.51
Hesperidin 18.76
Salicyclic Ac 19.48

Blend 2
Gallic Ac 5.86
Catechin 9.44
Chlorogenic ac 10.87
Epicathechin 12.13
vanillin 12.72
p-coumaric 15.41
Sinapic Ac 16.87
 Naringin 19.04
Rutin 20.31
Quercetin 24.84
Kaempferol 26.82

Blend 3
Catechol 8.07
Hydroxybezoic Ac 10.76
Syringic Ac 12.54
dimethoxybezoic Ac 3,4 16.46
hydroxynaphthoic Ac 2 19.20
Rosmarinic Ac 20.14
trihydroxyflavanon 4,5,7 24.05
trihydroxy-4’-methoxyflavon 5,7,’3 25.34

Blend 4
hydroxybenzoic Ac-3 7.74
 hydroxybenzoic Ac-4 10.76
dihydroxycinnamic Ac 3,4 12.20
hydroxy-3,5-dimethoxynnamic-4 16.90
Ellagic Ac 21.74
Tannic Ac 24.87
tetrahydroxyflavon-5,7,’4,’3 26.15
Curcumin 28.16

Also, the Chromatographic profile of pulp from 
methanolic extracts of C. limon (Cp1), C. limetta 
(Cp2) and C. aurantifolia (Cp3) by two extraction 
methods maceration M and soxhlet S were shown in 
Figure 1a. Chromatographic profile of epicarp from 
methanolic extracts of C. limon (Cz1), C. limetta 
(Cz2) and C. aurantifolia (Cz3) by two extraction 
methods maceration M and soxhlet S were shown 
in Figure 1b. Chromatographic profile of pulps from 

ethyl acetate extracts of C. limon (Cp1), C. limetta 
(Cp2) and C. aurantifolia (Cp3) by two extraction 
methods, maceration M and soxhlet S, were shown in 
Figure 1c. Chromatographic profile of epicarp from 
methanolic extracts of C. limon (Cz1), C. limetta (Cz2) 
and C. aurantifolia (Cz3) by two extraction methods 
maceration M and soxhlet S. was shown in Figure 1d. 
The chromatographic profile of the multi-standards is 
shown in Figure 1e and Table 1.
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Fig. 1a. Chromatographic profile of pulp from methanolic extracts of C. limon (Cp1), C. limetta (Cp2)
and C. aurantifolia (Cp3) by two extraction methods maceration M and soxhlet S.
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Fig. 1b. Chromatographic profile of epicarp from methanolic extracts of C. limon (Cz1), C. limetta (Cz2)
and C. aurantifolia (Cz3) by two extraction methods maceration M and soxhlet S.
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Fig. 1c. Chromatographic profile of pulps from ethyl acetate extracts of C. limon (Cp1), C. limetta (Cp2)
and C. aurantifolia (Cp3) by two extraction methods maceration M and soxhlet S
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Fig. 1d. Chromatographic profile of epicarp from methanolic extracts of C. limon (Cz1), C. limetta (Cz2)
and C. aurantifolia (Cz3) by two extraction methods maceration M and soxhlet S.
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Fig.1e. Chromatographic profile of multi standards
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2.6. Statistical Analysis
Data were subjected to a two-factor analysis of 
variance (ANOVA) using the statistical software SPSS 
for windows (version 20.0, IBM-SPSS Inc., Chicago, 
IL, USA). Significant differences among treatments 
were determined using the student-Newman-Keuls 
(SNK) post-hoc test. Mean data followed by different 
letters are significantly different at p<0.05.

3. Results and Discussion
3.1. Crude extracts yield
The edible part: The result in Figure 2 showed that 
the Soxhlet extraction gave higher yields than the 

maceration method. For both extraction methods, 
the best yield was obtained with ethyl acetate in C. 
limon (Cp1) followed by C. limetta (Cp2) and C. 
aurantifolia (Cp3). At the same time, the lowest yield 
was with hexane in all three species. The non-edible 
part: We found that the yields of soxhlet extraction 
varied considerably compared to the yields by 
maceration (Fig. 3). The recorded percentages 
ranged from 0.62% to 12.46%. The methanol gave 
the best yield in C. limetta (Cz2) followed by C. 
limon (Cz1) and finally by C. aurantifolia (Cz3). On 
the other hand, the yield of dichloromethane was the 
lowest for all three species. 
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Fig. 2. Crude pulp extract yield (%) of C. limon (Cp1), C. limetta (Cp2), C. aurantifolia (Cp3) by two extraction 
methods (maceration, soxhlet) and four solvents (hexane, dichloromethane, ethyl acetate, methanol). Data are means 

of 3 replicates ± standard deviation. Different letters above the bars represent a significant difference (p < 0.05) 
between treatments according to Student-Newman-Keuls test.

Fig. 3. Crude epicarp extract yield (%) of C.limon (Cz1), C.limetta (Cz2), C.aurantifolia (Cz3) by two extraction 
methods (maceration, soxhlet) and four solvents (hexane, dichloromethane, ethyl acetate, methanol). Data are means 

of 3 replicates ± standard deviation. Different letters above the bars represent a significant difference (p < 0.05) 
between treatments according to Student-Newman-Keuls test.
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3.2. The effect of solvents and extraction 
methods on phenolic components 
Figures 4 and 5 present the results of a quantitative 
comparison of total phenols, flavonoids, and condensed 
tannins in the pulp and epicarp parts of three studied 
citrus species. The edible part: in Figure 4, the results 
related to the amounts of total phenols, flavonoids, and 
condensed tannins in the extracts of the pulp of the 
three species studied showed that Soxhlet extraction as 
a method and ethyl acetate as a solvent gave the best 
results. The results obtained in Figure 4A showed that 
Citrus aurantifolia contained the highest polyphenol 
content (443.57±3.10 mg g-1 FW), followed by Citrus 
limon (273.75±0.43 mg g-1 FW) and, at the end, 
Citrus limetta (245.81±5.58 mg g-1 FW). Regarding 
flavonoid content, it was higher in Citrus aurantifolia 
(138.62±3.21 mg g-1 FW), followed by Citrus limetta 
(101.34±9.56 mg g-1 FW) and by Citrus limon 
(83.85±1.86 mgg-1 FW) (Fig.4B). In contrast, the 
condensed tannin contents obtained in Citrus limetta, 

Citrus aurantifolia and Citrus limon are 46.90±1.15 
mgg-1 FW, 46.32±6.76 mg g-1 FW and 44.68±5.95 
mgg-1 FW, respectively (Fig.4C). The non-edible part: 
in Figure 4, the results related to the amounts of total 
phenols, flavonoids, and condensed tannins in extracts 
of the epicarp of the three species studied showed 
that Soxhlet extraction as a method and methanol as 
a solvent gave the best results. The results of the assay 
revealed that the highest amounts of total phenols were 
recorded in Citrus aurantifolia with 326.73±9.82 mgg-

1 FW, followed by Citrus limetta with 229.08±8.59 
mgg-1 FW and by Citrus limon with 183.16±1.40 mgg-

1 FW (Fig.5A). The flavonoid content was abundant 
in Citrus aurantifolia (133.00±3.55 mgg-1 FW) 
followed by Citrus limetta (104.59±4.54 mgg-1 FW) 
and by Citrus limon (81.19±8.19 mgg-1 FW) (Fig.5B). 
Concerning, the condensed tannin contents found in 
Citrus limetta, Citrus aurantifolia and Citrus limon, 
we note 49.19±12.17 mg g-1 FW, 31.34±1.15 mgg-1 
FW and 43.86±0.00 mgg-1 FW respectively (Fig.5C).

Anal. Methods Environ. Chem. J. 8 (1) (2025) 78-99
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Fig. 4. The polyphenol (A), flavonoid (B) and condensed tannin (C) content of Citrus Limon Burm (Cp1), 
Citrus Limetta Risso (Cp2) and Citrus Aurantiifolia (Christm.) Swingle (Cp3) pulps by two extraction methods 

(maceration, soxhlet) and four solvents (hexane, dichloromethane, ethyl acetate and methanol). Data are means of 3 
replicates ± standard deviation. Different letters above the bars represent a significant difference (p < 0.05) between 

treatments according to Student-Newman-Keuls test.
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3.3. The effect of solvents and extraction 
methods on the antioxidant activity (DPPH) 
The edible part: from the results obtained on the 
pulps, statistical analysis showed that the solvents 
used presented a significant difference (p<0.05). 
Thus, the profiles of the DPPH- test obtained 
revealed that all the extracts tested possessed dose-
dependent antiradical activity     (Fig. 6). The ethyl 
acetate extracts showed a high inhibition of the 
DPPH- radical very close to those of the control 
solutions (gallic acid, quercitin and ascorbic acid); 
4.89±0.15 µg ml-1 for Citrus aurantifolia, 9.54±0.15 
µg ml-1 for Citrus limon and 9.74±0.22 µg ml-1 for 
Citrus limetta, followed by the methanol extracts. 
On the other hand, a very low antiradical activity 
was noted in hexane and dichloromethane extracts. 
Regarding the extraction method, the antiradical 
activities of the analyzed samples showed a 
significant difference (p<0.05). The results obtained 
showed that the extracts obtained by Soxhlet have 
the highest antioxidant capacity compared to that of 
maceration, regardless of the extraction solvent. For 
comparative purposes, three standard antioxidants 
were used, gallic acid, quercitin and ascorbic acid 
(Fig. 6). They showed a high free radical scavenging 

activity with IC50 values in the range of 7.80 ± 0.25 
µg ml-1, 4.06 ± 0.26 µg ml-1 and 2.48 ± 0.32 µg ml-1, 
respectively. The lower the IC50 value, the more 
potent the extract was considered an antioxidant. 
The non-edible part: the antiradical activities of the 
analyzed samples revealed significant differences 
(p<0.05) (Fig.7). We also found that almost all the 
extracts studied have antioxidant activity and were 
able to scavenge the DPPH radical. We noted that 
the extracts that showed the best inhibitory activity 
were the methanolic and ethyl acetate extracts, 
with IC50 values that vary from 5.13 µg.ml-1 to 
31,13 µg.ml-1. However, the highest free radical 
scavenging activity was observed in the methanolic 
extracts of Citrus autantifolia (5.13±0.12 µg ml-

1) followed by Citrus limetta (6.16±0.10 µg ml-1) 
and Citrus limon (10.78±0.12 µg.ml-1). The activity 
of these extracts evolves in the same direction as 
those of gallic acid with 7.80±0.25 µg.ml-1 and 
quercitin with 4.06±0.26 µg ml-1, while ascorbic 
acid showed the highest antiradical activity with 
2.48±0.32 µg.ml-1. On the other hand, the lowest 
antiradical activity was obtained with hexane and 
dichloromethane (57.24  µg ml-1 and 138.70 µg ml-1, 
respectively).

Anal. Methods Environ. Chem. J. 8 (1) (2025) 78-99

Fig. 5. The polyphenol (A), flavonoid (B) and condensed tannin (C) content of Citrus Limon Burm (Cz1), 
Citrus Limetta Risso (Cz2) and Citrus Aurantiifolia (Christm.) Swingle (Cz3) epicarp by two extraction methods 
(maceration, soxhlet) and four solvents (hexane, dichloromethane, ethyl acetate, methanol). Data are means of 3 

replicates ± standard deviation. Different letters above the bars represent a significant difference (p < 0.05) between 
treatments according to Student-Newman-Keuls test
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3.4. Determination of phenolic compound by 
UHPLC-DAD
In this study, a method of high-performance 
liquid chromatography (UHPLC) coupled to a 
diode array detector (DAD), was used for the 
characterization of the phenolic compounds of 
the methanolic and ethyl acetate extracts of the 
edible and non-edible par of three Citrus species 
studied (Citrus Limon Burm, Citrus Limetta Risso 
and Citrus Aurantiifolia (Christm.) Swingle) 
for the two extraction methods (maceration and 
soxhlet). Thirty-three standards were divided 
into 4 blends to identify the different metabolites. 
Fifty-five phenolic compounds were tentatively 
identified in the polar Citrus pulp and epicarp 
extracts based on their maximum wavelength 
UV absorption and using the peaks of the 
standards. Among them, the identification of 
three flavonols (rutin, kaempferol and quercetin), 
two flavanones (hesperidin and naringin), a 
flavone (3’, 4’, 5, 7-tetrahydroxyflavone) and 
a phenolic acid (pyrogallic acid) which have 
been confirmed alongside literature data on the 
chemical composition of Citrus. The edible part: 
the three Citrus studied contained two flavonoids, 
of which hesperidin (6.62 g L-1) was the highest 

in the methanolic extract of C. limetta by 
maceration, followed by rutin (2.52  g L-1) in the 
ethyl acetate extract of C. limetta by maceration, 
then a phenolic acid, whose pyrogallic acid (1.48 
g L-1) was moderately high in the methanolic 
extract of C. limetta by Soxhlet. While the 
other metabolites (Gallic, Catechol, Catechin, 
Pcoumaric, Naringin, Ac hydroxybezoic, Sinapic, 
3’, 4’, 5, 7 - tetrahydroxyflavone, Kaempferol, 
Quercetin, 3’,5,7 trihydroxy-4’-methoxyflavone 
and Epicathechin) were present at trace levels 
(Table 2). The non-edible part: in the ethyl acetate 
and methanol extracts of C. limetta by Soxhlet, 
high contents of hesperidin (4.34 g L-1) and rutin 
(3.39 g L-1) were recorded, followed by pyrogallic 
acid (1.79 g L-1) in the methanolic extract of C. 
aurantifolia by Soxhlet and then naringin (1.77 
g L-1) in the methanolic extract by Soxhlet of C. 
limon. On the other hand, the other metabolites 
presented in trace amounts (Table 3). According 
to these results, we suggest that the phenolic 
compounds content in the pulps of three species 
was higher than that of the epicarp. The highest 
concentration of phenolic compounds in juice is 
generally due to the very hydrophilic nature of 
these components.
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 Fig. 6. Antiradical activity of Citrus Limon Burm (Cp1), Citrus Limetta Risso (Cp2) and Citrus Aurantiifolia (Christm.) 
Swingle (Cp3) pulp by two extraction methods (maceration, soxhlet) and four solvents (hexane, dichloromethane, ethyl 

acetate, methanol). Data are means of 3 replicates ± standard deviation. Different letters above the bars represent a 
significant difference (p < 0.05) between treatments according to Student-Newman-Keuls test.
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Table 2. Provisional identification of phenolic compounds of the edible part of Citrus Limon Burm 
(Cp1), Citrus Limetta Risso (Cp2) and Citrus Aurantiifolia (Cp3) by UHPLC-DAD.

Extraction 
methods Solvent PA GA C Ca P-C Nar Hes Rut HbA Sin THF Kaem Quer TMF Epi

Maceration

acetate

0.51 0.04 0.02 0.03 ---- 0.01 1.36 1.72 ---- 0.02 0.01 ---- ---- ---- 0.02

1.17 0.06 0.16 0.05 0.01 0.06 4.40 2.52 ---- ---- ---- 0.05 ---- ---- ----

0.15 0.03 0.03 ---- ---- ---- 0.08 ---- ---- ---- ---- 0.02 0.01 ---- ----

Methanol

0.93 0.02 0.04 0.05 0.02 0.02 1.78 1.5 ---- 0.2 0.04 0.05 ---- ---- ----

---- ---- ---- 0.15 0.14 0.14 6.62 1.63 ---- 0.31 0.21 0.20 0.13 ---- ----

0.4 0.01 0.04 0.01 ---- ---- ---- 0.25 ---- ---- 0.02 0.03 ---- ---- ----

Soxhlet

Acetate

---- 0.03 0.11 0.22 ---- 0.06 2.33 0.53 0.03 0.01 ---- 0.05 0.06 ---- ----

---- 0.03 0.05 0.09 ---- 0.03 1.09 0.77 ---- 0.02 ---- 0.05 ---- ---- ----

0.59 0.03 0.04 ---- ---- ---- 0.18 0.06 0.07 ---- 0.05 0.09 0.04 0.11

Methanol

1.48 0.02 0.05 0.07 0.01 ---- 1.11 0.75 0.06 ---- ---- ---- ---- ---- ----

1.17 0.03 0.05 0.14 0.04 0.05 2.60 1.38 ---- ---- 0.05 ---- ---- 0.01 ----

0.53 0.02 0.06 0.18 0.02 0.04 0.27 1.74 0.05 ---- ---- ---- ---- ---- ----

*(PA) Pyrogallic Acid, (GA) Gallic Acid, (C) Catechol, (Ca) Catechin, (P-C) p-coumaric, (Nar) 
Naringin, (Hes)Hesperidin, (Rut) Rutin, (HbA) Hydroxybezoic Acid, (Sin) Sinapic Acid, (THF) 
3’,4’,5,7-tetrahydroxyflavone, (Kaem) Kaempferol, (Quer) Quercetin, (TMF) 3’,5,7 trihydroxy-
4’methoxyflavone, (Epi) Epicathechin.
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*(PA) Pyrogallic Acid, (GA) Gallic Acid, (C) Catechol, (Ca) Catechin, (P-C) p-coumaric, (Nar) 
Naringin, (Hes)Hesperidin, (Rut) Rutin, (HbA) Hydroxybezoic Acid, (Sin) Sinapic Acid, (THF) 
3’,4’,5,7-tetrahydroxyflavone, (Kaem) Kaempferol, (Quer) Quercetin, (TMF) 3’,5,7 trihydroxy-
4’methoxyflavone, (Epi) Epicathechin.

Table 3. Provisional identification of phenolic compounds of the non-edible part of Citrus Limon Burm (Cz1), 
Citrus Limetta Risso (Cz2) and Citrus Aurantiifolia (Cz3) by UHPLC-DAD

Extraction 
methods Solvent species PA GA C Ca P-C Nar Hes Rut HbA Sin THF Kaem Quer TMF Epi

Maceration

acetate

Cz1 1.13 0.04 0.05 0.05 0.01 ---- 3.01 0.14 0.02 0.01 ---- ---- 0.45 ---- ----

Cz2 ---- 0.02 0.02 0.04 0.04 ---- 1.03 0.47 ---- ---- 0.12 0.31 0.12 0.05 ----

Cz3 ---- 0.03 ---- 0.02 0.04 0.21 0.57 0.32 0.09 ---- 0.33 0.62 0.67 0.15 0.38

Methanol

Cz1 0.81 0.02 0.16 ---- 0.01 0.04 2.7 1.63 ---- ---- 0.07 0.06 ---- ---- ----

Cz2 0.73 ---- 0.08 ---- 0.07 0.07 2.61 0.76 ---- 0.16 0.09 0.13 ---- ---- ----

Cz3 1.66 0.03 0.35 0.47 0.04 0.19 ---- 2.37 ---- ---- 0.23 0.25 ---- ---- 0.34

Soxhlet

Acetate

Cz1 0.58 0.03 0.07 0.09 ---- 0.04 1.71 0.72 0.03 0.02 ---- ---- 0.13 ---- ----

Cz2 1.02 0.03 0.08 0.19 0.15 0.18 4.34 1.83 0.18 ---- 0.21 0.64 0.55 ---- ----

Cz3 ---- 0.04 0.08 ---- ---- 0.17 0.51 0.69 ---- ---- 0.33 1.12 1.11 0.18 ----

Methanol

Cz1 ---- 0.03 ---- 0.28 0.19 1.77 1.03 0.31 ---- 0.43 1.04 0.27 ---- 0.05 ----

Cz2 ---- 0.05 0.11 0.22 0.19 0.17 3.95 3.39 ---- 0.4 0.41 ---- 0.1 0.08 ----

Cz3 1.79 0.03 0.01 0.29 0.02 0.04 0.16 0.94 0.16 ---- 0.09 0.13 ---- ---- ----
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3.5. Discussion
The main objective of this study was to assess 
in vitro the influence of solvents and extraction 
methods on the phenolic composition and 
antioxidant activity of three Citrus species extracts 
using the DPPH free radical scavenging method. 
The data collected demonstrated that each solvent’s 
yield of the crude extracts differed depending on the 
extraction method and species (0.40% to 14.72%). 
Similarly, Ibrahim and Hegazy [15] found that 
the yield of orange epicarp extracts using various 
solvents ranged from 8.27% to 28.32%. The 
samples’ nature and differences in solvent diffusion 
explained this variation. It was also due to several 
factors, including the interaction of the plant with 
the environment (climate, soils, etc.), the time and 
place of harvest, cultural practices, and the age of 
plant material [16]. Maceration and Soxhlet are 
considered the conventional phenolic compound 
extraction methods approved by various authors for 
their efficiencies [17]. Our results showed that the 
extraction method significantly influences the yield 
and phenolic compound contents in citrus limon, 
citrus aurantifolia, and citrus limetta. Soxhlet 
extraction allowed an enrichment in phenolic 
compounds compared to maceration. Similarly, 
several works have presented similar results, which 
indicated a significant variation in the contents of 
these compounds depending on the technique used 
[18]. In another study, the Lebanese Eryngium 
Creticum was extracted using three conventional 
techniques: maceration, reflux, and Soxhlet. The 
results showed that among these techniques, reflux 
and Soxhlet gave approximately the same results 
compared to maceration [19]. Thus, a comparison 
between the two methods showed that soxhlet 
remains the preferred method for extraction [20]. 
Similarly, Teimoori et al [21] have suggested other 
extraction methods based on ultrasonic dispersive 
solid-phase micro-extraction. In our study, solvents 
of increasing polarity (hexane, dichloromethane, 
ethyl acetate, and methanol) were used to extract 
three Citrus species, to have as many secondary 
metabolites of different natures as possible and to 
separate these metabolites according to their degree 

of solubility in the solvent. Thus, their degree of 
glycosylation mainly depends on the number of 
hydroxyl groups, molecular weight and carbon chain 
length [22]. Indeed, the hexane extract is generally 
composed of lipids and highly methoxylated 
aglycone flavonoids, the dichloromethane extract 
is richer in aglycone flavonoids, ethyl acetate 
extract contains glycosylated flavonoids, mainly 
mono-, di- and tri-glycosylated flavonoids, and 
the methanolic extract contains flavonoids, amino 
acids, terpenes, waxes and tannins [23]. According 
to our results, the quantification of polyphenols, 
flavonoids and condensed tannins by different 
solvents showed that methanol and ethyl acetate 
extracts presented high contents of these molecules 
compared to hexane and dichloromethane 
extracts. Ghasemzadeh et al. [24] and Barchan et 
al. [25] worked on three species of Mantha from 
Morocco and two varieties of young ginger from 
Malaysia, respectively. They also showed that 
polar solvents (methanol, acetone) yielded higher 
phenolic compounds than apolar solvents (hexane, 
dichloromethane, and chloroform). However, 
other studies reported by Mendes Harcke et al. 
[26], in Gac fruit respectively, found that ethyl 
acetate extracts exhibited high contents of phenolic 
compounds. Moreover, Al Juhaimi et al. [27] on 
methanolic and ethyl acetate extracts of some 
plants grown in Turkey revealed that both solvents 
showed almost the exact contents of phenolic 
compounds conducted a study. In this study, we 
noted that pulp and epicarp parts of the Citrus fruit 
accumulate the highest contents of polyphenols 
and flavonoids. The comparative analysis showed 
that Citrus aurantifolia was more nutritious than 
Citrus limetta and Citrus limon due to its relatively 
high content of polyphenols and flavonoids. These 
findings are consistent with those obtained by 
Khalfan Al-Musharf et al. [28] on six citrus species 
in Oman, who showed that Citrus limon juice 
presented a higher content of total phenols (0.569± 
0.0019 mg EAG mL-1) than Citrus aurantifolia 
(0.468± 0.0019 mg EAG mL-1). Another study 
conducted in South India on the fruits of six Citrus 
species, revealed that Citrus aurantifolia possessed 
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a relatively high content of total phenols (125 µg 
EAG mg-1 for epicarp and 59.05µg EAG mg-1 for 
pulp) and flavonoids (36.49 µg EQ mg-1 for epicarp 
and 15.19 µg EQ mg-1 for pulp) [29]. In addition, 
Ghasemi et al. [30] reported that the fruit of Citrus 
limon from Iran, recorded relatively high content of 
polyphenols (131 mg EAG g-1 epicarp and 102.2 mg 
EAG g-1 pulp) and flavonoids. On the other hand, 
the Citrus limetta juice from Mexico showed high 
levels of polyphenols (786 ± 73.58 mg EAG.g-1) 
and flavonoids (63.24 ± 3.66 EQ mg g-1) [31]. In 
view of these results presented, it appears that the 
extraction of phenolic compounds is a crucial step 
for the valorisation of active ingredients. It depends 
on the extraction method, the solvent, the species 
and the nature of the studied part. From the results 
reported in Figures 6 and 7, we noticed that only 
polar extracts (methanol and ethyl acetate) by 
Soxhlet could inhibit the DPPH radical than apolar 
extracts (hexane and dichloromethane). Also, some 
other organic compounds were determined by 
nanotechnology coupled with a chromatography 
analyser [32-34]. Thus, for gallic acid, quercetin, 
and ascorbic acid, the percentage of DPPH 
inhibition was still high for these extracts. Because 
these extracts are rich in phenolic compounds 
(suitable donors of proton H+). Similarly, 

Kumaran and Joel, Karunakaran, [35] showed that 
polyphenols, flavonoids and condensed tannins can 
reduce and decolorize DPPH due to their ability 
to donate hydrogen. For example, Narayana et al. 
[36] found that flavonoids could inhibit the lipid 
peroxidation by scavenging free radicals. Indeed, 
the antioxidant activity is related to the structure of 
phenolic compounds. Thus, it depends on the O-H 
bonds’ dissociation energy, the phenol radical’s 
electronic delocalization, and the steric hindrance 
of the substituent groups of the hydrogen atoms of 
the aromatic ring [37]. The antioxidants influence 
biological systems by neutralizing free radicals 
and chelation of toxic metal [38]. Based on the 
results presented in Tables 1 and 2, ethyl acetate 
and methanol extracts can be considered the most 
interesting regarding antioxidant capacity, strongly 
related to the presence of phenols and polyphenolic 
compounds, such as flavonoids [39]. This led us 
to suggest that these extracts contain essential 
molecules that can serve as a source of natural 
antioxidants. These minor compounds give the 
three species important nutritional and therapeutic 
qualities. In addition, several authors have proposed 
other types of chromatography (GC-FID, GC-
TCD, GC-MS) to identify these organic substances 
[40-43].

Fig. 7. Antiradical activity of Citrus Limon Burm (Cz1), Citrus Limetta Risso (Cz2) and 
Citrus Aurantiifolia (Christm.) Swingle (Cz3) epicarp by two extraction methods (maceration, 
soxhlet) and four solvents (hexane, dichloromethane, ethyl acetate, methanol). Data are means 

of 3 replicates ± standard deviation. Different letters above the bars represent a significant 
difference (p < 0.05) between treatments according to Student-Newman-Keuls test.



96 Anal. Methods Environ. Chem. J. 8 (1) (2025) 78-99

4. Conclusion
This study concluded that the best source of 
polyphenols among the three citrus species is 
in the following order for the edible part: Citrus 
aurantifolia > Citrus limon > Citrus limetta. On 
the other hand, for the non-edible part the order 
is as follows: Citrus aurantifolia > Citrus limetta 
> Citrus limon. The best source of flavonoids in 
both parts of the fruit is in the following order: 
Citrus aurantifolia > Citrus limetta > Citrus 
limon. The three species presented the exact 
amounts of condensed tannins for both parts of 
the fruit. Statistical analysis showed significant 
differences (p<0.05) for the content of polyphenols 
and total flavonoids in the three species studied. 
Regarding the extraction method, the antiradical 
activities of the analysed samples showed a 
significant difference (p<0.05). The results showed 
that the extracts obtained by Soxhlet had the 
highest antioxidant capacity compared to those 
of maceration, whatever the extraction solvent. 
Citrus epicarp and pulp of the three species studied 
showed intense antioxidant activity, making the 
fruit a viable source of natural antioxidants for the 
food industry. It is interesting to examine its use as 
a natural antioxidant ingredient in several finished 
food products.
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1. Introduction
Dyes in wastewater can be harmful to people and 
the environment. They can be toxic, mutagenic, 
or carcinogenic. Water contamination is common 
because industries release a lot of dyes into the 
environment [1]. Removing dyes from wastewater 
is a big challenge. Many methods have been 
tried, including coagulation, oxidation, membrane 
filtration, and adsorption [2]. Adsorption stands 
out among these methods for removing dyes 

from wastewater because it’s simple, easy to use, 
affordable, and effective. Polymeric sorbents, 
which can be customized in many ways and 
easily handle organic pollutants, are particularly 
promising [3]. Epoxy resins, a synthetic material, 
have been underused in designing adsorbents for 
dye removal. They’re cheap, stable, and can be 
modified to have the right properties. While epoxy 
resins are increasingly used in other fields, they’ve 
seen little application in wastewater treatment. 
This is an area worth exploring further [4]. Epoxy 
resins get cross-linked when the resin reacts with 
a specific crosslinker’s functional groups (oxirane 
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rings). The linear resins in the curing process change 
into a spatially network, which makes the polymer 
gain many specifications such as high mechanical 
strength, hardness and brittleness, high chemical 
resistance and electrical isolation, good adhesion 
to metals, glass, wood and others [5]. Due to its 
basicity and nonhydrolyzability, ligation chemistry 
with low molecular weight amines such as ethylene 
diamine and diethylene triamine is also interesting. 
Consequently, it would be intriguing to create and 
synthesize polymeric network-type sorbents that 
combine the structural characteristics of amines 
and epoxy [6].  Recently, a novolac - based network 
polymer with ethylenediamine units was studied for 
its potential to remove azo dyes. Adding these units 
and using the polymer’s chemical properties, a new 
version with diethylenetriamine sites is needed for 
better dye removal [7]. It would be exciting to make 
polymeric network sorbents that combine the best 
features of epoxy resins and amines. Epoxy resins 
are ideal because they’re cheap, stable, and easy 
to modify. They have many uses and can be made 
into unique structures.  Cross-linkable epoxy resin 
is perfect for creating these new sorbents. Having 
multiple functional groups like amino, hydroxy, 
and ether in the network could help remove dyes 
more effectively [8]. Numerous techniques, such 
as extraction, micro-solid phase extraction, micro 
column preconcentration, UV semi-degradation, 
advanced oxidation, photocatalytic degradation–
adsorption process, adsorption, and membrane 
filtration, have been proposed to treat industrial 
sewage in recent years. Each technique has pros 
and cons and removal efficiency [9-13]. The Fenton 
process is one of the best methods for eliminating 
organic contaminants since it is easy to use and 
maintain, has a high oxidation power, oxidizes 
quickly, and uses less energy when iron catalyst is 
present.
The research approach involves introducing 
various amine compounds units and utilizing 
polyfunctionality to promote adsorption within 
the network for the adsorptive removal of cationic 
Acridine Orange (AO) dye and comparing 
adsorption systems with the Fenton process.

2. Experimental
2.1. Material
Epoxy resin (Diglycidyl ether of bisphenol A) and 
commercial hardener polyamine were purchased 
from Kuwait Corporation Chemical Supplier in 
KUWAIT. 4-aminopyridine (CAS Number:  504-
24-5), 3,3-diaminobenzidene (CAS Number:  
7411-49-6) was obtained from RDH Chemical 
Company, Germany, and 4-aminobenzoyl 
hydrazine (CAS Number: 5351-17-7) and Acridine 
Orange (CAS Number: 65-61-2) dye from Sigma, 
Germany. Dimethyl formamide (CAS Number: 
68-12-2) DMF from Fluka, Germany. Ethanol, 
Methanol and 1,4-dioxane from Alpha Chemika, 
India.. The dye has a molecular formula and weight 
of C17H19N3 and 265.36 g·mol−1 respectively. The 
dye stock solutions were prepared in concentration 
(1000 mg L-1) using double distilled water. The 
pH was adjusted through dilute solutions (0.1-
0.01 mol L-1) of NaOH and HCl from VWR.  
Fourier-transform infrared spectroscopy (FT-
IR) was recorded on Shimadzu, FTIR-8400S 
spectrometer/Japan as KBr pellets, and Thermal 
Gravimetric Analysis (TGA) was also applied to 
determine the weight loss behavior of the epoxy 
resin with various amino compounds as curing 
agents. 
The AO dye absorbance was measured at a 
wavelength of 492nm, using a UV-visible 
spectrophotometer (PG Instrument T80 + UV/VIS). 
The removal efficiency of dye was expressed as a 
percentage (%Removal Efficiency) for the Fenton 
approach, Equation1, while the amount of AO 
dye adsorbed per unit weight of the adsorbent at a 
specific time, q (mg g-1), was determined through 
the utilization of Equation 2.

(Eq.1)

(Eq.2)
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Where, Ce and C0 are references to the concentration 
at temperature (T) and initial concentration of AO 
dye in (mg) per (L), V represents the volume of 
the dye in (L), while M is the weight of the epoxy 
adsorbents in (g).

2.2. Preparation of Hardener Epoxy Resin 
2.2.1.Preparation of cured Epoxy resin for 
4-aminopyridine (E1)
A mixture of epoxy resin (2.6 g), 4-aminopyridine 
(1.34 g), 1,4-dioxane (4.8 mL), and methanol (2.4 
mL) was refluxed at 95-100 °C for 3 hr. The cured 
product was purified by thoroughly washing with 
dioxane/methanol several times. Cured epoxy was 
collected and crushed as a particle for identification 
and characterization [14].

2.2.2.Preparation of cured Epoxy resin for both 
3,3-diaminobenzidine (E2) and 4-aminobenzoyl 
hydrazine (E3)
Epoxy resin 5 mL (Diglycidyl ether of bisphenol 
A) dissolved in solvent 70 mL DMF. Then 
amino compounds (3,3-diaminobenzidene or 
4-aminobenzoyl hydrazine) were added at 250 °C, 
the mixture was cast on the petri-dish uniformly. 
The petri-dish was dried in a hot air oven at 150-155 
°C and left in a hot oven for 1 hr. The cured epoxy 
resin was taken out and washed with DMF several 
times. Then cured epoxy was crushed as a particle 
for identification and characterization [15-17].

2.2.3.Preparation of cured Epoxy resin for 
polyamine (E4)
Epoxy resin and polyamine (curing agent) were used 
in a 3:2 equivalent ratio (excess quantity of agent 
was used to ensure remaining free amino groups), 
mixed together until a homogeneous mixture was 
well blended. Next, the mixed system was washed 
with ethanol several times to remove trace unreacted 
polyamine, then poured into the metal mold and left 
in a hot air oven at 100°C for 4 h. Finally, the cured 
system was ground and collected for identification 
and characterization. Figure 1 represented prepared 
hardener epoxy compounds [18].

2.3. Degradation of Acridine Orange by Fenton 
Process 
In this study, four variables: pH (2-12), contact 
time (2-20) minutes, dye concentration (100-
1200 mg L-1), and ratio of Fenton reagent (1:0.5 
- 1:10) were considered. The four steps of this 
method were completed at room temperature: 
Initially, the ideal dye concentration investigated 
using a range of color concentrations at pHpzc, 
a 5-minute contact period, and a 1:1 H2O2/Fe2+ 
ratio. Various dye concentrations (100, 200, 400, 
600, 800, 1000 and 1200 mg L-1 ) were created 
in this phase. Following this, the samples were 
centrifuged for five minutes. The filtrate was then 
moved to a spectrophotometer to determine the 
remaining dye concentration and the absorbance 

Fig. 1. Structures of prepared hardener epoxy E1-E4
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measured at 492nm. Six different pH values (2, 
4, 6, 8, 10 and 12) were studied in the second 
step to investigate the optimum pH. By fixing 
the optimum dye concentration (800 mg L-1 from 
the previous step), other variables, namely the 
reaction time (5 minutes) and the H2O2/Fe2+ 
ratio (1:1) were kept constant like the first step. 
In this step, the optimum pH was determined 
4. The optimum H2O2/Fe2+ ratio determined by 
applying six deferent ratios (1:0.5, 1:1, 1:2, 
1:4, 1:8, 1:10) under the optimum conditions, 
namely C0=800 mg L-1, pH 3, and 5 minutes 
of reaction time. After centrifugation for 5 
minutes, method solutions were transferred to 
the spectrophotometer and the optimal ratio of 
1:4 was obtained for H2O2/Fe2+. In the last 
Fenton optimization step, the reaction time of 
Fenton degradation was studied at five different 
times (2, 5, 10, 15, 20 minutes). 

2.4. Batch Adsorption Experiments
Batch adsorption experiments of AO dye were 
conducted to assess the adsorption parameters 
and factors influencing the adsorption. A 100mL 
solution (500.0 mg L-1 of AO dye) kept in contact 
with 100.0 mg of adsorbents E1, E2, E3 and E4 
by a thermostat shaker at 25 °C and 245 rpm for 
a specific period (15–180 min). After the end 
of each agitation time, the epoxy resins were 
separated from the solution by simple filtration. 
The remaining amount of AO dye was determined 
by UV– visible spectroscopy at 492nm [19,20].

2.5. Characterization of Prepared Epoxy 
Resins
2.5.1.Fourier transform infrared spectroscopy 
(FTIR)
Based on Figure 2,  the FTIR spectrum of epoxy 
resin (Neat) shows bands at 3402 cm-1 and 916 cm-1 
wavenumber bands, which indicate the presence 
of (OH) and epoxy ring CH2-O-CH. Also, band 
at 3049 cm-1 assigned to the -CH-(O-CH2) epoxy, 
band at 1028 cm-1 to the -C-O-C- present in the 
structure. The vibration of C-O bonding of the 
hydroxyl group can be observed at 1028 cm-1. 

For 4-Aminopyridine (E1) the bands observed 
at 3342, 3236, and 1658 cm-1 are attributed to 
the N–H asymmetric, symmetric, and in-plane 
deformation stretching vibration v, respectively. 
Band at 2923 cm-1 is assigned to the C-H aliphatic 
stretching. Band at 1603 cm-1 is related to the 
C=N stretching vibration of the pyridine ring. 
Two absorption bands at 1504 and 1456 cm-1 
were observed, attributed to the C=C stretching 
vibration of the pyridine. The presence of the 
aminopyridine units was further substantiated 
with the appearance of C–N stretch band at 1384 
cm-1 [21]. The FTIR study of cured epoxy resin 
with 3,3-diaminobenzidine (E2) of the cured 
epoxy resin shows broad band appearance at 
3350 cm-1, which is from N–H secondary amine 
and primary hydroxy group stretching vibration, 
also there were no band at 916 cm-1 (band due to 
epoxy groups) [22] as represented by Figure 3. 
The FT-IR spectrum of epoxy-4-aminobenzoyl 
hydrazine (E3) was shown in Figure 4. Due to 
conjugated effect between carbonyl and benzene, 
the carbonyl C=O absorb at lower frequency 
1658 cm1 contribute to stretching vibration of 
benzoyl hydrazine. The absorption band at 1288 
cm-1 was mixed, including C-N and N-H bending 
stretching vibration. The epoxy group (Oxirane 
ring) band 916 cm-1 was reduced [23]. For 
Polyamine (E4) the bands of the epoxy group 
at 3049 cm-1 and 916 cm-1 decrease during the 
curing process, as shown in the FTIR spectrum 
(Fig. 5). The bands for aliphatic -CH2 bending 
and -CH3 symmetrical and asymmetrical 
vibrations are observed between 2300-2400 cm1 
for both the polyamine. Polyamine containing 
a distinct broad N–H stretching absorption 
around 3363 cm-1, while the epoxy resin has a 
band at 3402 cm-1, which belongs to hydroxyl 
stretching vibration. However, it is difficult 
to evaluate the band attributed to polyamine 
stretching vibration, due to the overlapping 
with the epoxy resin stretching bands. Like 
agents above, the curing was confirmed that the 
relative intensity of the oxirane ring band (916 
cm-1 )  disappeared [24].
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Fig. 2. FTIR spectra for 4-Aminopyridine (E1) 

Fig. 3. FTIR spectra for 3,3-diaminobenzidine (E2)

Fig. 4. FTIR spectra for 4-aminobenzoyl hydrazine (E3)

Anal. Methods Environ. Chem. J. 8 (1) (2025) 100-114
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2.5.2.Thermogravimetric analysis (TGA)
A thermogravimetric analysis (TGA) was used to 
determine the epoxy resin’s weight loss behavior 
with various amino compounds as curing agents. 
The degradation process was run at a maximum 
temperature of 550 oC in an inert atmosphere. The 
crosslinked resin’s weight loss was calculated, and 
Table 1 displays the weight loss rates as a function 
of temperature. E1-E4 were thermally stable at 
200 ◦C of EDAB and EAPy and 350 oC of EABH 
and EPAm. They decompose in a single step in the 
215 to 360°C. Furthermore, it is evident from the 
curves analysis that the inclusion of aromatic rings 

improves thermal stability, especially true of EDAB, 
which develops char content around 20% after 
reaching the temperature above 550 oC. The products 
have a slight mass loss due to physically adsorbed 
water on the EABH surface, visible at temperatures 
between 98 and 100 oC. As shown in the results data 
listed in Table 1, thermal stability of resins occurred 
when the 3,3-diaminobenzidine reacted with epoxy 
resin due to diaromatic rings (char content 20%). 
Compared with curing epoxy resin by commercial 
polyamine hardener, which had a lower char content 
of 5%, this may have returned to the aliphatic nature 
of polyamine chemical structure. 

Table 1. Thermal Gravimetric Analysis (TGA) of Epoxy systems

CC% (550 oC)RD (%/min)TWL (oC)WL%UDT (oC)Epoxy Resin

204.2
33025

215E1 36550
49075

74.31
34025

235E2 37550
41075

143.58
15825

363E3 39050
46075

510
36025

360E4 38050
41075

UDT: Ultimate Decomposition Temperature oC
WL%: Weight Loss%
TWL: Temperature at Weight Loss oC
RD: Rate of Decomposition %/min
CC%: Char Content %

Fig. 5. FTIR spectra for polyamine (E4)

Adsorption and Determination of AO Dye by UV– visible spectroscopy            Saja H. Muhammed et al



106

3. Results and Discussion 
3.1. Degradation of AO dye by Fenton Process
3.1.1.Effect of Dye Concentration
Figure 6 illustrates the effect of dye 
concentration on the removal efficiency, when 
the dye concentration was between 100-400 
mg L-1, the removal percentage was obtained at 
99.0-89.7%, respectively. However, when the 
dye concentration increased, the removal rate 
decreased; therefore, 800.0 mg L-1 dye solution 
was chosen as the initial dye concentration 
(C0), corresponding to about 60% removal. 
The concentration that corresponds to this 
ratio was chosen because it can be increased 
when examining the trade-off process for other 
factors like pH, the H2O2/Fe2+ ratio, and contact 
time. Such outcomes were likewise attained by 
Fahimeh Moghadam et.al. [25].

3.1.2.The Effect of pH in the Dye Removal  
Studying the effect of pH value is an essential point 

in the Fenton process [26]. According to the results 
obtained, Figure 7 shows that the maximum dye 
removal efficiency was observed at pH 4, and the 
high removal efficiency was obtained in the low 
pH values (acidic). Iron ions were often insoluble 
under acidic media conditions, giving hydroxyl 
radicals a potent oxidizing ability. Acids contribute 
to hydrogen peroxide’s stability. Studies show 
that pH values of 3 to 4 are optimal for Fenton 
tests because higher or lower pH values allow the 
ferrous (Fe3+) ions to be liberated as sludge from 
the reaction media [26,27]. When pH exceeds 
3, Fe3+ precipitates as Fe(OH)3 and decomposes 
H2O2 into H2O and O2. In chemical processes, the 
concentration of iron ions is reduced by elevated 
pH levels [28]. On the other hand, ferric ion 
precipitation in the form of hydroxide can lead to 
high pH values. In this instance, iron converts H2O2 
into H2O and O2 [29], and the oxidation rate of the 
oxidation process becomes less due to the decrease 
of hydroxyl radical [30].

Fig. 6. Effect of AO dye initial concentration on removal efficiency

Anal. Methods Environ. Chem. J. 8 (1) (2025) 100-114
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3.1.3.Effect of H2O2/ Fe2+ Ratio in the Dye 
Removal  
The optimization study for ratio of H2O2/ Fe2+ in 

Figure 8, indicates that the maximum removal 
efficiency gets at ratio 1:4 and then decline in trend 
in the ratio of 1:8 to 1:10, this behavior is explained 
by the fact that H2O2 cannot oxidize AO dye in the 

absence of iron ions; instead, the presence of ferrous 
(Fe3+) ions caused the (OH) radical to develop, which 
in turn triggered the oxidation process.  Controlling 
the ferrous ion concentration in the Fenton reaction 
is crucial and highly influential since, in contrast, 
excessive H2O2/Fe2+ ratios exceeding 1:4 led to a 
decrease in the efficiency of dye degradation.

Fig. 7. Effect of dye solution pH value on removal efficiency

Fig. 8. Effect of H2O2/Fe2+ ratios on removal efficiency

Adsorption and Determination of AO Dye by UV– visible spectroscopy            Saja H. Muhammed et al
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3.1.4.The Effect of Time on the Dye Removal  
The effect of time on AO dye removal efficiency 
was applied at optimal conditions obtained in 
previous experiments. The results showed that, 
when reaction times increased from 2 to 10 
minutes, the removal efficiency first showed 
an ascending trend, but later on, because of 
intermediate compounds formation that reacted 
with (OH) radicals, quench potential and 
eliminate hydroxyl [31]. Within the initial few 
minutes of the Fenton reaction, a significant 
amount of hydroxyl free radicals are created 
[32,33]. However, the degree of color removal 
decreases significantly over time due to the 
generation of hydroxyl radicals [34]. The impact 
of reaction time on the elimination of AO dye is 
shown in Figure 9.

3.2. Adsorption of AO dye onto prepared 
Hardener Epoxy Resin
3.2.1.Effect of pH
For all adsorbents, the impact of pH on the adsorption 
capacities (qe) was investigated at an initial AO dye 
concentration of 500.0 mg L-1. The pH influence of the 
adsorption capabilities at various pH values ranging 
from 2.0 to 12.0 at 25°C is shown in Figure 10.
The data indicates a notable increase in AO dye 
adsorption from 2.0 to 10.0 pH, with adsorption 
capacity remaining constant at 12 for adsorbents 
E1-E4. However, with the increasing pH values, 
this fact was also reported by other studies [33]. 
Adsorption of adsorbents tends to be favorable 
with rising pH values, because the electrostatic 
attraction between adsorbate species of cationic 
dyes (AO) increased.

Fig. 9. Effect of reaction time on removal efficiency

Anal. Methods Environ. Chem. J. 8 (1) (2025) 100-114
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3.2.2.Agitation time effect on the adsorption
Figure 11 shows the influence of shaking time 
on the adsorption of AO dye at pH 10.0 onto 
adsorbents E1-E4. The adsorption of AO increases 

sharply for a period of time (15–60 min), and then 
the trend reaches a steady state within a period of 
time (60–180 min) for all adsorbents.

 Fig. 10. Effect of dye solution pH value on adsorption capacity

Fig. 11. Effect of agitation time on adsorption capacity

Adsorption and Determination of AO Dye by UV– visible spectroscopy            Saja H. Muhammed et al
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3.2.3.Adsorption Isotherm 
The distribution of molecules between the liquid 
and solid phases at equilibrium is displayed by the 
adsorption isotherm. One of the most important 
steps in determining which model best describes 
the adsorption process is to analyze the isotherm 
data by plotting the data to various isotherm 
models [34]. The experimental data in this work 
are analyzed using the Langmuir and Freundlich 
models. The limitation of the Langmuir isotherm is 
the maximum adsorption that fits with the saturated 
monolayer of liquid (adsorbate) molecules on the 
solid (adsorbent) surface [35]. Figure 12 exhibits 
the plots of Langmuir adsorption isotherms. The 
linearized form of the Langmuir model is given in 
Equation 3.

                                         (Eq.3)

The heterogeneous exponentially decaying 
distribution that underlies the Freundlich isotherm 
[35] fits the tail region of the heterogeneous 
distribution of adsorbed nicely. The empirical 
equation for a general Freundlich isotherm is as 
Equation 4. 

(Eq.4)

where KF (L mg-1) is a constant for the adsorption 
or distribution coefficient, and it reflects the 
adsorption capacity at equilibrium concentration, 
Freundlich adsorption isotherms represented in 
Figure 13, Table 2 displays results obtained from 
the isotherm study.

Fig. 12. Langmuir model adsorption isotherms for AO dye onto E1-E4

Table 2. Langmuir and Freundlich Isotherm Parameters for Adsorption of AO dye onto E1-E4 at 25◦C.

Adsorbents
Langmuir      Freundlich

qmax KL R2     KF                   n                   R2

E1 980.39 0.0019 0.9989 15.376 1.8228 0.9883
E2 1515.2 0.0014 0.9969 10.305 1.5221 0.9944
E3 1694.9 0.0015 0.9918 11.353 1.4921 0.9879
E4 1851.9 0.0029 0.9898 25.237 1.6255 0.9927

Anal. Methods Environ. Chem. J. 8 (1) (2025) 100-114
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3.3. Performance Evaluation 
The maximum adsorption capacity of AO dye has 
been compared with the literature values of other 
adsorbents and listed in Table 3. All of the methods 
used for AO have considerably higher max values 
than the adsorption onto thermosetting epoxy resin 
E1-E4 used in this study. 

4. Conclusion
This study employed adsorption and Fenton 
methods for removal of cationic AO dye, the 
efficient removal from aqueous solutions by using 
the new hardener epoxy resins E1-E4 as adsorbents. 
The maximum adsorption of AO was obtained 
at pH 10. From closed R2 values to one of the 

Fig. 13. Freundlich model adsorption isotherms for AO dye onto E1-E4

Table 3. Summary of AO adsorption capacities of various adsorbents

Type of adsorbent qmax , (mg g-1) Reference

BG/GO; IL-MWCNTs; CQDs 200-350 [36-38]

sugar beet pulp 324.85 [39]

Gt/Cu-AC np 95.43 [40]

MGA-PP-RFHN 202.63 [41]

dry biomass of Bacillus cereus 210.46 [42]

Watermelon rinds 69.44 [43]

E1 980.39 This Study

E2 1515.2 This Study

E3 1694.9 This Study

E4              1851.9                 This Study

BG/GO; IL-MWCNTs; CQDs: Bismuth oxide coupled to heterogeneous graphene/graphene oxide; Ionic liquid 
coated on MWCNTs; Carbon Quantum Dots 
Gt/Cu-AC np: Green tea/copper-activated carbon nanoparticles 
MGA-PP-RFHN: Mesoporous glutamic acid-g-polyacrylamide/plaster of paris/riboflavin hydrogel nanocomposite

Adsorption and Determination of AO Dye by UV– visible spectroscopy            Saja H. Muhammed et al
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Langmuir model plots for all adsorption systems, 
we concluded the chemosorption mechanism. From 
the calculation of the Langmuir equation (qmax), 
values for E1-E4 were 980.39, 1515.2, 1694, and 
1851.9 mg g-1 respectively. On the other hand, the 
optimum parameters of the Fenton process were 
investigated: pH =3, H2O2/Fe2+ ratio of 1:4, contact 
time = 10 minutes, and the dye concentration of 
800mg.L-1 was obtained. In addition, the results 
showed that the initial dye concentration influenced 
the concentration of hydrogen peroxide and iron 
sulfate. The percentage of Acridine Orange removal 
was 81.87%, and the results of this study showed 
that the Fenton process was a practical approach to 
remove AO dye from its solution.
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1. Introduction
The scientist Mulliken assumed that the charge 
transfer complexes were a resonant hybrid resulting 
from the union of electron-donating molecules 
with low ionization potential. These represent 
Lewis bases, with electron-accepting molecules 
with high electronic affinity, representing Lewis’s 
acids [1, 2]. As the scientist Weiss explained, the 
donor molecule (D+) has a partial positive charge, 
while the receiving molecule (A-) carries a partial 
negative charge [3]. The transition occurs from the 
highest HOMO of the electron-donating molecule 
to the lowest LUMO of the electron-receiving 
molecule [4,5]. Electron-donating and electron-

accepting compounds were classified as potent 
donating compounds if they contain atoms with a 
double or more non-coupled bearing, in addition 
to the presence of propelling groups that increase 
their ability to donate an electron, as well as weak 
donating compounds, which donate the electron 
from a cooperating orbital. Likewise, electron-
accepting compounds are strong if they contain 
an empty orbital and weak receptor compounds 
if they include a π type bond [6]. Molecules in 
charge transfer complexes were connected by 
bonds not only by van der Waals forces and 
electrostatic polarization, and sometimes they 
contained hydrogen bonds, but also by electronic 
charge transfer, and the strength of the interaction 
depended on the amount of electronic transfer from 
the donor to the acceptor. As a result, the excited 
electronic state is an internal redox process. The 
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active pharmaceutical compound was often the 
donor, and the analytical challenge was to find a 
suitable acceptor. The products of these reactions 
were formed very quickly and show absorption 
in the visible region. The compound formed 
depends on the solvent polarity [7-9]. Charge 
transfer complexes have broad applications, 
including OLED electronic devices based on 
organic materials that emit light as a result of 
the application of an electrical voltage [10-12], 
solar cells [13, 14], photodetectors [15, 16], and 
as electrocatalysts due to their conductivity and 
electrochemical activity [17, 18]. In addition to its 
biological applications [19, 20] and estimation of 
pharmaceutical compounds [21, 22]. Minoxidil, 
also known as 2,4-diamino-6-piperidinopyrimidine 
3-oxide chemically, was a white powder drug with 
the molecular weight of 209.25 g mol-1 and chemical 
formula C9H15N5O. It was used to treat severe 
hypertension in patients whose blood pressure 
was not sufficiently controlled with combinations 
of conventional antihypertensive medications. 
Approximately 80% of patients had favorable 
outcomes [23]. It opens potassium channels in the 
smooth muscles of the peripheral arteries, causing 
the cell membrane to become hyperpolarized [24]. 
One of the reasons the medication was found to be 
beneficial in treating androgenic alopecia (AGA), 
initially in males and then in females, was because 
it caused adverse effects, such as excessive hair 
growth [25, 26]. Since it significantly impacted 
drug development, developing analytical methods 
is critical in pharmaceutical analysis.
 
2. Experimental 
2.1. Materials and Instrumentation
All experiments used high-purity chemicals. 
Minoxidil (CAS Number: 38304-91-5, Macklin 
98%, China), p-Hydroxy acetophenone (CAS 
Number: 99-93-4, Aldrich 98%, China), p-nitro 
anline (CAS Number: 100-01-6, Fluka 98%), 
DMSO (CAS Number: 67-68-5, HiMedia 99%, 
India), sodium hydroxide (CAS Number: 1310-
73-2, ACS CHEMICALS, India), Hydrochloric 
acid (CAS Number: 7647-01-0, CDH, India) 

and ethanol (CAS Number: 64-17-5, Honeywell 
99.8%). Electro thermal (Melting points SMP20), 
Infrared spectra (Shimadzu (FT–IR)–8400S), 
pH meter (HANNA HI2210-02), UV-Visible 
spectrophotometer (INESA SHANGFEN N4S 
UV-Visible) and mass spectra (Shimadzu GCMS-
QP2010 SE) were used in this study.

2.2. Reagent and chemical solutions
The reagent solution (1000 µg mL-1) was prepared 
by dissolving 0.1 g of azo reagent in a small 
amount of ethanol, transferring it to a 100 mL 
volumetric flask, and supplementing it to the 
mark with the same solvent. Schiff-Drug solution 
(100 µg mL-1) was prepared by dissolving 0.01 g 
in ethanol, transferring it to a 100 mL volumetric 
flask, and supplementing it to the mark with the 
same solvent. Hydrochloric acid solution (0.1 M) is 
prepared by diluting 0.83 mL of concentrated acid 
to 11.97 molarity by adding it to distilled water and 
bringing the volume to the mark in a 100 mL bottle. 
Sodium hydroxide solution (0.1M) was prepared 
by dissolving 0.4 g of sodium hydroxide in distilled 
water, transferring it to a 100 mL volumetric vial, 
and completing the volume with distilled water. 

2.3. Analysis of minoxidil in the pharmaceutical 
preparations
Steadfast Medishield Pvt Ltd, New Delhi, India, 
produces the pharmaceutical preparation Minoxidil 
Tablets. Each tablet contains 5 milligrams. Twenty 
tablets were ground and dissolved in 25 mL of 
ethanol. The solution was filtered and transferred 
to a 100 mL volumetric flask, then completed to 
the mark by ethanol to produce 1000 µg mL-1. 13 
mL of 4-hydroxyacetophenone solution with a 
concentration of 1000 µg mL-1 was withdrawn. A 
drop of glacial acetic acid was added, then mixed 
with 10 mL of the pharmaceutical solution of the 
drug Minoxidil. The mixture was stirred and heated 
at 70°C for 6 hours, then cooled and transferred to 
a 100 mL volumetric vial and completed by ethanol 
to the mark to produce a Schiff base solution for the 
drug with a concentration of 100 µg mL-1.
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2.4. Synthesis of reagent 1-(4-hydroxy-3-(4-
nitrophenyl diazenyl)phenyl) ethan-1-one
We dissolved 4-nitroaniline (0.345 g, 2.5 mmol) into a 
clear solution by stirring in a mixture of ethanol (10 mL) 
and hydrochloric acid (2 mL). A range of 0 to 5 °C was 
kept constant. Then, while keeping the temperature 
below 5°C, an aqueous solution comprising 1.0 g of 
sodium nitrite that has been dissolved in 10 mL of 
water has been added gradually, dropwise. After that, 
the mixture was swirled for five minutes. The 0.34 g, 
2.5 mmol 4-hydroxy acetophenone was dissolved in 
20.0 mL of ethanol and then cooled in an ice bath. The 
precipitate was dried and filtered after mixing the final 
solution with cooling solution 1 [27, 28]. Scheme 1 
demonstrates the brown precipitate that resulted in a 
melting point of 84.6%.

2.5. Synthesis of Schiff base-Drug (C23H23N5O3)
Minoxidil (0.52 g, 2.5 mmol) was dissolved by 

stirring and heating in a beaker containing ethanol 
(40 mL), and 4-hydroxyacetophenone (0.68 g, 5 
mmol) was dissolved by stirring and heating in a 
beaker containing ethanol (40 mL), then adding 
2-3 drops of glacial acetic acid. We mixed and 
refrigerated the solutions for six hours at 70°C. 
The solution was cooled and collected into a white 
precipitate [29,30]; Scheme 2 shows that the yield 
was 72.8%.

2.6. procedure method 
One mL of azo reagent (1000 μg mL-1) was added 
to the beaker containing 0.5 mL (100 μg mL-1) of 
Schiff base-minoxidil to produce a red solution 
rapidly. After diluting the flask’s contents with 
ethanol to the appropriate level, the sample’s 
absorbance was compared to a blank solution 
[31,32]. The spectrum showed a broad peak with 
the highest absorbance at 505 nm. 
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3. Results and Discussion
3.1. FT-IR spectral data
The infrared spectra of the azo reagent, Schiff 
base-minoxidil, and charge transfer complex 
were summarized in Table 1 and Figures 1-5. The 
spectrum showed absorption at 3437 cm⁻¹ to the 
hydroxyl group in the azo reagent [33]; the (-N=N-
) group absorption was observed at 1433 cm⁻¹ [34]; 
the (C=O) group absorption was observed at 1681 
cm⁻¹; and (C=C) absorption was observed at 1602 
cm⁻¹. The ketone’s spectrum revealed three bands: 
one at 1662 cm⁻¹ owing to the carbonyl group’s 
vibration, another at 1577 cm⁻¹ due to the (C=C) 

group’s vibration, and a band at 3309 cm⁻¹ owing 
to the hydroxyl group’s stretching frequency. The 
disappearance of absorption of the amine group 
in the minoxidil drug and the carbonyl group of 
the compound 4-hydroxyacetophenone and the 
appearance of absorption at 1620 cm-1 belong to the 
(C=N-) group [35], indicating the formation of the 
Schiff base drug. The charge transfer complex also 
appeared to absorb at 3448 cm⁻¹, which belongs to 
the hydroxyl group, in addition to the possibility 
of forming hydrogen bonds [36]. The spectrum 
showed absorption of the carbonyl group at 1658 
cm⁻¹ and absorption of the azo group at 1435 cm⁻¹.

Table 1. The bands of the FTIR Spectra

N=NC=CC=N
C=N-
AromaticC=ONH2OHCompounds

1433---------------1681-----3437Azo reagent
----1450----------------3417-----Minoxidil
----1577----------1662-----33094-Hydroxy acetophenone 
----149615811651----------3456Schiff base-minoxidil
1435-------------1658-----3448Charge transfer complex

Schema 3. Determination Minoxidil drug by GC-MS and UV-Vis

Anal. Methods Environ. Chem. J. 8 (1) (2025) 115-132
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Fig. 1. IR Spectrum of Azo reagent

Fig. 2. IR Spectrum of minoxidil drug

Spectroscopic determination of minoxidil drug by Schiff base            Muhammed, N. Tawfeeq et al
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Fig. 3. IR Spectrum of 4-Hydroxy acetophenone

Fig. 4. IR Spectrum of Schiff -drug

Anal. Methods Environ. Chem. J. 8 (1) (2025) 115-132
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3.2. Mass spectra of Azo reagent, Schiff base-
minoxidil and CT complexe 
The mass spectrum of the azo reagent was shown in 
Figure 6. The molecular weight of the azo reagent 
(286) created a parent peak at m/z = 285 (M+) in its 
mass spectrum. Figure 7 shows the mass spectrum 

of Schiff base-minoxidil, which has a parent peak at 
m/z = 445 (M+) and a molecular weight of 445.21. 
The mass spectrum of the charge transfer complex, 
which has a molecular weight of 1015.36, is shown 
in Figure 8. It indicated a parent peak at m/z = 1015 
(M+) [37].

Fig. 5. IR Spectrum of Charge transfer complex

Fig. 6. Mass spectrum of Azo reagent

Spectroscopic determination of minoxidil drug by Schiff base            Muhammed, N. Tawfeeq et al
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Fig. 7. Mass spectrum of Schiff base-Minoxidil

Fig. 8. Mass spectrum of Charge transfer complex

Anal. Methods Environ. Chem. J. 8 (1) (2025) 115-132
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3.3. UV-Vis Spectral data 
Table 2 summarizes UV spectrum data for the azo 
reagent, Schiff-Minoxydil base, and charge transfer 
complex (Figures 9 and 10). Absorption peaks were 
seen in the azo reagent spectra at 245 and 275 nm, 
which indicated a (π→π∗) transition, and at 325 
and 390 nm, which showed a (n → π*) transition. 
Two absorption peaks appeared in the Schiff base-
minoxidil spectra at 235 and 280 nm, indicating a 

(π→π∗) transition, and a new absorption peak at 
330 nm, indicating a shift (n→π*) for the group 
(-N=C); comparison with p-hydroxy acetophenone 
had peaks appearing at 220 nm. and 279 nm for 
(π→π∗); minoxidil peaks appeared at 230 nm, 260 
nm, and 285 nm for (π→π∗). The spectrum of the 
charge transfer complex also showed a new band at 
505 nm, which indicates charge transfer within the 
visible range [38].

Table 2. UV spectrum data for reagent, Schiff base-minoxidil and CT complex

Transitionλ max (nm)compoundsNo.

π → ∗π
π → ∗π
n → ∗π
n → ∗π

245
275
325
390

Azo reagent1

 π → ∗π
π → ∗π
n → ∗π

235
280
330

Schiff base-minoxidil2

 π → ∗π
π → ∗π
n → ∗π

C.T

230
274
325
505

Charge transfer complex3

Fig. 9. Absorption spectrum of Schiff base-Minoxidil spectrum (A), Minoxidil drug (B)
and  p-hydroxy acetophenone spectrum (C) versus blank

Spectroscopic determination of minoxidil drug by Schiff base            Muhammed, N. Tawfeeq et al
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3.4. The analytical approach
Using the synthesized reagent, quick and 
straightforward spectroscopic techniques were 
created to estimate minoxidil. The ideal circumstances 
and the maximum wavelength for the complex 
(effects of various reagent types on CT complex 
absorption, temperature, time, and buffer solution) 
were investigated.

3.4.1.Impact of different reagent types on CT 
complex absorption
Several receptor reagents were used to obtain the 
detector that gave the best peak. As shown in Table 3. 
The azo reagent showed the highest absorption 
compared to other acceptor reagents, so it was 
adopted in other experiments.

Fig. 10. Absorption spectrum of charge transfer complex (A), Azo reagent spectrum (B)
and Schiff base-Minoxidil spectrum (C) versus blank

Table 3. Impact of different reagent types on CT complex absorption

Absmax (nm)גReagent

0.1433728-hydroxy quinoline

0.1344252,3-dichloro-5,6-dicyano-1,4-benzoquinone

0.060540Chloranail

0.3585051-(4-hydroxy-3-((4-nitrophenyl) diazenyl) phenyl) ethan-1

Anal. Methods Environ. Chem. J. 8 (1) (2025) 115-132
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3.4.2.Effect of azo reagent size 
The optimal size of the azo reagent was studied, 
where different volumes ranging from (0.5-2.5) ml of 
the reagent were withdrawn. Then 0.5 ml of 100 µg/
ml Schiff base-minoxidil was added. The solution was 
transferred to a 10 ml volumetric flask, and the volume 
was completed with ethanol; the absorbance was 
measured at a 505 nm wavelength. Absorption values 
were recorded in Table 4. The highest absorption 
value was at 1 ml of the reagent, which was adopted 
in subsequent experiments.

3.4.3.Effect of acid and base
Increasing amounts of base and acid were added to 
determine the optimal pH of the complex, as shown in 
Table 5. It was noted that adding a base or acid decreases 
absorption, so adding a buffer solution was excluded.

3.4.4.Effect of temperature
The effect of temperature on the resulting complex 
was studied over a wide range of temperatures 
to choose the optimal temperature that gives the 
best absorption, as shown in Table 6. The optimal 
temperature is 25 degrees Celsius.

3.4.5.The effect of time
The effect of time on the stability of the CT 
complex was studied by measuring the absorption 
versus the blank solution for different periods 
and under the same conditions as the previous 
experiments, as shown in Table 7. The table 
clearly shows that the complex has high stability 
for up to 30 minutes.

Table 5. Effect of acid and base on Abs

AbsNaOH (0.1M) 
VmLAbsHCl

 (0.1M) VmL

Charge transfer complex
0.52000.5200
0.0920.10.0260.1
0.0540.20.0080.2
0.0320.5----0.3

Table 6. Effect of temperature
AbsTemperature(C°)

0.5075
0.51510
0.51815
0.51920
0.52025
0.51630
0.51335
0.51240
0.51045
0.49850

Table 4. Effect of azo reagent size on Abs 
AbsVolume of reagent + 0.5ml Schiff drug (100 µg mL-1)

0.3580.5
0.5201.0
0.5131.5
0.4392.0
0.3422.5

Spectroscopic determination of minoxidil drug by Schiff base            Muhammed, N. Tawfeeq et al
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3.4.6.Calibration curve 
The calibration curve was prepared by taking 
increasing volumes of the Schiff base-minoxidil 
and the reagent (0.1-2.0 mL). The previous 
conditions were applied to each complex, and 
the volumes were completed to the mark with 
ethanol. Then, the absorbance of the solutions was 
measured at the specific wavelength of 505 nm, as 
shown in Figure 11, where the linearity range is 
from 1 to 12.5 µg mL-1, and the estimation factor 
range is 0.9979 [39].

3.4.7.Accuracy and precision 
The method’s accuracy and precision were tested by 
calculating the average of Recovery% and RSD% 
and under optimal conditions by taking five readings 
for three different concentrations of the Schiff 
base-Minoxidil within the limits of Beer’s Law in 
the calibration curve, which gave 102.4705% to the 
average of Recovery% and 0.092312 ≥ to RSD% 
no more than, as shown in Table 8. The detection 
and quantitative limits were calculated by taking 
five readings of the blank solution’s absorbance 
to identify the standard deviation value. Table 9 
shows the computed values [40].

Table 7. The effect of time
605550454035302520151050Min

0.4930.5020.5060.5100.5130.5160.5185215205205205220.520Abs

Table 8. Accuracy and precision
Taken

 (µg mL-1) Abs Found
(µg mL-1) R% Average of

Recovery% RSD%

3 0.310 3.0331 101.1062
102.4705

0.0923
7 0.705 7.4026 105.7522 0.0378
10 0.945 10.0553 100.5531 0.0278
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Table 9. The detection limit and quantitative limit

Slope SD LOD (µg mL-1) LOQ (µg mL-1)

0.0904 0.0028 0.1019 0.3089

3.5. Stoichiometry to CT complex
To determine the rate and nature of the compound 
bonding, the molar ratios and continuous changes 
(JOB) methods were performed as follows:

3.5.1.Molar ratio method
It involved taking azo reagent concentrations 
increasing in quantities (0.25-2.5 mL) of 1x 10-4 M 
into a series of 10 mL volumetric flasks; a fixed 
volume of 1 mL of Schiff base-Minoxidil solution 
was added at the same concentration, 1x 10-4 M, and 
the volume was finished to the appropriate level 
[41]. Also, many other nanotechnology methods 
are used to determine organic compounds by GC-
MS or GC-FID [42-45]. Then 5 minutes passed, at a 

wavelength of 505 nm, the absorbance values were 
measured concerning the blank solution, showing a 
ratio of 1:2, as shown in Figure 12.

3.5.2.Continuous changes method (Job method)
It included taking different volumes of azo reagent 
(0.1-0.9 mL) (1 x 10⁻⁴ M) into a series of 10 mL 
volumetric flasks. Then volumes (0.9-0.1) mL of 
Schiff base-minoxidil solution (1 x 10-4 M) were 
added so that the final volume of the reagent 
and the Schiff-Drug was 1 ml; the volume was 
completed to the mark [46]. Then, after 5 minutes, 
the absorbance values were recorded against the 
blank solution at 505 nm of wavelength, where the 
ratio was 1:2, as shown in Figure 13.

Fig. 12. Curve of the molar ratio method for the determination of CT complex
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3.5.3.Application of the method
The proposed method was applied to the pharmaceutical 
preparation of Schiff base-minoxidil, where three 
different concentrations (4, 6, and 8) µg mL-1 were 
taken from the preparation with a concentration of 
100 µg mL-1 by withdrawing volumes of 0.4, 0.6, 
and 0.8 ml, respectively, into a 10 mL volumetric 
flask under the same conditions, then adding ethanol 
to the volume to the required level. The solutions’ 
absorbance was measured at a wavelength of 505 nm, 
where the value of the average of recovery% reached 

100.852% in the pharmaceutical preparation, and 
the value of the RSD% did not exceed 0.0111%, as 
shown in Table 10.

3.5.4.Summary of optical characteristics for the 
method proposed
The analytical characteristics for determining 
minoxidil by the charge transfer complex method 
and at the optimum conditions are summarized in 
Table 11.

Fig. 13. Curve of the Job method for the determination of CT complex

Table 10. Application of the method for the determination of Minoxidil
in a pharmaceutical preparation (µg mL-1)

Pharmaceutical 
preparation Abs Found R% RSD%

4 0.400 4.0309 100.7743 0.0694

6 0.583 6.0575 100.9587 0.0462

8 0.767 8.0951 101.1892 0.0345

Anal. Methods Environ. Chem. J. 8 (1) (2025) 115-132
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4. Conclusion 
A simple, rapid, and sensitive method for 
determining minoxidil in pharmaceuticals. Mixing 
the Schiff base of the drug with the azo reagent 
gave a stable red complex that showed a maximum 
absorption peak at 505 nm compared to the blank 
solution. Beer’s law demonstrated linearity within 
the 1-12.5 μgmL-1 concentration range, with a 
molar absorptivity of 1.8916x104 L mol-1 cm-1. The 
RSD% was discovered to range from 0.0278% to 
0.0923%. The recommended method for detecting 
minoxidil in pharmaceutical samples has the 
benefits of being inexpensive, straightforward, and 
sensitive. The technique was effectively used for 
determination in pharmaceuticals.
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1. Introduction
Air pollution has received much attention over 
the past decade, mainly caused by traffic and 
industrial and residential activities [1]. It is one 

of the most prominent threats to public health 
and the environment in developed and developing 
countries due to the industrialization and growth 
of urban populations resulting from the migration 
to cities [2, 3]. Air pollution and its impacts on 
public health have raised significant concerns 
among the World Health Organization (WHO), 
environmental regulatory agencies, and the general 
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public [4]. Air pollutants are typically classified 
into particulate matter and gaseous contaminants. 
Gaseous pollutants consist of sulfur dioxide (SO2), 
carbon monoxide (CO), nitrogen dioxide (NO2), 
volatile organic compounds (VOCs), and ozone 
(O3) [5,6]. The most prevalent VOCs are benzene, 
toluene, ethylbenzene, and xylene (BTEX). Natural 
sources of BTEX included volcanic eruptions, 
forest fires, and biomass burning, which emitted 
them in small amounts [7]. Motor vehicles, fuel 
stations, and industrial processes are the human 
sources of BTEX in urban air[8]. When BTEX 
compounds interact with atmospheric NO2, they 
undergo reactions that produce tropospheric O3 and 
various other harmful compounds [9]. Exposure 
to tropospheric O3 may result in asthma, reduced 
lung capacity, coughing, shortness of breath, and 
eye discomfort[10]. The significance of VOC 
species in O3 production is primarily determined 
by the ozone formation potential (OFP), which 
quantifies the ozone volume generated per unit 
mass of emitted VOCs [10]. OFP is influenced 
by temperature, solar radiation, wind speed, other 
climatic factors, and the concentration of volatile 
organic compounds (VOCs) and their reactions in 
the surrounding air [11,12]. Ozone isn’t released 
directly; instead, it forms through the interaction 
of VOCs and nitrogen oxides (NOx) when exposed 
to sunlight in a process known as photochemical 
reactions. The production of ozone in the lower 
atmosphere, namely tropospheric ozone, is 
considered a worldwide air pollution challenge 
[13] that negatively impacts the environment and 
human health. Ozone presents a significant risk 
to the vegetation, including crops and ecological 
plants, affecting their physiological functions 
at various levels [14]. The short-term effects of 
ozone exposure are irritation of the respiratory 
system, inflammatory processes, cough, shortness 
of breath, headaches, and inflammation of the 
mucous membranes. Its long-term consequences, 
such as asthma, bronchitis, and other respiratory 
diseases, as well as a decrease in lung function, can 
be mentioned [10,15,16]. Different types of VOCs 
have different potential for ozone formation due 

to the unique chemical behavior of each species. 
Therefore, identifying VOCs is essential in terms 
of quantity and quality as potential contributors to 
ozone formation in an area. This process aids in 
comprehending how ozone is produced and assists 
in determining effective strategies for managing 
and controlling VOC emissions [13].   BTEX 
compounds have been classified as hazardous 
air pollutants (HAPs) by the US Environmental 
Protection Agency (USEPA)[17, 18,19]. Contact 
and inhalation are the primary pathways to BTEX 
exposure [20]. Acute and chronic exposure to 
these compounds can cause severe adverse health 
effects, including leukemia, brain damage, birth 
defects, allergies, inflammation of the skin and 
central nervous system, eye irritation, and breathing 
problems [21]. The national maximum annual 
benzene concentration is 5.0 µg m-3[22]. Many 
studies have been conducted to assess ambient 
BTEX concentration levels and analyze their 
impact on human health [1,23-26].  In research by 
Kermani et al., levels of BTEX compounds, spatial 
and seasonal distribution, sources, and health risks 
were explored in Tehran, Iran [27]. Dehghani 
et al. researched the characteristics and health 
effects of BTEX in the bus terminal in Shiraz, Iran 
[28]. Maleky et al. assessed the concentration, 
spatiotemporal variation, and health risk of BTEX 
in the ambient air of Zarand, an industrial city in 
southeast Iran [26]. Caselli et al. investigate BTEX 
compounds and the impact of vehicle traffic on air 
quality in the main roads in Italy [29]. Given the 
mentioned health effects and the multiple sources 
of BTEs, it is essential to measure the concentration 
of these compounds, assess exposure levels, and 
investigate their impact on the health of exposed 
individuals. This study aimed to determine the 
amounts of BTEX and OFP from BTEX compounds 
in Kerman City’s ambient air. This study aimed to 
assess the health risks, identify potential sources, 
and analyze the spatial distribution of the BTEXs 
in Kerman City, Iran, as the first investigation.

2. Materials and Methods
2.1. Study area
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Kerman city (30° 28’ N, 57° 08’ E), the capital of 
Kerman province, is in southeast Iran. As of the 2015 
census, the city had a population of approximately 
738,000 people, covering an area of nearly 240 
square kilometers. This city is located in an arid 
and semi-arid region at 1756 meters above sea 
level. The average air temperature ranges between 
-8 and 37°C, respectively. Twenty sampling points 
were selected at all five urban areas across the city. 
Sampling points are illustrated in Figure 1.

2.2. Sampling and Analysis
This descriptive-analytical study was conducted 
in 20 stations in Kerman City for two months in 
the summer and winter of 2022. Active sampling 
was done using the NIOSH-1501 standard method, 
using an SKC sampling pump with a flow rate of 
0.3 liters per minute for 2 hours between 7 and 9 am 

at 1.5 meters above the ground level using activated 
carbon adsorbent tubes. Each station was sampled 
twice. In this way, at the sampling sites, the two ends 
of the adsorbents were broken and connected to the 
calibrated sampling pump using the connecting 
tube. After the end of the sampling, the two heads of 
adsorbents were closed with a plastic cap. Samples 
were transported to the laboratory and kept at 
4°C until analysis. BTEXs were first extracted 
in the laboratory for chemical analysis with 1 
mL of carbon disulfide (CS2). Extracted BTEXs 
were analyzed via a gas chromatography flame 
ionization detector (GC-FID, 5890 Series GC-FID 
from Agilent Technologies Inc., Santa Clara, CA, 
USA). Details of the GC-FID analysis are reported 
in Table 1.  Also, some different methods were used 
to determine BTEX in water samples using GC-
FID and GC-MS analyzers[30-39]. 

Fig.1. The study area (a) as well as wind rose in winter (b) and summer (c)
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2.3. Quality assurance and control (QA/QC)
The BTEX standard used was manufactured by 
Sigma Aldrich and measured 1 × 1 mL with 2000 
µg mL-1 in methanol. Techniques for quality 
control and assurance were applied throughout the 
entire analytical process. Five standard solutions 
with different concentrations were used to do the 
calibrations. A blank sample was given before and 
after each of the three samples. After completing 
linear calibrations, the BTEX were located by 
comparing their area and retention times with 
standard values. The relevant calibration curves, a 
limit of detection (LOD), and a limit of quantification 
(LOQ) were obtained, R2 > 0.97, 0.01 µg m-3, and 
0.03 µg m-3 for all BTEX chemicals, including 
benzene, toluene, ethylbenzene, and xylene.

2.4. Statistical Analysis
The data was reported as the mean±standard 
deviation of BTEX and OFP. An ANOVA 
analysis was employed to compare the average 
concentrations of BTEXs between two seasons. 
Various methods were used to identify the sources 
of BTEX, including correlation analysis, principal 
component analysis (PCA), and evaluations of inter-
species relationships among compounds. These 
methods were used to illustrate the correlation 
patterns among species, identify the primary causal 
factor, and determine the sources of pollutant 
emissions. The statistical analysis was performed 
using R software version 3.6.2, and a p-value of 
less than 0.05 was defined as the significance level.

2.5. Spatial Analysis
Spatial distribution refers to the visualization of 
areas with specific characteristics. To illustrate 
BTEX’s spatial distribution in the study area, we 

employed ArcGIS 10.8.2 software and the Inverse 
Distance Weight (IDW) interpolation method. 
In environmental research, the IDW technique is 
commonly used to evaluate the spatial dispersion 
of environmental pollutants. This method forecasts 
the levels of environmental contaminants at 
unsampled sites by relying on data collected from 
other designated sampling points [26]. 

2.6. Ozone formation potential
The calculation of OFP involves utilizing both the 
concentration of BTEX and the MIR (Maximum 
Incremental Reactivity) coefficient. Carter’s first 
calculation of the MIR coefficient in 1994 was 
updated in 2009. These modifications aimed to 
refine its application in assessing the quantity 
of ozone generated per unit of emitted VOCs. 
Equation 1 utilizes the adjusted MIR coefficients 
for benzene, toluene, ethylbenzene, and xylene, 
which are set at 0.69, 3.88, 2.93, 7.44, and 7.4, 
respectively [40].

OFP (µg m-3)=BTEX Concentration (µg m-3) × 
MIR (g O3 per g VOCs)

(Eq.1)

2.7. Health risk assessment
The non-carcinogenic and carcinogenic risks of 
BTEX compounds from the inhalation route were 
assessed based on USEPA guidelines using two 
indicators: The Hazard Quotient (HQ) is a risk ratio 
used to evaluate non-carcinogenic risks associated 
with exposure to certain substances. Incremental 
Lifetime Cancer Risk (ILCR) represents the 
probability of developing cancer over a person’s 
lifetime due to exposure to specific carcinogens 
[41]. Notably, the non-carcinogenic risk was 
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Table 1. Details of the GC-MS analysis
Characteristics Description

Column model HP5
Column characteristics 30 m × 0.32 mm × 0.25 µm
Carrier gas N2 (purity 99.995%) with a flow rate of 1.5 mL min-1

Injection port temperature 250-300 ºC
Oven temperature 40ºC for 4 min and increased with a rate of 3ºC to 80ºC per min
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calculated for all four compounds in the present 
study. Still, cancer risk calculations were specific 
to benzene due to its classification as a definite 
carcinogen [42,43]. To evaluate the human health 
risks associated with BTEX compounds through 
the inhalation route, exposure levels were assessed 
using Equations (2-5). The risk parameters used for 
ILCR and HQ assessments are defined in Table 2.

EC = (C × ET × ED × EF) /AT
(Eq.2)

CDI = (C × IR × EF × ED × CF) / (BW × AT)
(Eq.3)

LTCR = CDI × CSF                      (Eq.4)

HQ = EC/RFC                               (Eq.5)

A Hazard Quotient (HQ) less than 1 suggests the 
absence of potential non-carcinogenic effects. At 
the same time, an HQ of more than 1 indicates 
the potential occurrence of non-carcinogenic 
effects in the exposed population. The calculated 
carcinogenic risk level is compared against 
the EPA’s recommended maximum acceptable 

risk, typically set at 10-4 or 10-6, representing the 
thresholds considered acceptable for risk related to 
cancer [26].

3. Results and Discussion 
3.1. BTEX characteristics in the ambient air
The BTEX concentrations measured in the current 
study are shown in Table 3. During the summer 
season, the total BTEX levels measured were 
78.19±46.75 µg m-3, while in the winter, they 
were found to be 181.34±69.73 µg m-3. The BTEX 
concentration measured during the summer and 
winter sampling periods was 259.54±81.05 µg m-3. 
The average levels of all BTEX compounds were 
higher during winter than summer. However, based 
on the ANOVA analysis (Table 3), the observed 
mean difference between the two sampling seasons 
was not statistically significant. Studies in China, 
France, Turkey, Tehran, and South Pars Jam in 
Iran have reported similar results consistent with 
our findings [22,43-47]. The higher concentration 
of BTEX in the winter can be attributed to the 
emission from the heating sources of houses, 
temperature inversion, stability of the atmosphere, 
and reduction of pollutant dilution. 
According to Table 3, it can be seen that in the winter 

Table 2. Risk parameters applied for ILTCR and HQ assessment

Parameter Define UNIT Value

RFC Reference concentrations mg m-3

Benzene=0.03  
Toluene=5  

Ethylbenzene=1  
Xylene=0.1

C Concentration µg m-3 Measured

IR Inhalation rate m3 per day 20

AT Averaging time day ED×365 y

CF Conversion factors mg per µg 10−3

CSF Cancer slope factor (mg per kg×d)−1 0.029

ET Exposure time Hours per day 8.0

EF Exposure frequency Day per year 365

ED Exposure duration Year 70

BW Body weight kg 70

      Reference:Maleki, Asadgol et al. 2022, Maleky and Faraji 2023
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season, the average concentration of benzene, toluene, 
ethylbenzene, and xylene compounds, as well as 
total BTEX, were found to be 20.98  µg m-3, 70 µg 
m-3, 10.99 µg m-3, 79.37 µg m-3, and 181.34 µg m-3, 
respectively. It can be seen that xylene was the highest 
amount and ethylbenzene the lowest. However, in the 
summer season, the average concentration of benzene, 
toluene, ethylbenzene, and xylene compounds, as 
well as total BTEX, were measured as 8.89 µg m-3, 
33.33 µg m-3, 5.90 µg m-3, 30.07 µg m-3, and 78.19 
µg m-3, respectively. It can be seen that toluene had 
the highest amount, and ethylbenzene had the lowest 
amount, which could be related to the higher vapor 
pressure of toluene. The order of total concentration 
of BTEX compounds (µg m-3) during the study 
period followed xylene (109.44) > toluene (103.34) > 
benzene (29.87) > ethylbenzene (16.89), which have 
been reported in the same way by studies in Tehran, 
Urmia, Yazd, and Tabriz [5,40,48,49].  

3.2. Spatio-temporal Variation
The spatial distribution of average BTEX 
concentration in the summer and winter seasons is 
shown in Figure 2. The spatial distribution showed 

that the highest concentration of BTEX was detected 
during the winter season at sampling stations S2 and 
S6. The stations S2, S11, S14, and S17 exhibited the 
highest benzene concentrations among the BTEX 
compounds. Toluene displayed its highest levels at 
stations S2 and S6, while ethylbenzene recorded 
its peak concentrations at stations S2 and S17. The 
highest BTEX concentration was also identified 
for xylene at stations S2 and S9. The presence of 
medium-density fiberboard (MDF) workshops 
and furniture workshops, gas stations, high traffic, 
and heavy vehicle traffic in station 2 and the gas 
station, and high traffic in station 6 could be the 
reason for the maximum concentration of BTEX in 
these stations. 
The spatial distribution showed that the highest 
concentration of BTEX was detected during the 
summer season at the sampling stations S16 and 
S18. The highest compound concentration was 
found at the S16 and S18 stations for benzene, 
stations of S2, S16, and S18 for toluene, stations 
of S16 and S18 for ethylbenzene, and station S18 
for xylene. According to Figure 1 of Golbad, in the 
summer season, it can be noted that the direction 
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Table 3. Statistical descriptive of the BTEXs in air samples (µg m-3)

Parameters Benzene Toluene Ethylbenzene Xylene BTEX

Summer (n:20)
Min 5.56 8.33 4.17 8.33 30.56
Mean 8.89 33.33 5.90 30.07 78.19
Standard deviation 4.12 29.20 1.68 18.17 46.75
Max 20.83 113.89 12.50 86.11 215.28
Winter (n:20)
Min 5.21 13.54 4.17 12.50 35.42
Mean 20.98 70.00 10.99 79.37 181.34
Standard deviation 8.10 26.10 4.20 35.47 69.73
Max 38.33 138.33 25.00 173.33 375.0
Overall
Min 10.76 44.10 9.72 20.83 85.42
Mean 29.87 103.34 16.89 109.44 259.54
Standard deviation 9.40 34.72 4.28 41.11 81.05
Max 55 173.06 31.94 219.17 479.17

1 p-value for two seasons 0.72 0.36 0.52 0.74 0.76

    1 p-value is significant at the 0.05 level
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of the winds is from north to south. S16 station is 
located at the center of medical centers and has 
high traffic. There was a gas station and high traffic 
density near the S18 station. The concentration of 
BTEX decreased with increasing distance from 
emission sources, and according to the distribution 
maps, the level of BTEX compounds was higher 
in winter than in summer. This could be associated 
with a temperature inversion in the cold season, 
atmospheric stability, and pollutant accumulation.

3.3. Ozone formation potential
Through the computation of OFP, the impact of 

BTEXs on tropospheric ozone generation has been 
examined in this work. Figure 3 shows the OFP 
values seasonally in air samples from Kerman 
City. The ranking of average values of the OFP in 
winter and summer followed as xylene > toluene 
> ethylbenzene > benzene. Xylene exhibited 
the highest OFP values due to the maximum 
MIR coefficient and the highest concentration. 
In both studied seasons, benzene exhibited the 
lowest involvement in ozone formation, similar 
conclusions drawn from studies conducted in Saudi 
Arabia, Korea, and Iran[5, 23,50].
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3.4. Source identification
3.4.1.Specific ratios of VOCs
Researchers suggest using the proportions of 
BTEX compounds to identify the source of 
emissions and the photochemical behaviors of 
these substances in the surrounding atmosphere. 
Variations in the BTEX ratios due to different 
photochemical reactions offer valuable insights 
into the diverse characteristics of BTEX impacting 

various urban regions [5]. Many researchers 
analyzed BTEX based on nanotechnology in 
different matrixes, such as food and water 
samples[51-54].  Benzene and toluene, present 
in gasoline, can potentially be emitted into the 
atmosphere via vehicle exhaust emissions. A 
toluene/benzene ratio (T/B) in the range of 1.5-
4.5 indicates traffic-related pollution emission 
sources, and a ratio higher than this range 
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Fig. 2. Spatial changes in the concentration of BTEX compounds in winter (a) and summer (b)
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indicates that these pollutants mainly originated 
from sources other than vehicular traffic, such 
as fixed point sources (industries) [5,12]. In this 
study, the T/B ratio was 3.68 and 3.47 for summer 
and winter, respectively. Therefore, it can be 
concluded that the source of pollution was related 
to urban traffic and transportation, consistent 
with the results of the study in Ahvaz, Yazd, and 
Azerbaijan in Iran [1,5, 25].  The xylene/benzene 
(X/B) and xylene/ethylbenzene (X/E) ratios serve 
as metrics for estimating the tropospheric ozone 
formation potential (OFP). Increased X/B ratios 
typically signify emissions from a nearby source. 
In contrast, lower values suggest the air mass has 
undergone photochemical aging, indicating that 
the pollutant is already formed and exists within 
the environment. On average, the X/B ratio was 
3.27 in summer and 3.89 in winter, and the X/E 
ratio was 5.03 in summer and 7.06 in winter.

3.4.2.Correlation analysis between the 
concentration of BTEX
The correlation between the concentration of 
benzene, toluene, ethylbenzene, and xylene 

compounds is shown in Figure 4. The sources 
of BTEX were determined by correlation 
analysis, which determines the correlation 
pattern between species. The Pearson correlation 
test was utilized to examine the correlation 
between each pair of BTEX compounds based 
on their normal distribution. As indicated in 
Figure 4, a statistically significant positive 
correlation existed between the concentrations 
of all BTEX compounds during both sampling 
periods (summer and winter). Benzene, primarily 
associated with urban traffic, can indicate the 
existence of BTEX compounds within urban 
regions. Also, the significant positive correlation 
between ethylbenzene and xylene suggests the 
possibility of their simultaneous emission from 
gasoline vehicles and gas stations. This strong 
positive correlation among BTEX compounds in 
the air has also been documented in other cities, 
including Yazd, Bandar Abbas, and Maragheh in 
Iran [1,5,12].  These results further emphasize 
the importance of transportation and traffic as 
sources of these pollutants.
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Fig. 3. OFP Values associated with the BTEXs in winter, summer, and overall
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3.4.3.Principal Component Analysis of BTEX
The outcomes of the PCA for various BTEX 
compounds can be found in Table 4. Two primary 
components, PC1 and PC2, were obtained during 
the analysis. In the summer season, two primary 
components were responsible for 90% of the overall 
variation among the variables. The initial principal 
component, denoted as PC1 and corresponding to 
factor 1, captures 76% of the overall variance and 
encompasses benzene, toluene, ethylbenzene, and 
xylene. During the winter season, two primary 

components were responsible for 96% of the overall 
variation among the variables. The primary principal 
component denoted as PC1 and corresponding 
to factor 1, captures 82% of the total variance. It 
comprises benzene, toluene, ethylbenzene, and 
xylene, similar to the winter season. According to the 
findings of PCA, the first component significantly 
contributes to the total variance. Consequently, it 
significantly impacts BTEX levels and effectively 
identifies vehicles as potential primary sources of 
BTEX emissions in the study area.
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Fig. 4. Correlation coefficients (r) of BTEX compounds in summer (A) and winter (B)

Table 4. Principal Component Analysis of BTEXs as well as regression factor scores
Variables Factor 1 Factor 2
Summer
Benzene 0.95 -0.07
Toluene 0.76 0.64
Ethylbenzene 0.85 -0.31
Xylene 0.92 -0.17
Initial eigenvalues 3.03 0.54
% of variance 76.0 14.0
Cumulative % of variance 76.0 90.0
Winter
Benzene 0.74 0.68
Toluene 0.97 -0.12
Ethylbenzene 0.94 -0.21
Xylene 0.95 -0.19
Initial eigenvalues 3.28 0.55
% of variance 82.0 14.0
Cumulative % of variance 82.0 96.0
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3.5. Health Risks
Human health can assess risks due to exposure 
to BTEX compounds. To assess the risk posed 
to human health by BTEX compounds, the 
components’ non-carcinogenic risk, and benzene’s 
cancer risk were evaluated using Monte Carlo 
simulation conducted within Crystal Ball software 
(version 11.1.2.4, Oracle, Inc, USA). Figure 5 
compares the EC, CDI, and HQ index values for 
the studied BTEX compounds through inhalation 
exposure. According to Figure 5, the order of EC in 
the winter followed as xylene > toluene > benzene 
> ethylbenzene. In the summer, the order was as 
toluene >  xylene > benzene > ethylbenzene, the 
same for CDI in both seasons. EC and CDI of total 
BTEX were higher in winter than it in summer. The 
HQ ranking for the investigated BTEX compounds 
was xylene > benzene > toluene > ethylbenzene in 
winter and summer, which is consistent with the 
results of the study in Zarand city in Iran [26]. In 
addition, the HQ of total BTEXs was higher in 
winter than summer.
The distribution of non-carcinogenic risk (HQ) 
and sensitivity analysis using Monte Carlo 
simulations due to exposure to environmental 
BTEXs in the summer and winter are shown in 
Figures 6 and  7, resoectively. According to Figures 
6 and 7, with a probability of 95%, the average 
HQ in both seasons was less than one (HQ<1), 
which is at a safe level. Assessment of non-cancer 
risks indicated that exposure to BTEX compounds 

among Kerman residents during summer and 
winter does not adversely impact their health. 
This study’s results were consistent with those of 
studies in Maragheh, Zarand, Tehran, Iran, and 
Brazil [1, 26, 43, 55]. According to the findings 
of the sensitivity analysis in Figures 6 and 7, 
during the summer season, the significant factors 
influencing the Hazard Quotient (HQ) were the 
exposure time (ET) for benzene and toluene, 
exposure duration (ED) for ethylbenzene, and 
exposure frequency (EF) for xylene. However, 
toluene, ethylbenzene, and xylene concentrations 
were identified as the most critical variables 
affecting the Hazard Quotient (HQ) during the 
winter. Figure 8 displays the distribution of 
ILTCR resulting from benzene inhalation during 
both summer and winter. This information was 
derived using Monte Carlo simulation techniques 
and sensitivity analysis. The average value of 
LTCR in the summer season was 7.55 x 10-5, more 
than the level recommended by EPA (10-6). Also, 
the value of ILTCR in winter was 1.76 x 10-4, 
which is more than the level recommended by the 
EPA, which was similar to the results of the study 
of Urmia and Maragheh in Iran [1,49].  The most 
important variables for ILTCR in summer were 
CSF and, for winter, IR respiration rate. Although 
the amount of benzene in the samples was lower 
than xylene and toluene, the same amount that 
was measured showed that it exceeded the safe 
level and was dangerous.

Analysis of benzene, toluene, ethylbenzene, and xylene by GC-FID            Ahmad Zarei-chargoud et al

Fig. 5. Comparison of exposure concentration (EC) (a), chronic daily intake (CDI) (b)
and hazard quotient (HQ) (c)
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Fig. 6. Distribution of non-cancer risk due to exposure to environmental BTEXs during the
summer period and their sensitivity analysis using the Monte Carlo simulation
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Fig. 7. Distribution of non-cancer risk due to exposure to environmental BTEXs
in winter and their sensitivity analysis using Monte Carlo simulation
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Fig. 8. Distribution of cancer risk due to benzene exposure during summer
and winter periods and their sensitivity analysis using Monte Carlo simulation

4. Conclusion
This study was conducted to determine the 
concentration of BTEX compounds and the potential 
for ozone formation caused by these compounds 
and to evaluate the health risks of these pollutants 
(carcinogenic and non-carcinogenic) for the residents 
of Kerman City for the first time. The average total 
concentration of benzene, toluene, ethylbenzene, and 
xylene compounds was 29.87µg m-3, 103.34 µg m-3, 
16.89 µg m-3, and 109.44 µg  m-3, respectively. The 
order of the average total concentration of BTEX 
compounds during winter and summer is followed 
by xylene > toluene > benzene > ethylbenzene.  The 
concentration of pollutants was higher in winter 
than in summer. The BTEX compounds showed 
no statistically significant differences between 
the summer and winter. The higher average 
concentration of BTEX in the winter can be related 
to the emissions from residential heating sources, 

temperature inversion, stability of the atmosphere, 
increase in the concentration of pollutants, and low 
mixing height. The T/B ratio in the summer and 
winter seasons was 3.68 and 3.47, respectively, in 
the range of 1.5 to 4.5. Therefore, it can be said that 
the source of pollution was related to urban traffic 
and transportation. According to the location 
analysis, the highest amount of pollutants was 
found in S2 and S6 stations in the winter and 
S16 and S18 stations in the summer. The average 
OFP values in winter are higher than in summer, 
and the average OFP values in both seasons are 
followed by xylene > toluene > ethylbenzene > 
benzene. The evaluation of non-cancer health 
risks related to exposure to BTEX compounds 
during both summer and winter indicated no 
adverse effects on the health of Kerman city 
residents because HQ was less than one (HQ<1) 
and at a safe level. The carcinogenicity of benzene 
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in the summer and winter seasons was more than 
the recommended limit by the EPA (>10-6) and is 
dangerous.
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