
1. Introduction
Despite the broad applications of dye molecules 
in different areas and industries like plastic, 
textile, cosmetics, paper, and so on, the entrance 
of these materials into the environment, 
particularly water sources, has become a global 

concern [1]. Some of the dye molecules are 
hazardous and toxic for humans and animals and 
can cause irrecoverable and progressed diseases 
like cancer, mutation,  and skin problems[2]. 
Some dye molecules have restricted and complex 
structures and are stable at high temperatures. 
So, they can remain in the environment for a 
long time and introduce some main problems[3].  
Amongst different dye molecules, bromophenol 

Anal. Methods Environ. Chem. J. 7 (1) (2024) 5-16

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

Journal home page: www.amecj.com/ir

AMECJ

Analysis, construction, characterization, and application of 
copper nanowires loaded on activated carbon for removal of 

bromophenol blue in water samples
Saeid Khodadoust a,*, Raana Ghadri a, and Fatemeh Zeraatpisheh a

a Department of Chemistry, Behbahan Khatam Alanbia University of Technology, Behbahan, Iran

A B S T R A C T
In the present work, a copper nanowire loaded on activated carbon 
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the removal of bromophenol blue (BPB) dye from aqueous solutions 
and then the percentage of removal was evaluated by UV–Vis 
spectrophotometer. The synthesized adsorbent was characterized and 
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removal process simultaneously. Analysis of variance (ANOVA) 
was used based on p-values and F-tests to investigate the accuracy 
and reliability of the used method. The optimized parameters were 
obtained as BPB concentration of 15 mg L-1, ultrasonic irradiation 
time of 14 min, adsorbent dosage of 0.018 g and pH= 5.5 under the 
desirability function. To evaluate the adsorption mechanism and 
calculation of maximum adsorption capacity, different adsorption 
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blue (BPB) is considered an anionic dye that 
has been extensively applied in different fields 
such as additives, foods, textiles, and papers 
[4]. Although it is beneficial, it also can cause 
main environmental problems and hazardous 
diseases like carcinogenic activities[5]. These 
adverse effects of BPB have been exciting for 
researchers and scientists to deal with and design 
and use appropriate methods for its removal 
and treatment from the environment, especially 
water sources.  One of the popular methods for 
the removal of dye molecules is the adsorption 
process (AP)[6]. AP is not only easy, cheap, 
available, and efficient but also can be used at 
large and industrial scales[7]. These exclusive 
attributes of AP make it a prevalent method 
for the removal of different pollutants. AP is 
based on the application of diverse materials 
as adsorbents, which can adsorb target analytes 
(dye molecules, organic molecules, etc…) 
via different adsorption mechanisms[8]. The 
proposed adsorbents for dye removal should 
have some main properties in terms of high 
chemical, physical, and thermal stability, large 
number of interaction sites, high adsorption 
capacity, suitable reusability, and fast adsorption 
rate[9, 10]. To date, various materials have been 
used as adsorbents. Activated carbon (AC), as 
one of the famous and applicable adsorbents, 
has been extensively used for the removal of 
dye molecules. This fact is due to exceptional 
properties of AC like simple and easy 
preparation, cost-effectiveness, sound surface 
area, and good adsorption capacity [11, 12]. To 
improve the adsorption capacity and the removal 
performance of AC, preparing its composites can 
be an ideal method. The goal of the presented 
work was the synthesis, characterization, and 
utilization of AC as an effective adsorbent for 
the removal of dyes from aqueous solutions. 
One of the innovations of this work has been 
the production of AC using disposable cellulose 
materials, and this has led to the production of a 
cheap absorbent. The sponginess of the produced 
AC also helps to absorb organic chemicals in 

its pores. Nano-based adsorbents (NBAs) have 
attracted much attention in recent years. NBAs 
have the features of a versatile adsorbent like 
high stability, high surface area, high adsorption 
capacity, and, most importantly, the ability for 
modification and production of composition 
materials [13, 14]. Among different NBAs, NWs 
are very interesting due to their unique properties 
like high surface area, high adsorption capacity, 
and electrical features [15]. Cu-NWs have 
been broadly used in different fields because 
they have the properties of suitable adsorbent. 
A combination of AC and NADS like NW, can 
produce new types of adsorbents that have 
unique features, like high stability, high surface 
area, and high adsorption capacity. Investigation 
and optimization of the influential factors in the 
removal process is a vital concept. To this end, 
different affords have been used till now to use 
an appropriate approach. One-factor at a time 
(OFAT) is a traditional optimization approach in 
which the effect of one factor is followed while 
the other factors are fixed [16, 17]. In spite 
that OFAT is simple and easy, it needs to use a 
high volume of solvents and reagents, and it is 
also time-consuming. Most importantly, OFAT 
is not able to evaluate the effects of different 
parameters simultaneously and is not able 
to predict valid optimum values. To address 
these critical disadvantages, experimental 
design methodology based response surface 
methodology (RSM) is considered a powerful 
method and has been extensively applied in 
removal processes. EDM not only can address 
the drawbacks of OFAT but also can assess the 
interactions of effective factors concurrently. 
The aim of this study was the synthesis, 
characterization, and application of Cu-NW-
AC as an efficient adsorbent for the removal 
of BPB from aqueous solutions. Moreover, to 
investigate the mechanism of interactions and 
adsorption rate, different isotherm and kinetic 
models were used and assessed at obtained 
optimum conditions. The fabricated Cu-NW-
AC showed a high capacity for the removal of 
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BPB, which made it an excellent candidate for 
the removal of other pollutants, especially dye 
molecules.

2. Experimental
2.1. Reagents and Instruments
In this study, all materials and reagents like BPB 
dye, acetone, distillation water, HCl, and NaOH 
were prepared at their highest purity form 
from Merck Company (Darmstadt, Germany). 
All instruments and laboratory equipment, 
including pH measurement (BP3001 model, 
Singapore), UV–Vis spectrophotometer (Perkin 
Elmer Lambda 25, USA), an ultrasonic bath 
with heating system (XUBA3 model, England), 
centrifuge system (Germany), and laboratory 
balance (XB22OA Precisa model, Switzerland) 
were prepared and used for calculation of 
removal percentage and adsorption capacity. 
For characterization and identification of 
prepared adsorbent, different techniques like 
TEM (Hitachi H-800 at 200 kV, Japan), and 
BET (Microtrac Bel Corp, USA) were used. 

2.2. Fabrication of Cu-NW-AC
To synthesize Cu-NW, 150 mL of NaOH 
solution (7.0 molL-1) and 7.5 mL of Cu(NO3)2 
solution (0.1 molL-1) were added to a 250 mL 
flask. Then, 1.95 mL ethylene diamine 95% and 
0.75 mL hydrazine (N2H4) solution were added 
to the flask, respectively. Then, the obtained 
solution was heated at 60 ◦C for 45 min in an 
ultrasonic bath. After 36 min, the color of the 
solution was changed from blue to bronze. This 
color change confirmed the formation of Cu-
NW. For the preparation of AC, at first, 10 g 
waste newspaper (as cellulosic source) was 
fragmented into 5 mm pieces and then dispersed 
in KOH solution at 80 °C for two h. The (W/W) 
ratio of newspaper, salt, and distillation water 
was selected as 1:3:4. Then, the obtained 
mixture was placed in an oven at 80 °C for 48 
h to dry newspaper pieces. In the next step, the 
proposed newspaper pieces were crushed by 
mortar and transferred to an open container. The 

target container was then placed in an oven for 
two hours at 500 °C. After cooling, the obtained 
ashes were washed with distillation water for 
neutralization (to get pH=7.5). In the final step, 
the achieved ACs were dried for 24 h at 120 
0C and used for further steps. To prepare Cu-
NW-AC, 150 mL of prepared Cu-NW solution 
was added to 30 g of AC in a 250 mL flask and 
stirred using a magnetic stirrer for four h. The 
obtained Cu-NW-AC was filtered, washed with 
water, and then dried at 110 ◦C for 12 h. 

2.3. Preparation of BPB standard solutions
In the preparation of the BPB stock solution, at 
first, 0.005 g of BPB dye was added to a 100 mL 
flask and then 100 mL of distillation water was 
added to the flask (50 mg L-1). For preparation 
of other solutions, the stock solution was 
diluted appropriately and then used for further 
experiments.

2.4. Adsorption experiments
The ultrasonic-assisted adsorption of BPB by 
Cu-NW-AC was carried out as follows: 15 
mg L-1 of BPB solution was prepared from the 
stock solution and then adjusted at pH 5.5. In 
the next step,0.018 g of adsorbent was added 
to the BPB solution and sonicated for 14 min. 
Then, the solution was centrifuged to separate 
the adsorbent from the dye solution. In the final 
step, the remaining concentration of BPB was 
determined by UV–Vis spectrophotometer and 
removal percentage and adsorption capacity were 
calculated by the following Equations I and II. 

R%=C0-Ce/C0*100                       (Eq. 1)

Qe=((C0-Ce)V)/m                         (Eq.2)

Where C0 is the initial BPB concentration (mg 
L-1), Ce is the equilibrium BPB concentration 
(mg L-1), V is the volume of BPB solution (L), 
and m is the mass of adsorbent (g). The steps of 
adsorption and measurement of BPB are shown 
schematically in Figure 1.
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3. Results and discussion
3.1. Characterization of adsorbent
The characterization of the proposed adsorbent, 
TEM and SEM analyses were used. Using TEM 
analysis, the morphology and size of the prepared 
adsorbent can be investigated. According to TEM 
images (Figure 2A), there are some black areas 
with high density, which are related to Cu-NW 

that were distributed on white areas (AC) with 
low density. According to SEM images of the AC 
(Figure 2B), it had a porous structure in which the 
pores had a spherical shape. Moreover, to evaluate 
the specific surface area and type of adsorbent, 
BET analysis is proper. So, based on the BET 
analysis, the fabricated adsorbent had a surface 
area of 200 g m-2.

Fig. 1. The steps of adsorption and measurement of BPB

Fig. 2. A) TEM of the Cu-NW-AC    B) SEM images of the Cu-NW-AC

Anal. Methods Environ. Chem. J. 7 (1) (2024) 5-16
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3.2. Experimental design methodology based on 
response surface methodology
In this work, to investigate the influential factors, 
and their interactions and achieve valid optimum 
values, RSM was applied. The effects of different 
variables such as BPB concentration (X1) (10-
30 mgL-1), pH (X2) (2-10), adsorbent dosage (X3) 
(4-20 mg), and sonication time (X4) (4-16 min) 
on removal efficiency were optimized using 4 
factors at 5 level CCD. The design matrix and the 
responses for the BPB dye removal using Cu-NW-
AC adsorbent are shown in Table 1.
In addition, the accuracy and reliability of the applied 
method were investigated by ANOVA at a certain 

confidence level (α = 0.05)(Table 2)[18].To assess 
the adequacy and reliability of the proposed model, 
different parameters such as R2, adjusted R2, F test, and 
lack-of-fit test were used. According to the ANOVA 
analysis, the factors that had p-values less than 0.05 and 
higher F-values were significant and had significant 
contributions to the removal process. On the other 
hand, the parameters with p-values more than 0.05 and 
lower F-values were not significant and didn’t have 
significant contributions to the removal process[19]. 
The higher values of R2 and Adj R2 proved the accuracy 
of the used model. Moreover, the lack of a value of 
more than 0.05 (0.143769) proved the precision and 
dependability of the recommended model. 
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Table 1. The design matrix and the responses for the BPB dye removal using Cu-NW-AC 
adsorbent. 
 

 (C): Center point 
R2= 0.984  
Adj R2 = 0.965 
 

 

In addition, the accuracy and reliability of the applied method were investigated by ANOVA at a 

certain confidence level (α = 0.05)(Table 2)[18].To assess the adequacy and reliability of the 

 
Factors  

 
Levels 

  
Star point α=2 

Low (−1) Central(0) High(+1)  -α +α 

 
(X1) BPB concentration (ppm) 

 
15 

 
20 

 
25 

  
10 

 
30 

(X2) pH value 4 6 8  2 10 
(X3) Adsorbent dosage (mg) 8 12 16  4 20 
(X4) Sonication time (min) 7 10 13  4 16 

 
Run (X1) (X2) (X3) (X4) Response (BPB 

ER%) 
1 15 4 8 7 37.47 
2 15 4 8 13 52.07 
3 15 4 16 7 61.13 
4 15 4 16 13 76.79 
5 15 8 8 7 39.13 
6 15 8 8 13 50.26 
7 15 8 16 7 59.86 
8 15 8 16 13 79.76 
9 25 4 8 7 31.23 

10 25 4 8 13 35.88 
11 25 4 16 7 34.84 
12 25 4 16 13 44.84 
13 25 8 8 7 23.40 
14 25 8 8 13 30.33 
15 25 8 16 7 22.01 
16 25 8 16 13 37.79 
17 10 6 12 10 78.92 
18 30 6 12 10 25.59 
19 20 2 12 10 51.17 
20 20 10 12 10 31.65 
21 20 6 4 10 22.81 
22 20 6 20 10 58.97 
23 20 6 12 4 25.94 
24 20 6 12 16 60.83 

25 (C) 20 6 12 10 56.37 
26 (C) 20 6 12 10 55.46 
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The relationship between influential factors and 
response (R%BPB) is presented in Equation 3. 
Equation 3 confirmed that the effective factors with 
positive signs had a direct effect on the removal 
percentage and can increase it. In contrast, the 
factors with negative signs had the opposite effect 
and could reduce the removal percentage[20, 21]. 

RE%=55.915-12.617X1-
2.948X2+7.899X3+7.018X4-3.574X2

2-
3.704X3

2-3.080X4
2-2.176X1X2-4.998X1X3                                                            

     (Eq.3)

3.3. Response surface methodology for 
investigating effective variables 
RSM uses 3-dimensional (3D) response surface 
plots to investigate the effects of different factors 
on the removal process (Figure 3) [22]. According 
to these plots, increasing BPB concentration 
can reduce the removal percentage. At low BPB 
concentrations, the target adsorbent can interact 
with more dye molecules and remove them. 

Increasing adsorbent dosage enhanced the removal 
percentage[23]. In this manner, the functional 
groups, the specific surface area, and the large 
reactive surface center of the adsorbent are high 
and more available to interact with molecule dyes. 
So, decreasing the adsorbent dosage can decrease 
the removal percentage. The maximum removal 
was obtained at a lower pH. BPB is an anionic 
dye. On the other hand, at higher pH values, since 
the concentration of hydroxide (OH) is high, 
the adsorbent can get a negative charge that can 
produce a repulsive force between the adsorbent 
and dye molecules and subsequently reduce the 
removal percentage. As can be seen from 3D 
plots, enhancing ultrasonic time increased the 
removal percentage. With increasing time, the 
possible interactions between adsorbent and dye 
molecules are increased, which subsequently can 
raise the removal percentage.  After investigating 
the effective factors, the optimum values were 
achieved under the desirability function (DF). 
DF can convert the predicted and experimental 

Table 2. Analysis of variance (ANOVA) for removal of BPB dye using Cu-NW-AC adsorbent.
Source of 
variation Sum of square Dfa Mean square F-valueb P value

X1 3820.579 1 3820.579 9227.337 0.006627
X2 208.565 1 208.565 503.720 0.028346
X3 1497.366 1 1497.366 3616.389 0.010585
X4 1182.028 1 1182.028 2854.795 0.011914
X1

2 12.988 1 12.988 31.367 0.112483
X2

2 222.937 1 222.937 538.430 0.027419
X3

2 239.451 1 239.451 578.314 0.026457
X4

2 165.592 1 165.592 399.932 0.031807
X1 X2 75.734 1 75.734 182.909 0.046986
X1 X3 399.700 1 399.700 965.342 0.020483
X1 X4 35.790 1 35.790 86.440 0.068211
X2 X3 1.351 1 1.351 3.264 0.321838
X2 X4 4.873 1 4.873 11.769 0.180566
X3 X4 36.090 1 36.090 87.164 0.067930
Lack of Fit 119.795 10 11.980 28.933 0.143769
Pure Error 0.414 1 0.414
Total SS 10965.01 25

aDf: Degrees of freedom
b Test for comparing model variance with residual (error) variance

Anal. Methods Environ. Chem. J. 7 (1) (2024) 5-16
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Fig. 3. 3D response surface plots for investigation of the effects of different factors on removal
of BPB dye removal using Cu-NW-AC adsorbent

Fig.4. The obtained optimum values based on DF

response of each factor into a desirability score, 
while its values between 0.0 and 1.0 show the 
completely undesirable and fully desired response, 
respectively. According to the desirability score, 

maximum recovery (87.455%) was achieved 
with a BPB concentration of 15 mg L-1, ultrasonic 
irradiation time (14 min), adsorbent dosage (0.018 
g), and pH= 5.5 (Figure 4). 

Copper Nanowires-AC for Bromophenol Blue Removal            Saeid Khodadoust et al
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3.4. Adsorption isotherm models
To assess the adsorption mechanism and achieve 
maximum adsorption capacity (qm), various isotherms 
models like Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich (DR) were investigated 
(Table 3). According to the results of different models, 
Langmuir was more suitable than others which were 
due to its higher R2 (0.9905). The Langmuir model 
explains that the adsorption of dyes onto adsorbent 
is monolayer and on the homogeneous surface of 
the adsorbent. The calculated qm, according to the 
Langmuir model, was 123.45 mg g-1. In the Freundlich 
model, the n values of more than 1 proved the favourable 
adsorption condition. In the Dubinin-Radushkevich 
model, the values of mean energy (E) less than 8 kJ 
mol-1 represented that the adsorption process of BPB 
dye was probably controlled physically.

3.5. Kinetic models
In the evaluation adsorption process, the 
adsorption kinetics can be considered an essential 
characteristic. To this end, pseudo-first order, 
pseudo-second order, Elovich, and intraparticle 
diffusion kinetic models were used to discuss the 
adsorption behaviour (Table 4). Results proved 
that the adsorption of BPB by Cu-NW-AC was 
followed by pseudo-second-order which was due 
to its high R2 (0.993). 
Recently, many techniques based on nanoadsorbents 
have been used for the removal of dye and other 
organic material (BTEX) in water samples [24-
31].  To further demonstrate the superiority of our 
proposed method, a comparison of the important 
features of the proposed method with those reported 
in the literature [32-35] is given in Table 5. 

Anal. Methods Environ. Chem. J. 7 (1) (2024) 5-16
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that the adsorption process of BPB dye was probably controlled physically. 

 

Table 3. Different isotherm models for removal of BPB by Cu-NW-AC. 
 

Isotherm 
models Equation Factors 

Adsorbent 
(g) 

Time 
(min) 

0.018 14 

Langmuir Ce/qe = 1/(KaQm) +Ce/Qm 

qm�mgg-1� 45/123  

ka�l mg-1� 3.681 

R2 0.9905 

Freundlich Ln qe = ln KF + (1/n) lnCe 

1
n

 0.295 

Kf�lmg-1� 83.21 

R2 0.2245 

Temkin qe= Blln KT + BllnCe 

β1  

KT�l mg-1� 100.37 

R2 0.1863 

Dubinin and 
Radushkevich Ln qe = lnQm – Kε2 

β  

qs 100.8 

R2 0.4356 
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3.5. Kinetic models 

In the evaluation adsorption process, the adsorption kinetics can be considered an essential 

characteristic. To this end, pseudo-first order, pseudo-second order, Elovich, and intraparticle 

diffusion kinetic models were used to discuss the adsorption behaviour(Table 4). Results proved 

that the adsorption of BPB by Cu-NW-AC was followed by pseudo-second-order which was due 

to its high R2 (0.993).  

Table 4. Different kinetic models for removal of BPB by Cu-NW-AC 
 

Kinetic 
models Equation Factors 

Adsorbent 
(g) 

Concentration 
)mg L-1 (

0.018 15 

Pseudo-first 
order log(qe-qt) = log qe-

K1 𝑡𝑡𝑡𝑡
2/303

 

k1�min-1� 0.224 

qe�mgg-1� 19.31 

R2 0.967 

Pseudo-second-
order-kinetic 
 

t/qt= 1/k2qe
2+(1/qe)t 

k2�min-1� ------ 

qe�mg g-1� ------- 

R2 0.993 

Intraparticle 
diffusion 
 

qe=k3t
1
2+c 

k �mg g-1min-1
2� ------- 

c�mg g-1� ------- 

R2 0.997 

Elovich 
 qt= ln

(αβ)
β

+ �
1
β
� ln t 

β �g mg-1� ------- 

α �mg g-1min-1� ------- 

R2 0.987 
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those reported in the literature [32-35] is given in Table 5.  
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(mg g-1) 

pH Contact times 

(min) 

References 

 

Fe 3O4-CuO-AC 

 

123.45 

 

9 

 

120 

 

[32] 

PAN@SiO2 129.6 3 80 [33] 

Hb/Fe3O4 composite 101 4 24 h [34] 

α-chitin nanoparticle 27.72  120 [35] 

Cu-NW-AC 123.45 5.5 14 Thisstudy 
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adsorbent was characterized by TEM and BET analyses. To evaluate effective factors, and their 

interactions, and obtain valid optimum values, EDM-based RSM was used. Moreover, to judge 

the accuracy and adequacy of the applied model, ANOVA was incorporated. The adsorption 

kinetic models and equilibrium parameters, such as kinetic rate constants, the Langmuir, 

Freundlich, Temkin, D–R constants, and maximum capacity of adsorption, were obtained from 

the adsorption experiments. These parameters are very important for scale-up batch experiments. 

A comparison of kinetic models on the overall adsorption rate showed that the dye adsorbent 
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4. Conclusion
The aim of the presented work was the fabrication 
and application of Cu-NW-AC as an adsorbent 
for the removal of BPB dye from water samples. 
After synthesis, the proposed adsorbent was 
characterized by TEM and BET analyses. To 
evaluate effective factors, and their interactions, 
and obtain valid optimum values, EDM-based 
RSM was used. Moreover, to judge the accuracy 
and adequacy of the applied model, ANOVA 
was incorporated. The adsorption kinetic models 
and equilibrium parameters, such as kinetic rate 
constants, the Langmuir, Freundlich, Temkin, D–R 
constants, and maximum capacity of adsorption, 
were obtained from the adsorption experiments. 
These parameters are very important for scale-up 
batch experiments. A comparison of kinetic models 
on the overall adsorption rate showed that the dye 
adsorbent system was best described by the pseudo-
second-order rate model. The adsorption data fitted 
well with the Langmuir isotherm.
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1. Introduction
Dyes are colored aromatic organic compounds 
(VOCs) that absorb light in the visible [1]. Many 
organic dyes leak into water due to industrial 
facilities, thus causing harm to the environment [2]. 
One of these organic dyes is methylene blue (MB) 
with the chemical formula shown in Figure 1 [3]. The 
Methylene blue (MB) with a formula of C16H18ClN3S 
[4] is also called Methylthioninium chloride [5]. MB 
is from the phenothiazine family, and it is called 3,7 

-Bis(dimethylamino) phenothiazine [6], heterocyclic 
dye [7], cationic dye [8], and it is a basic dye [9]. 
Methylene blue is used in many applications, for 
example: in the dyeing of cotton, wool, paper [9], and 
tattoo [11]. It seeps from industrial facilities into the 
aquatic environment [12] and has a toxic effect [13]. 
MB has harmful effects on humans/ environment, 
and exposure to it causes encephalopathy in humans 
[14].  Moreover, MB has beneficial usage, such as 
the treatment of high hemoglobin in the case of high 
levels of more than 20%, which causes a problem 
for patients [15], the detection of Alzheimer’s [16], 
the treatment of COVID-19 [17], useful in surgery 
[18], can be biologically utilized as a drug [19], and 
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A B S T R A C T
This paper deals with an electrochemical method for the determination 
of methylene blue (MB) by fabrication of an electrode based on a 
carbon paste modified with nano-nickel oxide and nitrogen carbon 
quantum dots (NiO-NCQD), graphene-carbon nitride (G-C3N4), 
reduced graphene oxide (rGO), and graphite powder and paraffin oil 
are as a plasticizer. This electrode is used as a working electrode.  The 
analytical method used is cyclic voltammetry (CV), The oxidation-
reduction curve of methylene blue was shown using this electrode. It 
is a quasi-reversible curve, and it works at (pH =1) and the best acid 
used is HCl a concentration of (0.1M). It was also found that the linear 
range is within the range of (7.99-31.98 mg L-1), where the oxidation 
equation for it can be described by the equation IOX=1.508CMB+229.5  
and while the redaction equation is IRed=-2.236CMB-232.5 where is 
the correlation coefficient   (R²=0.9823) and (R²=0.9722) for both 
oxidation and reduction respectively. The standard deviation (SD) 
and relative standard deviation (RSD%) were obtained at (0.361 mg 
L-1 and 0.294 mg L-1) and (4.52% and 3.68%) for both oxidation and 
reduction respectively. Retrospective, the limit of quantitative (LOQ) 
and limit of detection (LOD) were achieved at (99.65%; 99.70%), 
(0.24 mg L-1; 0.13 mg L-1), and (0.071 mg L-1; 0.039 mg L-1) for both 
oxidation and reduction respectively. Methylene blue was analyzed 
by UV-Vis spectrophotometry at (663 nm).
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other uses. The toxicity of methylene blue can be 
removed from aquatic media using many catalysts 
and adsorbents such as biomass [20], bacteria [21], 
activated charcoal [22], treated or mixed nano-
metal oxides [23], reduced graphene oxide, metal 
oxides [24], nano carbon structure [25], and other 

nanomaterials such as functionalized Nano graphene 
with aminopropyl trimethoxysilane-phenanthrene-
4-carbaldehyde (NGO@APTMS-PNTCA)[26]. MB 
is affected by pH (acidic or alkaline) and methylene 
blue has several forms in acidic and alkaline mediums 
(Fig. 1 and 2) [27].

Fig. 2. Distribution diagrams of the protonated species
of methylene blue LMB a with pH LMB  Leuco-Methylene Blue, LMBH Mono-Protonated form of LMB

Fig.1. Chemical structure of methylene blue
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Methylene blue is affected by oxidation and reduction 
and gives two electrons in a highly acidic medium [28], 
and it can also be analyzed by chromatographic methods 
using high-performance liquid chromatography 
(HPLC) [29]. Cyclic voltammetry(CV) can provide 
kinetic and mechanistic information, the behavior of 
methylene blue in the electrochemical cell was studied 
using CV, where several parameters were determined, 
namely: such as diffusion coefficient (D) Equation 1 
[30-32], mass transport, Equation 2 electrochemical 
reversibility (Λ) Equation 3, Gibbs free energy (ΔG) 
Equation 4, interface trap density (Dit) Equation 
5, constant (K0) Equation 6, highest Occupied 

Molecular Orbital (HOMO) Equation 7, Lowest 
Unoccupied Molecular Orbital (LUMO) Equation 
8 [33], thermodynamic equilibrium constants (Kth) 
expresses the extent to which the studied substance 
is affected by temperature and Gibbs free energy 
(ΔG) Equation 9 [34], Electronegativity (χ) Equation 
10, Electronic Chemical (μ) Equation 11, Chemical 
hardness () Equation 12, the electrophilicity index (ω) 
Equation 13 [35], the maximum transferred charge 
capacity (ΔNmax), Equation 14 [34], Softness (σ) 
Equation 15 [36] electron affinity (A), Equation 16 
and The ionization energy (I) Equation 17 [37]. 
All Equations are shown in below Table 1.   

Determine methylene blue by cyclic voltammetry and spectrophotometry 

Table1. The equations and parameters of kinetic and mechanistic information of Cyclic 

voltammetry(CV). 
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(Eq.2) 
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(Eq.11) 

F: Faraday’s constant 

(C. mol–1) 

Cox: accumulation 

capacitance 

Λ = k0

(πnDFv
RT )

1
2
                                   

(Eq.3) 

𝜂𝜂𝜂𝜂 =  
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(Eq.12) 

C: Concentration 

(mol. cm–3) 

n: Number of electrons in the 

redox reaction 

ΔG = Eox - Ered - Eg  + C 

(Eq.4 ) 

𝜔𝜔𝜔𝜔 =  
𝜇𝜇𝜇𝜇2

2𝜂𝜂𝜂𝜂
 

(Eq.13) 

T: Temperature 

(K) 
A: Electrode area (cm2) 

Dit = 𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝑂𝑂𝑂𝑂 ∗∆V
𝑞𝑞𝑞𝑞  𝐴𝐴𝐴𝐴∗ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

                                  

(Eq.5) 

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 = −
𝜇𝜇𝜇𝜇
𝜂𝜂𝜂𝜂

 

(Eq.14) 

v: Scan rate 

(V s–1) 

R: Gas constant 

(J mol–1K–1) 

K0= Λ . mtrans                                          

(Eq. 6) 

𝜎𝜎𝜎𝜎 =
1
𝜂𝜂𝜂𝜂

 

(Eq.15) 
K0: constant 

D: Diffusion coefficient 

(cm2. s–1) 

EHOMO eV= [ Eox - E1/2 + 4.8]                 

(Eq.7 ) 

A=-ELUMO                                          

(Eq.16) 
Eox: Oxidation potential 

Λ: Electrochemical 

reversibility 

ELUMO = (EHOMO – Eg)                            

(Eq. 8) 

I = − EHOMO  

(Eq.17) 

Eg: Optical Bandgap 

Ered: Redaction potential 

i0: exchange current density 

(A m–2) 

𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡ℎ = exp � −  
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

� 

(Eq.9) 
---------------- 

E1/2: Half-oxidation 

potential for peak 

q: electron charge 

∆V: flat-band voltage shift 

 

It is defined by the ratio of standard rate constant (k0) to mass transfer.K0 =  i0
F

. (C: It is the 

electrostatic interaction energy for the initially formed ion pair, generally, this symbol refers 

to the energy gap law). 

 
Corresponding Author:Khalil Ibrahim Alabid 
E-mail addresses: khalilibrahimalabid@gmail.com 
https://doi.org/10.24200/amecj.v7.i01.272 

 

Table1. The equations and parameters of kinetic and mechanistic information of Cyclic voltammetry(CV)



20

It is defined by the ratio of standard rate constant (k0) 
to mass transfer. (K0=i0/F , C: It is the electrostatic 
interaction energy for the initially formed ion pair, 
generally, this symbol refers to the energy gap law).
This research aims to determine the concentration 
of methylene blue (MB) in aqueous media and its 
electrochemical behavior in a volt-ampere cell by 
CV by manufacturing an electrode from carbon paste 
modified with nanomaterials (NiO-NCQD, rGO, 
G-C3N4). Many parameters related to the behavior 
of this pollutant were calculated using cyclic 
voltammetry, such as diffusion coefficient (D), mass 
transport (mTrans), electrochemical reversibility (Λ),  
Gibbs free energy (ΔG), interface trap density (Dit), 
constant (K0), highest Occupied Molecular Orbital 
(HOMO), Lowest Unoccupied Molecular Orbital 
(LUMO), thermodynamic equilibrium constants 
(Kth), Gibbs free energy (ΔG), Electronegativity (χ), 
Electronic Chemical (μ), Chemical hardness (), the 
electrophilicity index (ω), the maximum transferred 
charge capacity (ΔNmax), Softness (σ), electron 
affinity (A), and the ionization energy (I). In addition, 
a comparison was made between the two methods 
using carbon paste modified by CV and UV-Vis 
spectrometer. The results showed that there is no 
difference between the two methods in terms of 
accuracy.

2. Experimental 
2.1. Instrumental
The voltammetry system is used for trace analysis and 
education. The accessories with VA computer software 
and all electrodes for a complete measurement system: 
Multi-Mode Electrode pro (MME pro), Ag/AgCl 
reference electrode, and Pt as auxiliary electrode 
were used. In this study, a modern voltammetric was 
connected to a PC based on a USB port (Metrohm797; 
volt-amperometry analyzer with analyzer cell, USA). 
A spectrophotometric device D-Lab model SP-
UV1000 was used.  Sartorius pH meter type PB-11 
was used from Data Weighing System Company (pH 
meter and mV meter; DWS Inc.,).
 
2.2. Reagents and Materials 
Methylene Blue (MB) was purchased from Merk 
(CAS N.:  CAS 61-73-4, Germany). The concentrated 
hydrochloric acid purity 37% (CAS N.: 7647-01-
0, Sigma, Germany), monosodium phosphate (CAS 
N.: 7558-80-7, Sigma), sodium hydroxide (CAS N.: 
1310-73-2), sulfuric acid with purity is 98% (CAS 
N.: 7664-93-9), acetic acid CH3COOH its purity is 
99.5% (CAS N.: 64-19-7, Merck, Germany), the pure 
and solid H3BO3 (CAS N.: 10043-35-3), phosphorous 

acid with purity is 85% (CAS N.: 13598-36-2, Sigma) 
and potassium fur cyanide K3[Fe(CN)6]. 3H2o as 
solid and high purity (CAS N.: 13746-66-2, Sigma) 
were prepared from Sigma. The quartz cells 1cm 
inner diameter, copper wire, small glass tubes with an 
inner diameter of 8 mm and a length of about 70 mm, 
a scale, and a micropipette were prepared.

2.3. Synthesis and Characterization
Several materials were manufactured and described 
in previous research such as reduced graphene oxide 
(rGO) [38], graphene-carbon nitride (G-C3N4) [39], 
and  nickel oxide nitrogen carbon quantum dots (NiO-
NCQD) [40].

2.4.  Sample Preparation and Procedure 
The preparation of electrode and standard solutions 
is as follows: 

2.4.1.Manufacture of the electrode body
 The electrode body was made of a glass tube cut to 
a length of 50∓0.5 mm so that it is open from both 
ends. Inside it is a copper wire whose lower end is 
connected with the modified carbon paste, and its 
upper end is connected to the device, the modified 
carbon paste consists of nickel oxide nitrogen carbon 
quantum dots (NiO-NCQD) of (10%) graphene-
carbon nitride G-C3N4 powder (10%), reduced 
graphene oxide (10%),  graphite powder (30%),  
paraffin oil (40%) as a plasticizer. This electrode 
is used as a working electrode, it is symbolized by 
the symbol (NiO-NCQD/g-C3N4/rGO/CPME) the 
measuring cell is a platinum auxiliary electrode and 
the comparison electrode is silver chloride silver with 
a constant potential of 0.222V. 

2.4.2.Preparation of standard solutions
First, the standard solution of MB was prepared based 
on 0.032 g of MB powder which was transferred 
completely into a volumetric flask of 100 mL 
distilled water to the capacity mark solution with a 
concentration of 10 mM. A solution of monosodium 
phosphate modified with phosphorous acid based on 
a buffer solution of (0.1M) monosodium phosphate 
NaH2PO4 was prepared and a solution of phosphorous 
acid (H3PO4; 1.08 M) was added to it until the PH 
changed to pH=1. For the preparation of the sulphur 
acid solution, a solution of (0.1M) sulphur acid 
is prepared by taking 0.2776 mL of concentrated 
sulfuric acid with a purity of 98% and a density of 
1.84 g cm-3 for a volume of 50 mL distilled water 
(DW) up to the capacity mark, and we get the pH of 
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1.  For modified Britton-Robinson Buffer solution 
(BRB), a buffer solution is prepared from BRB, 
which consists of H3PO4 (0.2076M) with acetic acid 
(CH3COOH; 0.04M) and boron acid (H3BO3; 0.04M) 
concentrations on the pH value of 1. For the preparation 
of phosphorous acid solution, a solution of 1.08M of 
phosphorous acid was prepared by taking 3.64 mL of 
concentrated phosphorous acid with a purity is 85% 
and density of 1.71 g cm-3 for a volume of 50 mL and 
it was supplemented with distilled water (DW) until 
the capacity mark reached to the pH value 1. Finally, 
a solution of hydrochloric acid 0.1M was prepared by 
taking 0.414 mL of concentrated hydrochloric acid 
based on a purity of 37% and density of 1.19 g cm-3 
in 50 mL of distilled water (DW) up to the capacity 
mark to get a pH value  1.

2.4.3.Test solution for electrode
 Weigh approximately 0.0329 g of K3[Fe(CN)6] and 
0.186 g of KCl. Then, transfer completely to a 25mL 
of DW to a concentration solution of K3[Fe(CN)6] 
(5Mm) and 0.1 M of KCl.

2.4.4.Preparation of solution for 
spectrophotometric measuring
First, 0.025 g of MB powder was transferred 
completely to a volumetric flask of 25 mL capacity 
and the volume was completed with distilled water 
(DW), so the concentration is 1000 mg L-1 (1.0 g 
L-1) was made then, the different standard solution 
samples of  1, 2, 4, 6, 8, 10 mgL-1  was prepared from 
it by dilution with DW.

3. Results and Discussion
The prepared electrode was tested by test solution, 
to ensure the work of the prepared electrode before 
starting the measurement procedure, as shown in 
Figure 3A. It was found that the electrode worked and 
was reliable, identified the contaminant methylene 
blue, and determined the optimal conditions for work, 
including pH, scanning speed, and scanning rate.

3.1. The effect of pH
 The effect of the pH value was studied within the 
pH range from 1 to 10, where the scanning was done 
within a potential scanning range (-1 to +1) V. At a 
range of pH (5-10) has no peak, while a redaction 
peak appeared within the pH range of 1 to 4. Also, 
an oxidation peak has appeared within the range of 
pH (1-2). The results of pH based on NiO-NCQD/g-
C3N4/rGO/CPME electrode are shown in Figures 3A-
3M. 

A) Curve Graph 5mM of   and 0.1M of  KCl  

B) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH =10

C) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 9

D) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 8
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E) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 7

F) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 6

G) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 5

H) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 4

I) Oxidation curve of methylene blue oxidation and 
reduction of 0.5m M methylene blue at pH = 3

J) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 2

K) Effect of pH on the value of the oxidation current 
strength and the return of a 0.5 mM MB

L) Oxidation curve of methylene blue oxidation and 
reduction of 0.5mM methylene blue at pH = 1
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M) Effect of the type and nature of the medium used at 
pH = 1 on the oxidation and redaction current of a 
0.25 mM methylene blue solution where, A: mono-
sodium phosphate with phosphorous acid, B: 0.1M 
sulfur acid, C: modified (BRB), D: Phosphorous 

acid, E: Hydrochloric acid 0.1M.

Fig. 3.Curves by electrode
(NiO-NCQD/g-C3N4/rGO/CPME) from A to M.

The previous curve shows the oxidation peak at a 
potential value of 0.585V and a redaction  peak at a 
potential value of -0.21V, so the practical potential 
difference is ∆E=0.795V, which is a value greater than 
∆E=0.059/2=0.0295V using the manufactured electrode 
(NiO-NCQD/g-C3N4/rGO/CPME), it is a semi-
reversible curve subjected to oxidation equation in the 
middle (pH=1), according to the following oxidation and 
redaction Equation. The effect of the type of medium 
was evaluated. Several media were used at pH 1, which 
are hydrochloric acid, sulfuric acid, phosphorous acid, 
modified peritoneal, and monosodium phosphate 
modified with phosphorous acid which is shown in 
Figures 3L and 3M. It was found from the previous curve 
that the best acid used was 0.1M hydrochloric acid.

3.2. The effect of scan rate
The scan rate was studied within the range of 10, 30, 
50, 70, and 100 mv sec-1  on the peak current I(p) as 
shown in Figures 4A and 4B, and it was observed that 
it is the best scan rate is100 mv sec-1.

Fig. 4. Effect of scan rate (10-30-50-70-100) mv/sec on a 0.25Mm methylene blue solution
at pH=1 at  0.1M hydrochloric acid by electrode (NiO-NCQD/g-C3N4/rGO/CPME)
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From the scanning rate in Figures 3 and 4, it is concluded 
that the relationship between the potential scanning rate 
(mv sec-1) and the peak current intensity I (µA) for both 
oxidation and reduction is linear. Also, it showed a 
directly proportional to the value of the oxidation peak 
current intensity, and inversely proportional to the value 
of the reduction peak current intensity. Whereas the value 
of the correlation coefficient was obtained at R²=0.9938 
and R²=0.9019 for both oxidation and reduction, 
respectively. Also, the equation of the line for each of 
them is y=5.0082x+80.574 and y=-3.116x-194.37 for 
both oxidation and reduction, respectively.

3.3. Analytical application
 A standard solution was prepared from Methylene 
blue within the range (25-100) µM or (7.99-31.98) 
mg L-1 (Fig. 5A), which was studied at (pH=1) of 
(0.1M) hydrochloric acid in water samples. All 
samples were measured using an electrochemical 
method by Cyclic voltammetry (CV) method based 
on the electrode (NiO-NCQD/g-C3N4/rGO/CPME). 
The standard curve for the oxidation and reduction 
of methylene blue in terms of concentration and the 
current strength of the oxidation and reduction peaks 
is shown in Figure 5B.

Due to Figure 5B, it was found that the concentration 
of methylene blue can be determined within the linear 
range (25-100) µM or (7.99-31.98) mg L-1, where 
the oxidation equation was IOx=1.508CMB+229.5 and 
the correlation coefficient (R²=0.9823), while the 
redaction equation is IRed=-2.236CMB-232.5 and the 
correlation coefficient (R²=0.9722). 

3.4. Studying the behavior of methylene blue in 
aqueous solutions
 The behavior of methylene blue has been studied 
in aqueous solutions for a range of concentrations 
of methylene blue (25-50-75-100) µM using 
the proposed electrode and at (pH=1) using 
(0.1M) hydrochloric acid. In this study, diffusion 
coefficient (D), mass transport (mtrans), constant (K0), 
electrochemical reversibility (), and interface trap 
density (Dit) were shown in Table 2.  The values in 
Table 2 are plotted and shown in graphical curves in 
Figure 6. Effect of the concentration of methylene 
blue using electrode (NiO-NCQD/g-C3N4/rGO/
CPME) on Diffusion coefficient (D), Mass transport 
(mtrans), Constant (K0), Electrochemical reversibility 
(Λ), and interface trap density (Dit) were shown in 
Figure 6.

Fig. 5. A standard series of methylene blue (25-50-75-100)µM at PH=1 using 0.1M 
hydrochloric acid  by electrode (NiO-NCQD/g-C3N4/rGO/CPME)
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Fig.6. Effect of the concentration of methylene blue using the electrode (NiO-NCQD/g-C3N4/rGO/CPME)
on different parameters. A)Diffusion coefficient (D), B) Mass transport (mtrans), C) Constant (K0),

D) Electrochemical reversibility, E) Interface trap density (Dit)

Table 2. The values of the diffusion constant, the transmitted mass, the velocity constant,
and the reflection coefficient of the oxidation and reflux peaks, Methylene blue in aqueous

by electrode (NiO-NCQD/g-C3N4/rGO/CPME)
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The diffusion coefficient and the mass transport to the 
electrode surface decreased with the increase in the 
concentration of methylene blue in aqueous media. 
Also, some physical and chemical properties were 
calculated in Table 3.
It is concluded from the value of the chemical voltage 
that the electrons in the molecule (MB) need an energy 
of (3.8842 eV) in order to exit the equilibrium system, 
and the molecule receives an additional electronic 
charge from its surroundings within its studied system 
of (-12.905 eV) from the value of the electrophilicity 
index, the molecule has a resistance to charge transfer 
of (-1.7107 eV) from the value of chemical hardness, 
and the compound is an electron acceptor since the 
value of the maximum charge capacity is positive, 
and the compound has an energy difference between 
the vacuum energy level and the minimum level of 
the conduction band, its value is (-2.17351 eV) of 
electronic affinity, and the reaction is spontaneous 
from the free energy of gypsum, this indicates that 

the oxidation of (MB)  Spontaneous oxidation in the 
studied solution in the presence of an electric current 
(generated by the auxiliary stream), and the solution 
of this pollutant is thermodynamically balanced at 
Laboratory temperature and normal pressure, knowing 
that the energy gap value is equal to (3.42149 eV) .

3.5. Comparison of methylene blue analysis using 
the proposed electrode with the Cyclic voltammetry 
method and the spectrophotometric method
It is studied spectroscopically in the visible field 
(VIS), where standard solutions of methylene blue 
solutions including 1, 2, 4, 6, 8, and 10 mg L-1 were 
prepared and then scanned spectroscopically as in 
Figure 7A. It appears from the previous curve that the 
maximum absorption value of Methylene blue was 
observed at 663nm, which has a high colour intensity, 
and the absorption curve in terms of concentration 
was shown in Figure 7B.

Fig. 7.  Curve for methylene blue (1,2,4,6,8,10) mg L-1

A) Scanning spectroscopy of wavelength and absorbance      B) concentration vs absorbance
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From the previous curve, it appears that Methylene 
Blue has an Equation of CMB=6.305×A+0.3467 and a 
correlation coefficient of R2=99.2712.
 The proposed method was applied to a standard 
sample of 7.99 mg L-1 concentration in two ways, 
comparing of spectroscopic method with the CV 
method based on NiO-NCQD/G-C3N4/ rGO/ MCPE, 
to ensure the validity and accuracy of the proposed 
method by calculating the statistical parameters 
which was shown in Table 4. It was also calculated 
by the value of Fex. So, the value of Fex was 2.04 for 
oxidation and 1.35 for reduction which is smaller 
than the value of Ftab=19.0 as a confidence level of 
95% with α = 0.05 and n = 3. Therefore, there is no 
significant difference between the two methods.

4. Conclusions
 This paper deals with an electrochemical method 
for the determination of methylene blue (MB) by 
fabrication of an electrode (NiO-NCQD/G-C3N4/
rGO/CPME), This electrode is used as a working 
electrode. The oxidation-reduction curve of 
methylene blue was shown using this electrode. It is 
a quick-reversible curve, and it works at (pH=1) and 
the best acid used is HCl a concentration of (0.1M). 
It is found that the linear range is within the range 
of 25-100 µM. Several constants were studied to 
determine the behavior of methylene blue within the 
electrochemical cell. The CV method was compared 
to spectrophotometry at 663nm and there is no 
difference between the determination of MB by the 
CV and spectrophotometry methods. 
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1. Introduction 
Chromium, a versatile and widely used metal, has 
found its way into various industrial processes, from 
steel production to electroplating. However, industrial 
waste often contains chromium heavy metal ions as a 
byproduct of these activities. These ions, primarily in the 
form of hexavalent chromium (Cr (VI), pose significant 
toxicity to aquatic life and are harmful to human 
health. Understanding the sources, characteristics, and 

potential hazards of chromium heavy metal ions from 
industrial waste is crucial for effectively managing 
and remedying these pollutants. Effective disposal 
of chromium from wastewater is essential to protect 
the environment, and human health, and ensure 
compliance with global regulations while promoting 
sustainable water management. Ecological elimination 
[1], chemical precipitation [2], redox [3] and adsorption 
[4] are only some of the methods that have been used 
for Cr (VI) removal so far. Adsorption is considered the 
best and most widely used approach for eliminating 
toxic contaminants due to its inexpensive, effortless, 
and highly influential capability. Experiments have 
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A B S T R A C T
In the study, chitosan functionalized iron oxide incorporated with 
peanut shell biomass was prepared for potential adsorption of 
chromium (VI) from an aqueous media. The prepared material was 
characterized by modern spectroscopic methods for confirming the 
successful embedding. The adsorption experiments were conducted 
in batch systems. The experimental data showed robust removal of 
chromium supported by kinetic and equilibrium studies. The sorption 
data exhibited a strong agreement with the pseudo-second-order 
kinetics model, further confirming conformity with the Langmuir 
isotherm model. Adsorption studies were taken to find the effects of 
pH and time, reusability, ionic strength and presence of coexisting 
ions. The maximum sorption capacity was achieved as 14.28 mg g-1 at 
pH 4 and the optimum contact time was 40 minutes. The background 
electrolytes have much less effect on uptake efficiency and this 
green adsorbent can be utilized for up to four cycles.  Additionally, 
a systematic approach was employed to ensure the precision and 
accuracy of the spectroscopic method. Calibration was linear in the 
range from 0.5 to 6.0 μg L-1  (R2 > 0.99). The limits of detection 
(LOD) and quantification (LOQ) were 0.65 μg L-1  and 2.16 μg L-1, 
respectively. The relative standard deviation (RSD) was 7.62 % 
(n=7). The method accuracy was verified by analyzing recovery (92.8 
± 0.5% to 103.09 ± 0.5 %.) studies on water samples. In conclusion, 
novel chitosan functionalized Iron oxide-biochar composites find 
unbeatable, recyclable and highly efficient adsorption properties for 
chromium desalinization.
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used a wide range of adsorbing materials, including 
biochar, chitosan, and iron oxide, to remove Cr 
(VI).    The peanut (Arachis hypogaea L.) is an 
ancient crop that is widely cultivated in tropical 
and subtropical climates. India holds the position 
of being the second-largest producer of peanuts 
globally, following China. Peanut shells are the 
remainder of the initial processing of peanuts [5]. The 
peanut shell is a substantial byproduct of the peanut 
industries, constituting around 25% to 30% of the 
legume’s total weight. These shells are discarded as 
such as waste after the removal of groundnut seed 
from its pod at the last phase of peanut processing. 
These are the abundant agro-industrial waste product 
which has a very slow degradation rate under natural 
conditions [6]. The peanut shell is a lignocellulosic 
material mainly composed of cellulose (44.8%), 
hemicelluloses (5.8%), and lignin (36.1%), which 
are complex organic polymers. To successfully 
manage and control this extremely troublesome 
detrimental species, it may be unique and enticing 
to convert shells into biochar and utilize them in 
eliminating cationic toxicants. Biochar produced 
from waste biomass finds varied applications in 
diversified realms. In agriculture, it stimulates soil 
fertility, water retention, and nutrient efficiency. As 
a stable carbon sink, biochar contributes to climate 
change mitigation by sequestering carbon in the 
soil for many years. It also acts as a water filtration 
medium, removing contaminants from wastewater. 
Its adsorption properties make it useful for 
environmental remediation efforts, and it can even be 
used as a renewable energy source [7].  Additionally, 
recent research has shown that biochar may be utilized 
as a thrifty sorbent to remove a variety of toxins 
from water. The biochar possesses several desirable 
characteristics, including a substantial specific 
surface area, a porous structure, an abundance of 
surface functional groups, and mineral components. 
These properties render biochar a suitable adsorbent 
for the removal of pollutants from aqueous solutions.  
Enhancements and treatment methods applied to 
biochar customization result in improved adsorption 
capabilities compared to its pristine form. By 
modifying, its surface properties can be tailored to 
target specific contaminants, making it even more 
effective for adsorption purposes. Consequently, 
a range of techniques, including chemical 
functionalization, physical activation, impregnation, 
coating, and surface oxidization, have been employed 
to enhance the efficacy of these materials in the 
context of environmental remediation [8]. Chitosan, 
a biopolymer derived from chitin, has gained 

remarkable attention and intensively studied for its 
potential application in heavy metal removal due to its 
unique properties such as non-toxic nature, abundant, 
remarkable adsorption capacity, biocompatibility, 
and budget-friendly substance [9]. The existence of 
abundantly functioning groups, specifically amine and 
hydroxyl, in the polymer’s scaffold facilitates active 
receptor sites to adsorb metal ions more proficiently. 
Chitosan possesses a unique structure that includes 
high-functioning groups, such as amino (-NH2) 
and hydroxyl (-OH) groups, in its backbone. These 
functional groups serve as active sites for adsorption. 
The amino groups can act as Lewis bases, capable 
of forming coordination complexes with metal ions 
through ion exchange or chelation processes. The 
hydroxyl groups, on the other hand, contribute to 
the adsorption through electrostatic interactions, 
hydrogen bonding, and surface complexation [10]. 
Although chitosan-modified biochar has a higher 
adsorption capacity, it is necessary to perform 
time-consuming post-treatment activities such 
as sedimentation, centrifugation, and filtering to 
collect the solid particles that were filtered out of the 
treated water. Since it takes a long time for the low-
density particles to completely settle, the recovery 
of these tiny particles from the huge industrial 
waste treatment tank becomes difficult. Therefore, 
the introduction of magnetic characteristics to the 
biochar-based adsorbent may further alleviate the 
challenging recovery of the biochar-based adsorbents 
from the water bodies. Magnetic impregnation of the 
biochar would increase the composite’s reusability 
after modification. Many recent investigations 
have synthesized flexible composite adsorbents by 
combining magnetic particles and chitosan with 
biomass. As a bonus, the introduction of magnetic 
species may attract additional metal ions owing to its 
superior conductivity, making magnetic separation 
a win-win technique for recovering adsorbent from 
an aqueous medium. Magnetic biochar and chitosan, 
when combined, provide an excellent composite 
for cleaning up secondary pollution by removing a 
wide range of metals [11]. The current research on 
the utilization of chitosan for surface modification 
of biochars to improve their ability to apprehend 
heavy metals is still limited. This combination shows 
enormous potential as it effectively utilizes the perks 
of biochar and chitosan, resulting in significant 
benefits for binding Cr (VI). Fe2O3 particles are very 
useful in the treatment of wastewater due to their 
accessible cost and ease of separation. They have 
been used to effectively remove heavy metals and 
organic pollutants [12].
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Biomass adsorbents are widely applied as 
secret weapons for the sustainable adsorption of 
environmental toxicants. The green sorbents prepared 
by biomass are invaluable tools for unlocking the 
power of waste by reducing the cost of remediation 
techniques for safe water.     This research explores the 
efficacy of removing Cr (VI) using crosslinked chitosan 
hydrogel immobilized with magnetic biochars created 
from peanut shells by pyrolytic technique. Scanning 
electron microscopy (SEM), Fourier transform infrared 
(FTIR) analysis, X-ray photoelectron spectroscopy 
(XPS), and (Brunauer- Emmett-Teller) BET analysis 
were all collectively used to characterize the generated 
material. The adsorption property of chitosan-modified 
magnetic biochar for Cr (VI) in aqueous solution was 
also studied by examining the effects of pH, kinetics, 
and sorption isotherms.

2. Material and methods 
2.1. Materials
Chitosan powder (85 % acetylation degree) was 
purchased from Alfa Aesar suppliers in, the 
USA. (Lot No A2041604). Peanut shells were 
collected from locally available fields to make 
pristine biochar. Ferric chloride hexahydrate, 
Glutaraldehyde (50 % V/V), acetic acid, Sodium 
hydroxide, potassium dichromate and 1,5 diphenyl 
carbazide (DPC) were purchased from Fisher 
Scientific, India. The solution was prepared using 
double-distilled water, and all of the chemicals 
utilized in the experiment were of the analytical 
reagent grade. 

2.2. Incorporation procedure of Fe2O3-biochar 
composite
The collection of peanut shells and synthesis of 
biochar pyrolytically was referred to in our previously 
published literature [13], herein, slight modifications 
were applied to obtain a magnetic biochar composite. 
According to the standard procedure, the dried peanut 
shells were crushed into micron-sized particles in 
a domestic mixer grinder before being sieved via 
a sieved shaker machine to produce a 70–80 mesh 
screen. The next step included soaking 25 grams of 
totally dried and powdered biomass in 80 mL of a 
2M FeCl3 solution. For 0.5 hours, the solution was 
continuously stirred using a magnetic stirrer at room 
temperature. After that, the mixture was aged for an 
additional 0.5 hours at 70 0C to speed up hydrolysis 
and Fe3+ precipitation. After that, the pre-treated 
biomass sample was placed in an alumina crucible 
and heated in a vacuum-applied muffle furnace at 
temperatures of 250, 350, 450, and 550 °C with rises 

of 10 °C per minute and retention times of 10 minutes 
at each level while N2 was continuously pumped in 
at a rate of 20 mL min-1. The sample was kept at the 
same temperature after reaching 550 °C for two hours 
in an oxygen-free atmosphere. After finishing the 
process, the furnace’s temperature naturally dropped 
to room temperature. The dried material was then 
ground and sieved to produce magnetic biochar that 
had a particle size of less than 0.5 mm. The dedicator 
held the prepared material. The finished product is 
known as a PSB/γ-Fe2O3 composite (yield 38.5%).

2.3. Preparation of chitosan functionalized 
Fe2O3-biochar composite
Chitosan powder (8.0 g) was first dissolved in 2% 
(v/v) acetic acid (500 mL) to obtain a homogenized 
viscous chitosan solution under continuous stirring 
for 2 h at 50 °C. Afterwards, 4 g of PSB/γ-Fe2O3 
composite was added to 50 ml of chitosan solution 
and the compounds were reacted in the ultrasonic 
bath for 30 min at 40 °C. 10 mL glutaraldehyde (25 % 
in H2O) was then injected dropwise very slowly into 
the reaction system. After 30 min, keeping at 40 °C, 
NaOH solution (0.1 M) was added dropwise into the 
mixtures until the pH value reached 9. The solution 
was then allowed to stand as such in a Petri dish and 
undisturbed for the next 24 hours. A soft cross-linked 
three-dimensional network structure of chitosan-
coated biochar magnetic hydrogel was formed and 
the solution turned light yellow to brownish yellow. 
The prepared chitosan hydrogel was then thoroughly 
washed with milli-Q water several times to remove 
any unreacted monomer. The final product was 
named CH@PSB-γ-Fe2O3 composite. The detailed 
preparation process is shown in Figure 1. 

2.4. Characterization methods 
Standard spectroscopic methods were leveraged to 
explore the structural peculiarities of the synthesized 
material. Fourier-transform infrared spectroscopy 
(FTIR) (Perkin Elmer) with a working range of 4000-
400 cm-1 provides verified existence of abundant 
functional groups and some morphological alteration 
resulting from the incorporation of chitosan onto the 
surface of magnetic biochar. Exterior aesthetics and 
microstructure were analyzed by Scanning electron 
microscope (Carl Zeiss, Germany, model: Zeiss 
Gemini 300). The crystalline structure was examined 
by an X-ray diffractometer (Panalytical XPERT-PRO, 
UK) with 2ϴ range from 50 to 980 at a wavelength 
of 1.54059 A0. Energy dispersive X-ray spectrum 
(EDS) was obtained for elemental compositions as 
a crucial tool for unravelling materials’ composition 
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and structural characteristics, shedding light on their 
chemical makeup and potential interactions. XPS 
spectra (Scienta omicron, Germany,) furnished with 
Al Kα X-ray source (1486.7 eV) in ultra-high vacuum 
were used to determine the surface composition, 
relative abundance of these compositions and surface 
chemical structure of the prepared adsorbent. The 
point of zero charges (PZC) is the location where 
the total amount of positive and negative charges on 
the surface of a substance is equalized. The surface 
exterior gets negatively charged above the PZC and 
positively charged below it. The surface area and pore 
size distributions of PSB/γ-Fe2O3 and CH@PSB/γ-
Fe2O3 were calculated using the Barrett-Joyner-
Halenda (BJH) model and the Brunauer-Emmett-
Teller (BET) equation, respectively (quantachrome 
V5.21 adsorption analyzer). The samples were 
degassed for 5.3 hours at 200 °C and weighed around 
0.0442 mg. To get pore size distributions and BET 
surface area, BET and BJH interpretations were then 
applied using the N2 adsorption-desorption isotherm 
at 77.35 K. 

2.5.  Chromium Adsorption study through batch 
system 
Chromium (VI) reference solutions (100 mL) of 
varied quantities were imparted with a predetermined 
amount of adsorbent in Erlenmeyer flasks of 250 mL 

for every single batch experiment. Adsorption activity 
was then assessed at a predetermined contact time at 
room temperature using an orbital agitator with a 140 
rpm shaking speed. Once the solutions had reached 
equilibrium, they were all collected from the flask, 
traversed through a micron filter, and the quantity 
of remanent chromium content in the mixture was 
quantified using a spectrophotometer (Perkin Elmer, 
Lambda 850). In the experimental method, calibration 
standards were meticulously prepared by determining 
absorbance peak by scanning through wavelength 
range from 190 to 800 nm for known samples of 
chromium ranging from 0.2 to 8.0 mg L-1.  DPC 
(Diphenyl Carbazide) method was used to determine 
the absorbance peak calorimetrically by the reaction 
of 1,5 Diphenyl Carbazide with dissolved hexavalent 
chromium solution to produce red-violet complex in 
an acidic medium (pH= 2.0 ± 0.5) [14]. The Maximum 
absorbances were measured at 543 nm against the 
reagent blank, Hence, this wavelength was selected 
to determine the absorption peak for equilibrium 
chromium content during all the experiments. The 
procedure was carried out in standard 10 mm quartz 
cuvettes in triplicate. The average absorbance was 
calculated, and a calibration curve was plotted. 
Validation of the analytical method was performed 
by finding the linearity range, detection limit 
(LOD), quantification limit (LOQ), relative standard 

Fig. 1. Schematic presentation for synthesizing CH@PSB/ γ-Fe2O3 
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deviation (%RSD) and recovery percentage to verify 
the absence of interference as per recommendations 
of IUPAC [15]. 
Batch systems were set in a way to evaluate the impact 
of contact durations (5, 10, 20, 30, 60, 90, and 120 
min), pH (ranging from 2-12), the effect of coexisting 
ions, ionic strength and reusability of the prepared 
material. Sorption results for hexavalent chromium 
onto CH@PSB/γ-Fe2O3 were expressed in terms of 
dismissal efficacy (%) and uptake capacity (mg g-1) 
using Equations (1 and 2).

 
                 

 
(Eq.1)

(mg g-1) 

 (Eq.2)

In the given formula, m represents adsorbent mass 
(gram), Ci and Ct signify the initial and residual 
chromium concentrations (mg L-1) observed at time 
t (min), and V stands for volume (L) in a batch study.

2.6.  Adsorption isotherm 
Adsorption isotherms reflect the correlation between 
the concentration of a substance in either a gas or liquid 
phase and the quantity becomes adsorbed onto a solid 
surface when equilibrium is reached. The Langmuir 
and Freundlich isotherm models were utilized for 
calculating removal capacity. These models aid in 
comprehending the equilibrium connection between 
the quantity of chromium adsorbed onto the adsorbent 
at a certain temperature and the initial concentration 
of chromium in the solution. Isotherm equilibriums 
were studied for the varied concentrations of 100 mL 
chromium solution tested for 150 minutes stirring at 
ambient temperature with an optimum pH level of 
4 by introducing 0.5 g adsorbent. The equilibrium 
concentration of chromium was determined 
spectrophotometrically. The Langmuir isotherm is 
often used to describe monolayer adsorption on a 
homogenous surface. It was adopted for adsorption 
to occur at specific sites on the adsorbent surface, and 
each site can adsorb only one sorbate ion [16]. The 
Freundlich isotherm is an empirical model focused on 
adsorption likely to occur on heterogeneous surfaces 
with varying adsorption energies [17,18].
   Linear from for Langmuir and Freundlich isotherm 
equations were employed to describe the equilibrium 

adsorption parameters using Equations (3) and (4), 
respectively:

(Eq. 3 )

(Eq. 4)

Where qe is the maximum adsorption capacity (mg g-1) 
of the prepared adsorbent, Ce is the equilibrium 
concentration of chromium (VI) (mg L-1). KL and Kf 
are Langmuir and Freundlich constants, respectively.
 
2.7.  Adsorption kinetic study
The field of kinetic investigation pertains to 
examining the temporal evolution of chemical 
reactions or processes. The study utilized various 
kinetic frameworks to analyze the mechanisms of 
mass transfer and chemical reactions associated with 
adsorption. Adsorption occurs when an adsorbate 
molecule interacts with an active site on the surface 
of an adsorbent molecule. The study employed 
to estimate pseudo-first and pseudo-second-order 
models. Through examining adsorption kinetics, 
valuable insights associated with the efficacy, ideal 
circumstances, and fundamental mechanisms of 
the aforementioned process were explored [19]. To 
comprehend the process of sorption on CH@PSB/ 
γ-Fe2O3, the experimental data was subjected to fitting 
using Lagergren’s pseudo-first and pseudo-second 
order kinetics [20]. The Concentration of collected 
Chromium (VI) mixed with adsorbent material was 
determined spectrophotometrically at different time 
intervals of 2-120 min. The adsorption capacities 
provided at different times served as input for pseudo-
first and pseudo-second order kinetics expressed as 
Equations (5) and (6), respectively:

(Eq. 5)

(Eq.6)

Where,  and  are adsorbed quantity (mg g-1) of 
chromium (VI) at equilibrium and at time t, 
respectively. K1(min-1) and K2(g mg-1min-1) are 
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adsorption rate constants for pseudo-first and pseudo-
second kinetics. Traditional linear plots will be 
obtained for both the mechanism and to predict the 
reliability of the study, A linear regression algorithm 
was applied for optimization analysis.  

2.8.  Linear Regression analysis
The most frequent statistical technique for evaluating 
the model’s validity is the linear regression coefficient. 
It statically measures the average functional 
relationship between variables. Also, it measures the 
degree of dependence of one variable on the other(s). 
It can be represented as blow Equations 7 and 8.

(Eq.7)

(Fig. 8a)

(Fig. 8b)

(Fig. 8c)

Where, qi and qmodel, i have experimentally obtained 
data and isotherm model prediction, respectively. For 
ith data point where n in the number of experimental 
data point. 

2.9. Regeneration of adsorbent material
To evaluate the reusability of the synthesized 
adsorbent, six repeated cycles of sorption-desorption 
assays were tested. 100 mg of adsorbent was added to 
100 ml Cr (VI) (100 mg L-1) for agitating at 140 RPM 
at 27oC for 12 hrs. After each agitation, adsorbent 
particles were separated from the suspension by a 
micron filter and washed thoroughly with desorption 
reagent (0.1 HNO3) followed by double deionized 
water and then dried at 80oC. The regenerated 
adsorbent was reused for the next cycle of the sorption 
process.

2.10. Influence of co-existing ions
 The adsorption effectiveness may be considerably 
impacted by the presence of other ions in the solution. 
Since the ultimate goal is the treatment of industrial 
effluents, which will most probably contain other 
ions (like Cl-, NO3

-, SO4
2-, Na+, Mg2+ etc.) along with 

heavy metal ions, an efficient adsorbent is expected 
to retain its high adsorption capacity even in the 
presence of other ions. For determining the effect of 
the presence of other ions, the adsorption efficiency 
with the prepared adsorbent was checked at two 
different concentrations (1 ppm and 10 ppm) of NaCl, 
and NaNO3. Na2SO4, Na2(PO4)3 along with chromium 
ions.

3. R esult and Discussion
3.1. Characterization of Prepared Composite 
 X-ray diffraction (XRD) can provide a 
comprehensive understanding of the phase structural 
features of CH@PSB/γ-Fe2O3. As illustrated in 
Figure 2 (a) the XRD patterns of pristine chitosan 
(CH) (85 % DDA) showed one strong and a weak 
reflection at 2ϴ=10.080 and 2ϴ= 20.220 respectively 
which reflects about amorphous crystal structure. 
The XRD spectrum patterns of PSB/γ-Fe2O3 exhibit 
several pairs of diffraction peaks in a range of 240 
∼ 650  as Figure 2(b).  Based on the JCPDS Card 
No. 19–0629, the distinct peaks at certain angles 
located at 24.380, 33.380, 35.380, 41.140, 49.140, 
54.260 and 62.600 corresponding to the (012), 
(104), (110), (113), (024), (116), and (214) crystal 
planes respectively, are the characteristics for Fe2O3 
deposition on the PSB surface [21]. However, no 
apparent differences were observed for PSB/γ-Fe2O3 
and CH@PSB/ γ-Fe2O3 (Fig. 2c). The resulting XRD 
patterns were analyzed with peak shifting and lower 
peak intensity suggesting reduced crystallinity in 
CH@PSB/γ-Fe2O3 due to interaction of chitosan 
polymer. The weaker diffraction signals compared 
to the well-ordered crystalline for PSB/γ-Fe2O3 
composite are due to the coating of chitosan on the 
Fe2O3-biochar surface. Chitosan typically contains 
amorphous regions, which might contribute to low 
intense diffraction peaks in the diffractograms. 
These amorphous regions could mask or dampen 
the intensity of the crystalline peaks from the 
magnetic biochar. Additionally, the peak shifts 
indicate alterations in the lattice parameters 
or crystallographic arrangement caused by the 
introduction of chitosan. These results suggest that 
chitosan was successfully immobilized with PSB/γ-
Fe2O3 surface. FT-IR spectra for the pristine chitosan, 
PSB/γ-Fe2O3, and CH@PSB/ γ-Fe2O3 are shown in 
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Figure 3. The absorption band at 3200∼3600 cm-1 
is attributed to the -OH and N-H groups stretching 
vibration present in chitosan (Fig. 3a) but the 
intensity of these bands reduced after coating due to 
interaction of these functional groups with biochar 
surface (Fig. 3c). The band at 2931 and 2850 cm-1 
(Fig. 3c) was assigned for starching vibration of 
aliphatic CH bond present in magnetic biochar [22].
The appearance of characteristic peaks around 1650-
1550 cm-1, attributed to the amide I and II bands 
corresponding to N-H bending and C-N stretching 
vibrations and the presence of a band at around 
1027 cm-1 related to the C-O stretching vibration 
are strong evidence of successful chitosan coating 
on the magnetic biochar surface. These peaks are 
specific to chitosan’s polysaccharide structure and 
are not typically observed in the FTIR spectra of 
magnetic biochar. The peak at 1365 cm-1 is often 
attributed to the bending vibration of the methyl 
(CH3) groups. It indicates the presence of methyl 
groups in the composite, which could be associated 

with either the chitosan component or the magnetic 
biochar. The peak at 1407 cm-1 might be due to the 
presence of stretching vibration of the C-O bond 
in the -COOH group. In addition, a peak at 1653 
cm-1 is related to the amide I band, which arises 
from the C=O stretching vibration of the amide 
(CONH) bonds in chitosan. It confirms the presence 
of chitosan in the coated biochar sample. The peak 
at 1605cm-1 in Fe2O3-biochar composite (Fig. 3b) 
was attributed to vibrations involving metal-oxygen 
bonds which disappeared after reacting with chitosan 
suggesting a significant change in the composition 
or structure of the material due to the chemical 
interaction with composite and surface coverage. 
The detection of the aforementioned peaks confirms 
the successful incorporation of chitosan onto the 
biochar surface, validating the formation of the 
chitosan-magnetic biochar composite. Additionally, 
the disappearance of peaks at 1064 and 1150 cm-1 in 
chitosan spectra (Fig. 3a) reveals that coating onto 
the magnetic biochar surface suggests significant 

Fig. 2. XRD patterns for CH (a); PSB/γ-Fe2O3 (b); and CH@PSB/γ-Fe2O3 (c)
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changes in the chitosan’s chemical environment 
which involves chemical interactions, cross-linking, 
hydrogen bonding, conformational changes in the 
chitosan molecules. Furthermore, compared with 
chitosan polymer, in the spectrum of CH@PSB/ 
γ-Fe2O3 a new strong peak located at 527 cm-1 was 
attributed to the Fe-O lattice vibrations of Fe3O4. 
This indicates the presence of Fe3O4 particles in 
the prepared sample [23]. Notably, the functional 
groups of CH@PSB/ γ-Fe2O3 were different from 
those of pristine chitosan and magnetic biochar, 
which impacted its subsequent adsorption ability. 
Magnetic biochar made from ferric chloride has 
distinctive characteristics in its surface morphology. 
As shown in Figure 4 (b), it generally has a porous 
structure with a variety of pore sizes and internal 
mesopore distributions, which increases its surface 
area and adsorption capacity. The breakdown of 
lignocellulosic material at high temperatures was 
linked to the production of a sequence of cracks 
on the surface of biochar, which caused volatile 

chemicals to evaporate from the newly created pores. 
Some shimmering developed on the surface of PSB/
γ-Fe2O3, indicating the existence of thick surface 
layering particles, which are composed of magnetic 
nanoparticles inserted during manufacturing. 
These magnificent particles might be incorporated 
into the porous surface of the biochar or scattered 
throughout it. Due to the carbonization process and 
the development of cracks and fissures, the surface 
seems uneven and rough. Figure 4 (d, e, and f) 
shows that chitosan coating on magnetic biochar 
may result in a reduction in pore volume or quantity 
when compared to uncoated magnetic biochar. This 
is mainly because the magnetic biochar’s surface 
develops a layer of chitosan coating, which partly 
fills in the pores already present and decreases the 
volume of those pores. However, CH@PSB/γ-
Fe2O3 had a higher sorption capacity than PSB/γ-
Fe2O3, indicating that the adsorption process was 
predominantly dependent on the functional groups 
rather than the surface pore structure.

Fig. 3. FTIR spectra for Chitosan (a); PSB/γ-Fe2O3 (b); and CH@PSB/γ- Fe2O3(c)
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EDS results for Chitosan (CH), magnetic Biochar (PSB/
γ-Fe2O3) and chitosan-coated magnetic biochar (CH@
PSB/ γ-Fe2O3) offer a glimpse into their composition 
and potential structural modifications. In this study, 
we delve into the variations in C, N, O and Fe contents 
across Fe2O3/biochar, chitosan-coated Fe2O3 biochar, 
and pure chitosan. From Figure 5 (a, b, and c) EDS of the 
prepared material showed remarkable transformation 
after coating of chitosan onto magnetic biochar. The 
CH@PSB/γ-Fe2O3 displays a significant increase 
in carbon content, reaching 57.7% as compared to 
PSB/γ- Fe2O3 (25.8%) This enhancement is indicative 
of the successful incorporation of chitosan onto the 
biochar surface. Observed carbon content in pure 
chitosan of 42.3%. The distinctive increase in carbon 
content observed in the CH@PSB/γ- Fe2O3 sample 
corroborates the successful interaction between 
chitosan and the biochar matrix. The decline in 
nitrogen content in the CH@PSB/γ-Fe2O3 sample (0.9 
%) compared with PSB/γ- Fe2O3 (3.3 %) suggests that 
the chitosan coating process has led to modifications 
in the nitrogen composition of the composite material.
The results for BET surface analysis are shown in Table 

1 the results were compared with BET analysis of 
pristine biochar made from peanut shells with Fe2O3 and 
crosslinked chitosan-loaded samples showed a significant 
reduction in surface area as well as pore volume and 
pore size. The reduction is due to the aggregation of 
Fe2O3 nanoparticles and chitosan on to surface. While 
the reduction in surface area, pore size, and volume 
might seem unfavourable, the addition of chitosan onto 
the magnetic biochar surface might enhance specific 
functionalities of the material’s behavior for targeted 
adsorption.
With the intent of deeper insight into the surface 
chemical and elemental composition of the prepared 
adsorbent, XPS survey spectra were recorded and 
analyzed according to Figure 6 (a to d).  As illustrated 
in Figure 6a, XPS survey spectra of CH@PSB/γ-
Fe2O3 find four significant peaks which revealed the 
presence of C 1s (283.5 eV), N 1s (396.5 eV), O 1s 
(531 eV) and Fe 2p (711.5 eV). It was further analyzed 
that the elemental composition of CH@PSB/γ-Fe2O3 
contains C (61.89 %), O (21.78 %), N (2.83 %) and 
Fe (8.08 %).  The high-resolution spectrum for C 1s 
is deconvoluted in Figure 6b, revealing the existence 

Fig. 4. SEM images of Pristine chitosan (a); PSB/γ-Fe2O3 (b, c); and CH@PSB/γ-Fe2O3 (d, e, f )
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Fig. 5. EDS analysis of Chitosan (a); PSB/γ-Fe2O3 (b); and CH@PSB/γ-Fe2O3 (c)

Table 1. BET and BJH analysis results for prepared samples

Sample SBET (m2 g-1) Vmicro (cm3 g-1) Pore diameter (nm)

PS Biochar [13] 479.569 0.124 1.426

PSB/γ- Fe2O3 340.252 0.958 1.053

CH@PSB/γ- Fe2O3 98.788 0.875 0.756

PSB: Peanut shell biochar

of carbon in three different functional groups: C-N 
(283.84 eV), C-C (284.64 eV), C-O (286.72 eV). The 
high-resolution spectrum of O 1s [Figure 6c] finds two 
deconvoluted peaks with binding energies at 531.59 
(eV) and 529.24 (eV) corresponding to C=O and C-O 
functional groups, respectively.  The high-resolution 
XPS spectra of Fe 2p of CH@PSB/γ-Fe2O3 exhibited 
four peaks: 723.77 eV could be assigned for Fe 2P1/2; 
709.71 for Fe 2P3/2; and peaks corresponding to binding 
energies at 718.02 and 713.71 may be associated with 

shake-up or satellite peaks which are characteristics 
of Fe in Fe2O3. The XPS results of chitosan-coated 
magnetic biochar indicated the potential appearance 
of the iron oxides, reduced iron species, interacting 
with chitosan polymer. Figure 7a illustrates the zero 
point charge of CH@PSB/γ- Fe2O3 is located at 4.5 
pH. As a result of the protonation of the amine group 
in chitosan, the adsorbent’s surface acquires a positive 
charge below this pH, which is favorable for the 
adsorption of negatively charged entities.
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3.2. Adsorption studies for chromium 
3.2.1.Consequences of changing solution pH
The adsorption of chromium by CH@PSB/γ-Fe2O3 
can be significantly influenced by the pH of the 
solution. When pH is less than 6.8, HCrO4- becomes 
major speciation but at pH more than 7.2, Cr (VI) 
ions can form negatively charged oxyanions such as 
chromate (CrO4

2-) and dichromate(Cr2O7
2-).  The point 

of zero charge for CH@PSB/γ-Fe2O3 was located at 
4.5 pH (Fig. 7a). Adsorption studies are typically 
conducted at varied ranges of pH to determine the 
optimal conditions for efficient chromium removal. 
Sorption capacity for Cr (VI) notably declined 
from 85.2 mg g-1 to 24.6 mg g-1 with the change 
in pH value from 2 to 8 as depicted in Figure 7b. 
Sorption performance for the produced composites 
was found to be boosted at lower pH value, mainly 
due to enhanced electrostatic attraction created by 
protonated amino functional groups on chitosan. 
At higher pH, the negatively charged surface of 
adsorbent material impeded chromium sorption 
due to electrostatic repulsion among (CrO4

2-) and 
OH-. Figure 8 illustrates the process of chromium 
adsorption by sorbent material. 

3.2.2.Influence of Ionic Strength on Adsorption
The sorption behaviour of chromium by CH@PSB/γ-
Fe2O3 was investigated in the presence of a varied 
concentration of NaNO3 and results were exhibited 
as decreasing adsorption capacity from 83.6 to 30.1 
mg L-1 (Fig. 9). With increasing NaNO3 strength from 
0.05 M to 2M maintaining pH at 4.0, suggesting 
supersession in Cr (VI) sorption at elevated ionic 
strength. This was primarily due to the competitive 
sorption of nitrate ions onto CH@PSB/γ-Fe2O3. 

3.3. Adsorption Equilibrium Analysis 
The adsorption capacity for the prepared material was 
evaluated using the two most universally adopted 
Langmuir and Freundlich isotherm models. The 
pertinent reports are provided in Table 2 and Figure 
10 (a and b) are illustrated for validity of the models.  
The linear fitting of the observed data based on origin 
pro 8.5 software revealed that the performance of 
CH@PSB/γ-Fe2O3 was better fitted by the Langmuir 
equation with a correlation factor (R2) of 0.9998. These 
findings demonstrated the monolayer adsorption 
process and Equation 3 was used to determine the 
maximum adsorption capacity (Qmax) as 14.285 mg g-1.

Fig. 6. XPS Survey Spectra of CH@PSB/γ-Fe2O3 (a); High resolution XPS spectra
of C 1s (b); O 1s (c); Fe 2p (d) 
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Fig. 7. Zero-point charge (a); and effect oZero-point-sorption of chromium onto CH@PSB/γ-Fe2O3 (b)

Fig. 9. Effect of Ionic Strength

Fig. 8. Strategic Representation of Chromium Adsorption onto CH@PSB/γ-Fe2O3
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3.4.   Adsorption kinetics 
Sorption rate is another consideration for studying 
adsorption capacity associated with contact duration. 
The sorption kinetic was investigated for 0 to 90 
min of contact time. As shown in Figure 11 sorption 
occurred rapidly for an initial 20 min of contact 
and then this trend slowly grew until it reached a 
plateau. Sorption equilibrium attained in just 40 min. 
The elevated abundance of adsorption surfaces may 
be assigned for the speedy progress in the initial 
adsorption rate of Cr (VI) [24]. Adsorption rates 
accordingly decreased as the number of accessible 
adsorption sites decreased over time. As a result, 40 

minutes was shown to be an ideal contact time for 
the adsorption process.  The sorption kinetics for 
pseudo-first and pseudo-second-order models were 
applied for chromium adsorption onto CH@PSB/γ-
Fe2O3 and corresponding results were evaluated in 
Figure 12 (a and b) and Table 2. The experimental 
findings of calculated parameters revealed that the 
data were best signified by the pseudo-second-order 
model (Table 2), with a correlation coefficient (R2) of 
0.9994 with an equilibrium sorption capacity of 83.33 
mg g-1. Kinetics consideration is suggested for surface 
adsorption and chemisorption mechanism in the rate-
controlling step.

Fig. 10. Isothermal equilibrium study for chromium adsorption
onto CH@PSB/γ-Fe2O3 Langmuir (a); and Freundlich model (b)

Fig. 11. Effect of time on adsorption of chromium
onto CH@PSB/γ-Fe2O3
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3.5. Reutilization of the adsorbent 
Six consecutive iterations of sorption-desorption 
were tested for synthesized adsorbent to execute 
reusability. As demonstrated in Figure 13, removal 
efficiency gradually declined with every next 
cycle, and it dropped from 85 % to 26 % in the 

sixth round. The material has excellent reusability 
for up to four cycles. Overall, the results of these 
recycled trials provide compelling evidence that 
the prepared CH@PSB/γ-Fe2O3 demonstrated 
excellent reusability and holds significant promise 
for practical applications. 

Fig. 12.Adsorption Kinetics for Chromium sorption onto CH@PSB/γ-Fe2O3: Pseudo-first (a);
and Pseudo-second-order model (b) and Pseudo-second-order model (b)

Table 2. Adsorption isotherm and kinetic parameters for chromium adsorption onto CH@PSB/γ-Fe2O3

Initial Chromium content:
2 mg L-1; pH:4.0;
Temperature:28 0C;
Time:0-90 min@140RPM;
Adsorbent dose: 0.5g;
Solution volume: 100 mL
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3.6. Influence of coexisting ions on removal 
efficiency for real water samples
Drinking water can contain multiple ions as 
water sources often come into contact with 
geological formations, industrial activities, or other 
environmental factors. The synchronous presence of 
other ions can significantly influence the removal of 
chromium during water treatment. The interactions 
between these coexisting ions and chromium can 
affect the adsorption capacity, speciation, and overall 
efficiency of the removal process. Experiments were 
therefore carried out to learn how coexisting ions 
affect chromium removal in the presence of four ions 

such as Cl-, SO4
2-, NO3

-, and PO4
2- (for 1 ppm or 1 

mgL-1 and 10 ppm concentrations). The experimental 
observations (Fig.14) suggesting for consistent 
efficiency at approximately 80 % chromium removal 
by CH@PSB/γ-Fe2O3 at 1 ppm solution. Except for 
PO4

2- removal efficiency by coexisting ions was only 
minimally hampered. It is because of competitive 
interactions of anionic species with functional groups 
on modified chitosan. However, there is a weaker 
interaction for Cl-, SO4

2-, NO3
-  but due to the higher 

affinity of PO4
2- ion with iron oxide its effect is high. 

In addition, as the concentration of coexisting ions 
increased to 10 ppm, this influence was higher.

Fig. 13. Six sorption-desorption cycles for Cr (VI) adsorption
onto CH@PSB/γ-Fe2O3

Fig. 14. Effect of coexisting ions in removing Cr(VI)
using CH@PSB/γ-Fe2O3 
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3.7. Validation of analytical method
The analytical data acquired for the spectrophotometric 
validity of the method are presented in Table 3. Using 
100 mL solutions with increasing analyte concentrations 
(0.2 - 8 μg L-1), the absorbance peaks and calibration 
curves were produced, as shown in Figures 15 (a) and 
15 (b), respectively. All points of the calibration curve 
were subjected to the preconcentration procedure for 
the determination of Cr (VI) via the carbazide method 
as mentioned in the experimental part of this work. The 
calibration curve exhibits linearity in the range from 0.5 to 
6 μg L-1 with a regression coefficient (R2) equal to 0.9976. 
Using seven consecutive measurements, the analytical 
approach presented in this research demonstrated high 
accuracy with a relative standard deviation (RDS) of 
7.62%. The limit of detection (LOD), defined as the 
smallest amount of analyte that a method can detect, was 

calculated to be 3 times the standard deviation obtained 
by 7 readings divided by the slope of the calibration curve. 
The quantification limit (LOQ), which expresses the 
actual amount of analyte in a sample with considerable 
precision and accuracy, was determined to be 10 times 
the standard deviation obtained by 7 readings divided 
by the slope of the calibration curve. The LOD was 0.65 
μg L-1 and the LOQ was 2.16 μg L-1. The accuracy of 
the method was tested from three known concentrations 
of standard solution, and the results revealed good 
percent recovery (% R) of 92.8 ±0.5% to 103.09 ± 0.5 
%.   A comparison of proposed methods and some of 
the published microextraction methods for extraction 
and determination of Cr ions are summarized in Table 
4. The accuracy and LOD values of the present method, 
for the determination of chromium ions, are comparable 
to those reported in the literature [25–32]. 

Table 3. Analytical validation parameters for Cr (VI) determination
by proposed UV-VIS spectrophotometer

Characteristics Validation Parameters
Calibration Curve Values
Concentration Range (μg L-1)  0.2-8.0
Absorbance Range 0.09-4.75
Wavelength Range (nm)  190-800
Slope 0.6583
Intercept 0.172

Regression Coefficient 0.9976

Regression Equation Y= 0.6583X + 0.172
Validation Appearances Values
Measurement wavelength (nm)  543
Linear Range (μg L-1) 6.0 – 0.5
Limit of Detection (LOD) μg L-1 0.65
Limit of Quantification (LOQ) μg L-1 2.16
% Relative Standard Deviation (RSD)  7.62
% Recovery Percentage (R) to 103.1 ± 0.5 0.5 ± 92.8 

Fig. 15. UV Spectra for calibration standards (a); and calibration curve (b)
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4. Conclusion 
 In this study, a new adsorbent material was fabricated 
by immobilizing chitosan-coated iron oxide biochar 
for the effective desalinization of chromium ions 
from aqueous solution. Various spectroscopic studies 
confirmed the synthesis of a composite material 
comprising Fe2O3-biochar coated further with 
crosslinked chitosan. This hybrid material combines 
the magnetic properties of Fe2O3 with the porous 
structure of biochar, enhanced by the presence of 
chitosan. The successive coating of chitosan onto 
the Fe2O3-biochar surface adds a layer of complexity 
to the material’s composition and properties, 
potentially impacting its surface area, porosity, and 
adsorption capabilities. This synthesized material 
holds promise for applications in the adsorption 
of chromium ions and the spectroscopic method 
used in the determination of chromium showed a 
LOD of 0.65 μg L-1 with a recovery percentage of 
more than 92 %. The optimized pH for the highest 
removal capacity (0.4 ± 84.9 mg g-1) is in the range 
of 3-5 pH. Additionally, there is a slight decrease in 
capacity with an increase in ionic strength. Langmuir 
isotherm equation fits well with adsorption data and 
the obtained removal capacity for CH@PSB/γ-Fe2O3 
exhibits 14.285 mg g-1 in batch system. The kinetic 
study suggests that pseudo-second-order is the best 
description of chromium adsorption onto CH@
PSB/γ-Fe2O3 suggesting a chemisorption pathway. 
The a slight decrease in removal efficiency in the 
presence of some other anions except for PO4

2- ion. 
A reusability assay indicates for excellent utility of 
the prepared material for toxicant removal and more 

than 50 % sorption capacity is retained for up to four 
cycles. In conclusion, the synthesized biosorbent is 
a novel green material for effective holds significant 
potential for wide-ranging applications in the field of 
Cr (VI) removal.  

5. Acknowledge 
Sardar Singh Poonia want to express his sincere 
gratitude towards CSIR (award no:09/098(0142)/2019-
EMR-I) for providing support and financial aids in 
research. He would like to give special thanks to 
Head, Department of Chemistry for their exceptional 
support in providing the necessary resources. 

6. Reference 
[1] L. Liu, W. Li, W. Song, M. Guo, Remediation 

techniques for heavy metal-contaminated soils: 
Principles and applicability, Sci. Total Environ., 
633 (2018) 206-219. https://doi.org/10.1016/j.
scitotenv.2018.03.161 

[2] X. Zhou, T. Korenaga, T. Takahashi, T. 
Moriwake, S. Shinoda, A Process monitoring 
controlling system for the treatment of 
wastewater containing chromium (VI), Water 
Res., 27 (1993) 1049-1054.  https://doi.
org/10.1016/0043-1354(93)90069-T 

[3] Y. Pang, Zeng, G.M. Zeng, L. Tang, Y. Zhang, 
Y. Y. Liu, X.X. Lei, M.S. Wu, Z. Li, C. Liu, 
Cr(VI) reduction by Pseudomonas aeruginosa 
immobilized in a polyvinyl alcohol/sodium 
alginate matrix containing multi-walled 
carbon nanotubes, Bioresour. Technol., 102 

Table 4.  Comparison of UV-Vis spectrophotometry using CH@PSB-γ-Fe2O3 to determine Cr (VI)
in water with other studies of the literature

Detection method
 LOD

(μg L-1)

 Separation

Technique

RSD

(%)

Linear range

(μg L-1)

 Recovery

(%)
.Ref

 SPE-FAAS SPE 5 > 0.4-15 97 > [25]
 ET AAS 0.005 TSIL⎯DLLME 3.8 0.32 -0.02 105 -95 [26]
 ETAAS 0.005 IICDET/LLME 3.8 0.02-1.75 98 [27]
ETAAS* 8.0 IL-DLLBME 4.3 0.03-4.4 104 -97 [28]

FAAS 7.1 SPE 2.7 20-700 88-110 [31]
 Spectrophotometric 0.023 --- --- 0.03-6.0 --- [32]

 UV-Vis 0.65 DPC 7.62 6- 0.5 92-103 This work
FAAS: Flame Atomic Absorption spectrometry 
SPE:  Solid Phase Extraction
 ET-AAS: Electro-Thermal Atomic Absorption Spectrometer
 UV-Vis Spectrometry
 *LOD=0.8 ng L-1

Anal. Methods Environ. Chem. J. 7 (1) (2024) 30-48



47

(2011) 10733-10736. https://doi.org/10.1016/j.
biortech.2011.08.078 

[4] D. Mohan, C.U. Pittman, Activated carbons 
and low cost adsorbents for remediation of 
tri- and hexavalent chromium from water, J. 
Hazard. Mater., 137 (2006) 762-811. https://
doi.org/10.1016/j.jhazmat.2006.06.060 

[5] X. Guo, X. Lü, The need for biofuels in the 
context of energy consumption, Advances in 2nd 
generation of bioethanol production, Woodhead 
Publishing Series in Energy, CRC press, New 
York, pp 9-30, 2021. https://doi.org/10.1016/
B978-0-12-818862-0.00004-2

[6] W. Zheng, K. Phoungthong, F. Lü, L.M. Shao, 
P.J. He, Evaluation of a classification method 
for biodegradable solid wastes using anaerobic 
degradation parameters, Waste Manage., 33 
(2013) 2632–2640. https://doi.org/10.1016/j.
wasman.2013.08.015 

[7] I.G. Coronilla, L. M. Barrera, E. C. Urbina, 
Kinetic, isotherm and thermodynamic studies 
of amaranth dye biosorption from aqueous 
solution onto water hyacinth leaves, J. Environ. 
Manage., 152 (2015) 99-108. https://doi.
org/10.1016/j.jenvman.2015.01.026 

[8] A. Zhang, X. Li, J. Xing, G. Xu, Adsorption of 
potentially toxic elements in water by modified 
biochar: A review, J. Environ. Chem. Eng., 
8 (2020) 104196. https://doi.org/10.1016/j.
jece.2020.104196 

[9] U. Upadhyay, I. Sreedhar, S.A. Singh, C.M. 
Patel, K. L. Anitha, Recent advances in heavy 
metal removal by chitosan based adsorbents, 
Carbohydr. Polym., 251(2021) 117000.

 https://doi.org/10.1016/j.carbpol.2020.117000 
[10] E. Guibal, Interactions of metal ions with 

chitosan-based sorbents: A review, Sep. 
Purif. Technol., 38  (2004) 43-74. https://doi.
org/10.1016/j.seppur.2003.10.004 

[11] W.C. Chong, J.F. Chin, Z.W. Heng, H.C. Teoh, 
Y.L. Pang, Recent development of magnetic 
biochar crosslinked chitosan on heavy metal 
removal from wastewater - Modification, 
application and mechanism, Chemosphere, 
291 (2022)133035.    https://doi.org/10.1016/j.
chemosphere.2021.133035  

[12] J. Cheng, F. Xiao, W. Cao, C. Yang, J. Chen, 
Z. Luo, Removal of heavy metals from 
aqueous solution using chitosan-combined 
magnetic biochars, J. Colloid Interface Sci., 
540 (2019) 579-584. https://doi.org/10.1016/j.
jcis.2019.01.068  

[13] A. Choudhary, A. Kadawasara, S.S Poonia, 

P. kumar, V.K. Janu, Pyrolytic preparation 
of active carbons from peanut shell biomass 
for adsorptive elimination of fluoride from 
groundwater of Shekhawati region, Orient. J. 
Chem., 38 (2022) 1338-1350.  http://dx.doi.
org/10.13005/ojc/380602

[14] APHA, Standard methods for the examination 
of water and wastewater. 21st edition, american 
public health association/American water works 
wssociation/water environment federation,  
Washington DC, 1288 pages, 2005. www.apha.org

[15] M. Thompson, SLR. Ellison, R. Wood, 
Harmonized guidelines for single-laboratory 
validation of methods of analysis (IUPAC 
Technical Report). Pure Appl. Chem., 74 
(2002) 835–855. https:// doi.org/10.1351/
pac200274050835 35.

[16] I. Langmuir, The constitution and fundamental 
properties of solids and liquids, J. Am. 
Chem. Soc., 183 (1917) 102–105. https://doi.
org/10.1021/ja02268a002 

[17] H. Freundlich, Uber die adsorption in lösungen, 
Zeitschrift für Physikalische Chem., 57 A 
(1907) 385–470. https://doi.org/10.1515/zpch-
1907-5723 

[18] S. Ahmed and S. Ikram, Chitosan and its 
derivatives: A Review in recent innovations, Int. 
J. Pharm. Res., 6 (2015) 14-30. http://dx.doi.
org/10.13040/IJPSR.0975-8232.6(1).14-30

[19] Y. S. Ho, G. McKay, The kinetics of sorption of 
divalent metal ions onto sphagnum moss peat, 
Water Res., 34 (2000) 735–742. https://doi.
org/10.1016/S0043-1354(99)00232-8 

[20] S. Lagergren, On the theory of the so-called 
adsorption of dissolved substances, solubility 
(Theoretical chemistry), Sven. Vetenskapsakad. 
Handingarl, 24 (1898) 1–39. https://cir.nii.
ac.jp/crid/1570009750361875328

[21] X. Duan, D. Wang, G. Qian, J.C.  Walmsley, 
A. Holmen, D. Chen, X. Zhou, Fabrication of 
K-promoted iron/carbon nanotubes composite 
catalysts for the Fischer–Tropsch synthesis of 
lower olefins, J. Energy Chem., 22 (2016) 13-20. 
https://doi.org/10.1016/j.jechem.2016.01.003 

[22] J. Deng, Y. Liu, S.   Liu, G.  Zeng, X. Tan, B. 
Huang, X. Tang, S. Wang, Q. Hua, Z.  Yan, 
Competitive adsorption of Pb(II), Cd(II) and 
Cu(II) onto chitosan-pyromellitic dianhydride 
modified biochar,  J. Colloid. Interface. Sci., 
506 (2017) 355-364.  https://doi.org/10.1016/j.
jcis.2017.07.069 

[23] R. Li, W. Liang, H. Huang, S. Jiang, D. Guo, 
M. Li, Z. Zhang, A. Ali, J.J. Wang, Removal of 

Chromium desalinization by chitosan-Fe2O3-biochar composite            Anurag Choudhary et al



48

cadmium (II) cations from an aqueous solution 
with aminothiourea chitosan strengthened 
magnetic biochar, J. Appl. Polym. Sci., 
135 (2018) 46239. https://doi.org/10.1002/
app.46239 

[24] W. Zhang, S. Mao, H. Chen, L. Huang, R. 
Qiu, Pb(II) and Cr(VI) sorption by biochars 
pyrolyzed from the municipal wastewater 
sludge under different heating conditions, 
Bioresour. Technol., 147 (2013) 545–552. 
https://doi.org/10.1016/j.biortech.2013.08.082 

[25] F. Golbabaei, Z. Sadeghi, A. Vahid, A. Rashidi, 
On-line micro column preconcentration 
system based on amino bimodal mesoporous 
silica nanoparticles as a novel adsorbent for 
removal and speciation of chromium (III, VI), 
J. Environ. Health Sc. Eng., 13 (2015) 1-12. 
https://doi.org/10.1186/s40201-015-0205-z

[26] M.M. Eskandari, B. Kalantari, Dispersive 
liquid-liquid microextraction based on task-
specific ionic liquids for determination and 
speciation of chromium in human blood, J. 
Anal. Chem., 70 (2015) 1448-1455.  https://doi.
org/10.1134/S1061934815120072

[27] H. Shirkhanloo, M. Ghazaghi, M.M. Eskandari, 
Cloud point assisted dispersive ionic liquid-
liquid microextraction for chromium speciation 
in human blood samples based on isopropyl 
2-[(isopropoxycarbothiolyl) disulfanyl, Anal. 
Chem. Res., 10 (2016)18-27. https://doi.
org/10.1016/j.ancr.2016.10.002

[28] H. Shirkhanloo, M. Ghazaghi, H.Z. Mousavi 
,Chromium speciation in human blood samples 
based on acetyl cysteine by dispersive liquid–liquid 
biomicroextraction and in-vitro evaluation of acetyl 
cysteine/cysteine, J. Pharm. Biomed. Anal., 118 (2016) 
1-8. http://dx.doi.org/10.1016/j.jpba.2015.10.018 

[29] S. A. H. Mirzahosseini, the evaluation and 
determination of heavy metals pollution in 
edible vegetables, water and soil in the south of 
Tehran province by GIS, Arch. Environ. Prot., 
41 (2015) 63-72. https://doi.org/10.1515/aep-
2015-0020

[30] 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

[31] V. Leitea, B. Jesisa, V. Duartea, V. Constantinob, 
C. Izumic, J. Trontoa, F. Pintoa, Determination 
of chromium (VI) by dispersive solid-phase 
extraction using dissolvable Zn-Al layered 
double hydroxide intercalated with L-Alanine as 

adsorbent,  Microchem. J., 146 (2019) 650–657. 
https://doi.org/10.1016/j.microc.2019.01.063 

[32] A. Lace, D. Rayan, M. Bowkett, J. Cleary, 
Chromium Monitoring in water by colorimetry 
using optimised 1,5-diphenylcarbazide method, 
Int. J. Environ. Res. Public Health, 16 (2019) 
1803;   https://doi.org/10.3390/ijerph16101803 

 

  

Anal. Methods Environ. Chem. J. 7 (1) (2024) 30-48



Anal. Methods Environ. Chem. J. 7 (1) (2024) 49-64

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

Journal home page: www.amecj.com/ir

AMECJ

Solid phase-fabrication of multi-walled carbon nanotubes 
and their derivatives for efficient extraction and analysis of 

Bismarck Brown-Y Dye from aqueous solution 
Salah Mahdi Saleha, Ali Abdulrazzaq Abdulwahid a,* and Zaki N. Kadhima

a Department of Chemistry, College of Science, University of Basra, Postal Code 61004, Basra, Iraq

A B S T R A C T
This investigation used  efficient multi-walled carbon nanotubes 
(MWCNTs) and their derivatives; MWCNT-Tris, MWCNT-H, 
MWCNT-Tetra and MWCNT-G, for extraction and removing the 
Bismarck Brown-Y (BB-Y) by solid phase extraction (SPE). The 
concentration of BB-Y was measured by UV-Vis spectrophotometer 
after the SPE technique. The solid phases were analyzed and 
characterized by utilizing several techniques, including Fourier 
Transform Infrared Spectroscopy (FTIR), Field Emission Scanning 
Electron Microscopy (FESE), zeta potential measurement, and 
X-ray Diffraction (XRD). At optimization conditions, the optimum 
concentration of the BB-y was obtained at 200 mgL-1 and 300 mg L-1 
for MWCNT and MWCNT-Tris, whereas 400 mg L-1 for MWCNT-H, 
MWCNT-Tetra, and MWCNT-G. Additionally, the optimal pH value 
was 6.0 for MWCNT-Tris, and it was 10 for MWCNT, MWCNT-H, 
MWCNT-Tetra, and MWCNT-G. However, the volume of samples 
was achieved at 25 mL. Furthermore, it was found that the most 
effective flow rate for the eluting solvent was 0.5 ml min-1. Besides the 
type and volume of eluents were examined and evaluated. Finally, the 
present work involved the determination of adsorption capacity using 
Langmuir and Freundlich isotherm models under ideal conditions. The 
Langmuir model revealed that the qmax for the MWCNT, MWCNT-
tris, MWCNT-H, MWCNT-Tetra, and MWCNT-G was obtained 
862.07, 1075.27, 1282.05, 1298.70, and 1333.33 mg g-1, respectively.
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1. Introduction
A living ecosystem requires water as a fundamental 
element. Although the water covers 1.386 billion 
square kilometers of the world, approximately 97 
percent is made up of salt-water-containing seas and 
oceans, and over two percent is in the form of ice 
caps and glaciers. Still, approximately one percent is 
distributed as rivers, lakes, underground water, and 
water vapor can be drinking water [1]. Nowadays, 
one of the most critical problems in the world today 

is water contamination by numerous hazardous 
substances. Multiple harmful pollutants are released 
into the environment due to the rapid rise of human 
activities such as industrialization, unplanned 
urbanization, and careless use of water resources from 
nature, as well as enormous population growth [2]. 
Polluted waters include a variety of contaminants, 
including both inorganic and organic, which include 
dyes, pesticides, pharmaceuticals, degraded organic 
waste, and organic pollution. Besides, harmful heavy 
elements represent inorganic pollutants [3]. The 
dyes are colored organic materials used in various 
industries including clothing, textiles, leather, plastic, 
paper, medicine, beauty products, and food. They also 
color hair, fur, petroleum products, and lubricants. 
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Moreover, dyes represent one of the pollutants with 
the most hazardous chemicals of all those productions. 
According to the report, around 200,000 tons of dyes are 
utilized in industries annually, and their chromophore-
containing chemical effluent is improperly treated 
before being drained into water [4] The effect of dyes 
and other pollutants starts when discharged into the 
environment, particularly those that are harmful to living 
creatures [5]. Typically, dyestuffs offer outstanding 
coverage when used at relatively low concentrations 
as a result of their high intensity of color which lead to 
unwilling color changes in the waste brought on by the 
dyes and can prevent sunlight from penetrating due to 
the effect on consumption of dissolved oxygen, hence 
inhibiting photosynthesis process. Besides, the colored 
textile effluent also makes the water more mutagenic, 
carcinogenic, and gene-toxic, all of which pose serious 
risks to the environment as well as flora and fauna [6-
8]. In 1856, Perkin produced the first manufactured 
dye, mauveine, an aniline dye [9] Natural and artificial 
dyes are the two main groups that are based on the raw 
ingredients used. Natural dyes are produced by using 
trees, plants, and other elements of nature. However, 
synthetic dyes, are produced by using chemicals and oil 
[10]. There is another classification of dyes depending 
on either their structure or their application, based on 
their structural characteristics, the following dyes are 
categorized: azo, nitro, phthalein, triphenyl methane, 
indigo, and anthraquinone while, the classification of 
dyes based on their application, including acid dye, 
basic dye, direct dye, ingrain dye, dispersed dye, mild 
dye, vat dye, and reactive dyes [11]. Nevertheless, 
due to their intricate chemical compositions, dyes are 
very impervious to decay. Consequently, they often 
remain stable in a variety of circumstances, including 
aerobic digestion, heat, light, and oxidizing factors [12]. 
Therefore, different ways to remove dyestuffs from 
wastewater before discharging into the environment 
are membrane filtration, coagulation, flocculation, 
adsorption, modified oxidation processes, photocatalytic 
degradation, and biological therapy which beyond one 
of three basic techniques which are physical, biological 
and chemical [13,14]. Traditional physical techniques, 
such as adsorption and separating membranes. The 
adsorption method is attractive for the removal of 
colors even though dyes are resistant to oxidation, and 
biodegradation, as well as being stable to light and heat. 
Furthermore, the adsorption method is effective and 
doesn’t need any further preprocessing before being 
used. Besides, it is regarded cheap and optimal method 
[15,16]. Solid phase extraction (SPE) is a conventional 
approach to acquire adequate samples for analysis. 
The partition coefficient between the mobile/aqueous 

phase and the adsorbent is what determines how the 
analyte is separated. There have been reports of various 
modified SPEs. The most popular types of SPE include 
column SPE, pipette tip SPE (PT-SPE), magnetic solid 
phase extraction (MSPE), and dispersive solid phase 
extraction (DSPE) [17]. SPE for preconditioning 
samples has several benefits, including quick separation, 
low prices, little solvent use, high enrichment efficiency 
and recovery rate, rapid processing times, no emulsion 
creation, and the flexibility to be used with various 
analytical detection techniques [18]. As adsorbent 
materials carbon nanoparticles (CNs) represented by 
graphene, graphene oxide, carbon nano-disks, carbon 
nanotube rings, either single or multiwall, and carbon 
nanocones, are commonly employed in SPE [19]. As 
opposed to typical adsorbent materials, CNTs offer great 
chemical stability, higher surface area, smaller pore size, 
hollow structure, and ease of modifying; these benefits 
make CNTs a more favorable adsorbent than traditional 
adsorbent for preparing samples techniques in addition 
to their purity, surface area, functional groups on the 
surface, adsorption sites, and experimental settings, 
CNTs’ adsorption effectiveness also depends on these 
factors [20]. Also, dyes and other organic compounds 
(BTEX) can be extracted by nanostructures such 
as CNTs, graphene (G), graphene oxide(GO), silica 
(SiO2), and Metal–organic frameworks (MOFs) by SPE 
methods before being determined by the liquid or gas 
chromatography (GC-FID/ GC-MS/ HPLC) in liquid 
phases [21-27]. This paper aims to examine the feasibility 
of utilizing a multi-walled carbon nanotube and its 
derivatives as a solid phase in solid-phase extraction (SPE) 
for the purification of water contaminated with organic 
hazardous dye Bismarck Brown-y, 1,3-Benzenediamine, 
4,40 -[1,3-phenylenebis (2,1-diazenediyl)] bis-, 
hydrochloride (1:2) (Fig.1).

2. Experimental
2.1. Chemicals and Materials 
Bismarck-Brown Y has been purchased from Merck 
Company with molecular formula and weight of 
C18H20Cl2N8 and Mw 419.31 g mol-1, respectively (CAS 
Number: 10114-58-6). In addition, graphite fine 
powder and DCC (N, N’- Dicyclohexylcarbodiimide, 
CAS Number:  538-75-0) were from Merck company. 
Stock solutions from all dyes was prepared by 
dissolving (1000 mg L-1) in distilled water. PH was 
adjusted by 0.1- 0.01 mol L-1 from two solutions NaOH 
(CAS Number:1310-73-2, Merck) and HCl (GCC).  
Potassium chlorate was purchased from Sigma-
Aldrich. According to each manufacturing company, 
the liquid solvents have been listed as follows: pure 
ethanol (J.T. Baker), pure methanol (Himedia), 
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dimethylsulfoxide (Himedia), dimethylformamide 
(GCC), nitric acid (GCC) and sulfuric acid (J.T. 
Baker). The identification of multi-walled carbon 
nanotubes (MWCNTs) and their derivatives was 
achieved through the utilization of various analytical 
techniques, including Fourier-transform infrared 
spectroscopy (FT-IR), X-ray diffraction (XRD), 
transmission electron microscopy (TEM), and 
scanning electron microscopy (SEM). The absorbance 
measurement for the BB-Y dye solution was conducted 
at a specific wavelength of 455.5 nm, utilizing a UV-
visible spectrophotometer (PG Instrument T80 + UV-
Vis). The dye removal efficiency (R%) is expressed as 
a percentage and the quantity of BB-y dye absorbed 
per unit weight of absorbent at a given time. Also, q 
(mg g-1) was determined using Equation 1.

qe=(C0-Ce) ×V/m                      (Eq.1)

Ce referred to the concentration of Bismarck Brown-y 
in (mg L-1) at time t, whereas C0 pointed out the initial 
concentration in (mgL-1) of the same dye. However, 

V represents the volume of dye in a (L), while m is 
the weight of the solid phase in (g).

2.2.  Preparation of Multi-Walled Carbon 
Nanotube
The modified Staudenmaier approach was used in 
this investigation to create MWCNTs. The graphite 
powder was added based on stirring to the mixture 
which consisted of concentration of H2SO4 and HNO3 
in (1.0 g: 10v: 5v) ratio (mass: volume:  volume) for 
30 min, then cooling the solution at 5C0 in the ice 
bath with forcefully stirring. KClO3 with ratio to 
graphite (5: 1) (mass: mass) was slowly added to the 
solution and gradually increased the heat until 75 C0 
and stayed overnight. After that, the solution was 
left in dry air for three days. Most of the graphite 
precipitated on the bottom. However, some reacting 
carbons were floating. One liter of DI water was 
added to the floating carbon particles after collecting 
them with one hour of vigorous stirring, and then the 
solution was rapidly filtered and dried [28].

Fig. 1. Chemical Structure of Bismarck Brown-Y

Fig. 2. Step of preparation of multi-walled carbon nanotube
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2.3.  Purification of MWCNTs
A 0.05 g of impure MWCNTs was heated at 350 Co for 
two hours to eliminate amorphous carbon and catalyst 
impurities. After being cooled to room temperature 
for more emphasis to eliminate additional impurities, 
the heat-treated MWCNTs were ultrasonically for 4 
hours in 20 mL of concentrated HCl then repeatedly 
rinsed with water until the pH became neutral, and 
then dried at 100 Co in an air oven.

2.4.  Functionalization of MWCNTs
Nitric acid and sulfuric acid were mixed to perform 
chemical oxidation, where 0.1 g of pristine MWCNTs 
was added to a mixture consisting of 4.0 M and 10.0 
M, respectively, with an ultimate volume of 20 mL in 
the ratio (1:3) to reduce the damage of the nanotubes. 
The mixture was stirred magnetically at room 
temperature for 18 hours.

2.5.  Modification of MWCNT-COOH with 
Amino compound 
Carboxyl groups, which allotrope in the structure of 
MWCNTs, interacted with amine groups to form a 
new group known as an amide group. Consequently, 
1.0 g of MWCNT-COOH was taken and placed in a 
beaker (100 mL), then 1.0 g of DCC was poured into 
the beaker after being dissolved in 20 mL of DMF 
solvent. The mixtures were left at room temperature 
with constant stirring for 30 minutes. In the following 
step, 60 mL of methanolic solution was added to the 
mixture above, which already contained 1.0 g of either 
4, 4’- Methylenedianiline, tris-(hydroxymethyl) 
aminomethane and tetraethylenepentamine or 2, 6- 
diamine pyridine. The solution is kept at 60 Co for 24 

hours with continuous stirring. The resultant mixture 
was centrifuged at 2500 rpm to separate it. After 
multiple washes with DMF-Methanol solution and 
DW, the black precipitate was produced after drying 
it for 10 hours at 70℃ [29]. 

2.6.  Solid Phase Extraction 
Three basic steps were applied in the solid phase 
extraction (SPE) technique: column preparation step, 
loading step, and elution step [30]. The polypropylene 
tube (injection tube) was utilized in this study as a 
column (cartridge), as shown in Figure 3. The column 
was packed with a one mm thickness of permeable 
film from polypropylene (disc), followed by four 
layers of glass filter paper sheets. Subsequently, the 
column was loaded with an amount weight of the 
prepared solid phase, in this study, which was either 
MW CNT, MWCNT/G, MWCNT/Tris, MWCNT/
Tetra, or MWCNT/H. The surface of the packed 
solid phase should be homogeneous and plane with 
equal height. Moreover, as a last step in the column 
preparation, 10 ml of ionic water was passed through 
the column to activate the phase and remove air 
space. Whereas, in the second step (loading step), the 
dye solution under the study with neutral pHpzc was 
passed through the packed solid phase, where the dye 
will attach with the solid phase in the column, while 
the unbounding part of the dye and the rest of matrix 
will pass through the column with flow rate depends 
on gravity. Finally, and as the last step (elution step), 
which involved passing the elution solution through 
the column to rid out the dye from the packed solid 
phase, the solution was collected to determine the 
concentration of dye by UV-visible instrument. 

Fig.3.  General procedure based on solid phase extraction by MWCNTs, MWCNTs/G, MWCNTs/Tris, MWCNTs/Tetra

Anal. Methods Environ. Chem. J. 7 (1) (2024) 49-64
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2.7.  Characterization Methods      
To evaluate the surface properties of multi-walled 
carbon nanotubes (MWCNTs) and their derivatives 
(MWCNT/G, MWCNT/Tris, MWCNT/Tetra, or 
MWCNT/H), various analytical techniques, including 
Fourier-transform infrared spectroscopy (FTIR), 
X-ray diffraction (XRD, Fig. 4a-e), scanning electron 
microscopy for MWCNT and their derivatives 

(SEM, Fig. 5a-d), and zeta potential were employed 
for analysis. Fourier Transform Infrared (FT-IR) 
spectroscopy was employed to ascertain the sort 
and characteristics of the functional groups present 
in the synthesized solid phases (Tables 1 and 2). 
Including these functional categories enhances 
diversity and, consequently, the extraction process.  

 Fig. 4. XRD pattern (a) MWCNT-COOH, (b) MWCNT-Tris, (c) MWCNT-H, (d) MWCNT-Tera and (e) MWCNT-G

Analysis of Bismarck Brown-Y Dye by MWCNTs and SPE            Salah Mahdi Saleh et al
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Fig. 5a. FE-SEM MWCNT-Tris

Fig. 5c. FE-SEM MWCNT-Tetra

Fig. 5b. FE-SEM MWCNT-H

Fig. 5d. FE-SEM of MWCNT-G

 Table 1. FT-IR peaks in (cm-1) of MWCNTs and their Derivatives
 Groups MWCNTs MWCNTs-tris MWCNTs-H MWCNTs-tera MWCNTs-G

-OH 3534 3630 ---- ---- ----
-NH ---- 3198-3140 3429-3244 3591-3445 3491-3419
-CH2 2940-2847 2904-2862 2940-2847 2940-2847 2940-2847
C=C 1571 1550 1593 1590 1516
C=O 1672 1710 1759 1793 1743
C-N ---- 1109 1128 1392 1645

Table 2. Zeta Potential for MWCNTs and their Derivatives
Potential MWCNT MWCNT-tris MWCNT-H MWCNT-tera MWCNT-G

Zeta -36mV -123.2mV -46mV -48mV -36mV

Anal. Methods Environ. Chem. J. 7 (1) (2024) 49-64
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3. Results and Discussion
3.1.  Optimization of the extraction procedure
The study for identifying the most optimal conditions 
for a given analytical technique involves manipulating 
one condition of the experiment while keeping the 
other factors constant.  Consequently, to determine 
the optimal values for all components and identify 
the perfect conditions for achieving maximum 
efficiency in the process of extraction and removal 
of the dye [31]. The several  types of investigations 
were executed as follows: 

3.1.1. Amount of solid phase
The quantity weight of MWCNT, MWCNT/G, 
MWCNT/Tris, MWCNT/Tetra, or MWCNT/H was 
examined in this study as solid phase extraction in 
separation column with different range between 
5-50 mg. Meanwhile, the other conditions must be 
fixed, as mentioned in the general method. Figure 
6 shows that increasing the weight of the solid 
phase augments the retrieval percentage, where 
the recovery percentage achieves the highest value 
while employing a weight of 0.01g. Subsequently, 
the recovery percentages reached a state of 
stability in the biggest weights, then descending 
to a minimum of 0.5 g, and this observed behavior 
was consistent throughout all solid phases during 
the investigation of the BB-y dye. Consequently, a 

constant weight of 0.01 g for the solid phase was 
chosen as the standard weight for all phases in 
the following tests.

3.1.2. Effect of Dye concentration
The effect of the concentrations of BB-Y dye solution 
has been studied after passing different concentrations 
(50-700) mg L-1 from the day on   0.01 g of prepared 
solid phase, which is either one of MWCNT, 
MWCNT/G, MWCNT/Tris, MWCNT/Tetra, or 
MWCNT/H. It is essential to point out that all other 
experimental parameters, such as pH, dye volume, 
flow rate, the type and volume of elution solution, 
were maintained constant, as mentioned in the general 
procedure, where the perfect concentrations of a dye 
solution were 200 mg L-1 and 300 mg L-1 for both 
MWCNT and MWCNT-Tris, whereas 400 mg L-1 for 
each of MWCNT-H, MWCNT-Terta and MWCNT-G 
respectively. The recovery percentage of all solid phases 
of MWCNTCOOH, MWCNT-Tris, MWCNT-H, 
MWCNT-Tetra, and MWCNT-G was obtained  60%, 
63%, 62%, 66%, and 72%, respectively for the dye 
under the study. The proper utilization of this ratio has 
significance because the recovery efficiency wasn’t at 
its highest point during this stage, and it is anticipated 
that it will increase by improving other conditions. 
Figure 7 demonstrates the effect of concentrations of 
BB-Y dye solution by proposed procedure.  

Fig. 6. Effect of the solid phase amount on the recovery of Bismarck Brown-y

Analysis of Bismarck Brown-Y Dye by MWCNTs and SPE            Salah Mahdi Saleh et al
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3.1.3. Effect of pH
The pH function is an essential factor in the 
assessment of extraction processes since it has a 
direct effect on the surface charge of the solid phase 
and the chemical structure of the dye. The effect 
of pH on solid phase extraction (SPE) was studied 
in this investigation from range 2 to12. Figure 8 
revealed that increases the recovery percentage 
of cationic dye (BB-y) at pH=6 in MWCNT-Tris, 
whereas it was 10 for MWCNT, MWCNT-H, 
MWCNT-Terta, and MWCNT-G, respectively. 
The surface of multi-walled carbon nanotubes 
(MWCNTs) has a positive charge when the pH value 
is lower than 6.7. However, it becomes a negative 
charge when the pH exceeds 6.7. Therefore, the 
recovery ratio increases at pH 10 because of the 
electrostatic attraction, which accrues between the 
negative charges of the surface (MWCNTs) and 
the positive ions of dye BB-Y. On the other hand, 
the surface of MWCNTs in acid pH becomes the 
positive charge. The BB-Y converted to positive 
ions as a result of the protonation process, which 
leads to a decrease in the percentage of recovery 
and adsorption capacity because of electrostatic 
repulsion between the positive charge of the surface 
with the positive charge of the protonation dye [32]. 
As for the MWCNTs-Tris, which has three hydroxyl 
groups at pH 6, becomes a negative charge as zeta 
potential (-36 mV). Moreover, the protonation 
of dye leads to a charge in the nitrogen atom by 
the positive charge; all these reasons are due to an 

increase in the adsorption capacity and recovery 
ratio at pH 6 (Eq. 2) [32].

(Eq. 2)

However, if the pH is over 6, the dye solution 
becomes base, which leads to de-protonation of the 
nitrogen atom, and the MWCNT-tris converted more 
negatively as Equation 3.

(Eq. 3)
  
Consequently, the recovery percentage and 
adsorption capacity decrease at a pH of more than 
6 [33]. The recovery percentages for the three 
surfaces, MWCN-tetra, MWCN-H, and MWCN- 
-G, are increasing at pH 10, which may be at 
higher pH levels. The functional groups present 
on the surface of the three surfaces above, such 
as N–H and C–H groups, can work as activation 
agents through negative charges. Consequently, 
it increased the quantity of negatively charged 
molecules. Therefore, the adsorption of BB-Y 
dye can potentially be ascribed to the significant 
electrostatic attraction between the charge on the 
three surfaces and the positively charged BB-Y 
molecules [34]

Fig. 7. Effect of Bismarck Brown-Y concentration on the recovery percentage

Anal. Methods Environ. Chem. J. 7 (1) (2024) 49-64
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3.1.4. Effect of dye volume
Investigating the impact of the volume of the 
solution, including the target material, is crucial 
in selecting the most favorable conditions for the 
solid-phase extraction approach [35][36]. Figure 
9 illustrates the behavior of cationic dye BB-Y on 
five prepared surfaces, which were ordered at 74, 77, 
79, 84, and 86 recoveries (%) for MWCNTCOOH, 
MWCNT-Tris, MWCNT-H, MWCNT-Tetra, and 
MWCNT-G, respectively. This study examined 
the different volumes of dye 1mL, 5 mL, 10 mL, 
25 mL, 50 mL, and 75 mL at optimal conditions 
that have been obtained in previous experiments 
0.01g of all surfaces with 200mg L-1 and 300mg 

L-1 for MWCNT and MWCNT-Tris as well as 
400mg L-1 for MWCNT-H, MWCNT-Terta, and 
MWCNT-H, respectively. Besides, the remaining 
other conditions are without change as the general 
method. The Percentage of recovery showed a 
progressive reduction. The observed pattern can 
be attributed to a logical relationship between the 
extraction effectiveness and the solution’s volume. 
Specifically, as the volume of the solution increases, 
the dye concentration falls, resulting in a decrease 
in extraction efficiency. On this fundamental, the 
dye will dilute with increasing the volume of the 
solution. Therefore, the optimal volume is 25mL for 
the cationic dye Bismarck brown –y.

Fig. 8. Effect of pH on the recovery of Bismarck Brown-Y

Fig. 9. Effect of Bismarck Brown-Y solution volume on the recovery percentage

Analysis of Bismarck Brown-Y Dye by MWCNTs and SPE            Salah Mahdi Saleh et al
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3.1.5. Effect of flow rate
One of the most important parameters influencing 
the efficiency of solid phase extraction is the flow 
rate of the dye solution. Therefore, achieving a 
balance in the flow rate is crucial since low flow 
rates hinder the attainment of high rates of recovery 
for the target material. This limitation arises from 
the potential disengagement between the solid phase 
and the target material. Hence, the effect of flow rate 
on the percentage of recovery is influenced by the 
connected time between the dye from one side and 
the solid phase on the other. The recovery percentage 
decreases with increasing the flow rate of the dye 
solution, as demonstrated in Figure 10, where 0.5 
ml min-1 is the perfect flow rate time for the BB-Y 
solution. 

3.1.6.Effect of type and volume of eluting 
solution
The impact of different types of solvents as eluent 
solvents was investigated in this paper, where these 
solvents were chosen depending on their polarities. 
The polarity coefficient reveals the solvent’s capacity 
to interact with the solute [37]. Table 3 illustrates 
the polarity of eluent solvents in this study. Figure 
11 shows the different values of the percentage of 
recovery and which ordered 93, 95, 96, 98, and 99 
for five surfaces under the study: MWCNTCOOH, 

MWCNT-Tris, MWCNT-H, MWCNT-Tetra, 
and MWCNT-G, respectively. Additionally, the 
investigation revealed a clear correlation between 
the polarity of the eluent solution and the percentage 
of the recovery, which means that increasing the 
polarity of the eluent solvent increases the recovery 
percentage. Consequently, DMSO recorded the 
highest percentage since the polarity coefficient is 
highest at about 7.2. In contrast, other eluent solvents 
decrease the percentage recovery by decreasing the 
polarity coefficient, as obvious in Table 3. The strong 
affinity of BB-Y dyes towards the DMSO solvent can 
be ascribed to the polar nature of the dye. The dye 
undergoes a phase transition, then transitions from 
a liquid to a solid state, and subsequently migrates 
with the rinse solution that possesses a higher 
polarity (see Figure 11). Moreover, the volume of 
elution solvent was investigated in this study where 
the 5 mL of DMSO represented the perfect volume 
for disengagement of the cationic dye from the solid 
phase, as revealed in Figure 12, which illustrated the 
relationship between the optimal volume of elution 
solvent and the percentage recovery.  Besides, the 
optimal volume of elution solvent can be calculated, 
by enrichment factor by Equation 4 [38]. 

Enrichment Factor (EF)=Original
dye volume/ Elution volume

(Eq.4)

Fig.10. Effect of flow rate on the recovery of Bismarck Brown-Y

Anal. Methods Environ. Chem. J. 7 (1) (2024) 49-64
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Fig 11. Effect of elution type on the recovery of Bismack Brown-Y

Fig. 12. Effect of DMSO volume on the recovery of Bismarck Brown-Y

Table 3. Polarity of Different Eluents that used in this study
Solvent Polarity Index

DMSO 7.2

Methanol 5.1

Ethanol 4.3

Toluene 2.4

n-hexane 0.1

Analysis of Bismarck Brown-Y Dye by MWCNTs and SPE            Salah Mahdi Saleh et al
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3.2.  Isotherm study
The SPE techniques are regarded as better than other 
procedures due to their ease of use, flexibility to remove 
unwanted matrix ingredients, and capacity to attain 
high enrichment factors [39]. The adsorption isotherm 
experiments were conducted using BB-Y solutions 
of specific concentrations under the indicated optimal 
experimental conditions. By analyzing the isotherm, it 
becomes feasible to elucidate the correlation between 
the solid phases and dye and propose the underlying 
mechanisms of interaction [40]. Two models were used in 
this study to explain the adsorption isothermal comportment, 
which is the Langmuir model and the Freundlich model.

3.2.1. Langmuir isotherm model
The Langmuir model is reliant upon maximum 
adsorption, which corresponds to the emergence of a 
saturated monolayer of adsorbate (liquid molecules) on 
the adsorbent (solid surface). Equation 5 presupposes 
the presence of homogenous adsorption sites.

Co/qe=1/qmax KL+1/qmax

(Eq.5)

Figure 13 illustrates the Langmuir model for BB-Y, 
where the (1/qmax) refers to a straight line. However, 
the cutoff pointed out (1/qmax × KL). Consequently, 
the maximum adsorption capacity (qmax), Langmuir 
constant (KL), and correlation coefficient (R2) were 
determined by the graphical representation of the 
Langmuir equation. This involved charting the 
relationship between Ce/qe on the Y-axis and Ce on the 
X-axis, as mentioned in Table 4. The outcomes of the 
maximum adsorption capacity of BB-Y dye by solid 
phase (MWCNT-G) is the highest value of the others.

3.2.2. Freundlich isotherm model
The equation elucidates the phenomena of adsorption 
and interference occurring on heterogeneous surfaces, 
if adsorption occurs at active sites that have varying 

Fig. 13. Langmuir isotherm of adsorption of Bismarck Brown-y

Table 4. Langmuir isotherm parameters for the adsorption of CR dye

Solid Phase qmax (mg g-1) KL R2

MWCNT 862.068 0.098 0.9997

MWCNT-Tris 1075.268 0.136 0.9999

MWCNT-H 1282.051 0.169 0.9999

MWCNT-T 1298.701 0.275 0.9997

MWCNT-G 1333.333 0.234 0.9941
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Fig. 14. Freundlich isotherm of adsorption of Bismarck Brown-y

adsorption energies. The Freundlich equation is a 
mathematical model used to describe the absorption 
of solutes onto solid surfaces (Eq.6).

lnqe= lnKF + 1/n×lnCe                                              (Eq.6)

By graphing the Freundlich equation between 
lnqe on the Y-axis and lnCe on the X-axis as in 
the illustration in Figure 14, the values of the 
Freundlich constant KF and correlation coefficient 
R2 were determined as elucidated in Table 5, where 
the slop of straight line refer to 1/n. However, the 
cutoff refers to lnKF. The value of KF is highest in 
MWCNT-G, which refers to the adsorption energy 
between the prepared solid phase and BB-y [30]. 
As a result, this outcome is compatible with the 
qmax value derived from the Langmuir equation. 

The values of 1/n provide information about 
the preference or unfavorable of the adsorption 
process. A value of 1/n = 0 implies irreversible 
adsorption, while a value between 0 and 1 indicates 
preferable adsorption between the solid phase and 
target material. On the other hand, when 1/n > 1, 
adsorption may not be favorable. As observed 
in Table 5 the values of 1/n for all prepared solid 
phases are more than zero and less than one, which 
indicates the adsorption of all surfaces is preference. 
According to the values R2 which had been obtained 
from Tables 5 and 4, Langmuir model is higher than 
the Freundlich model.  Therefore, adsorption is a 
chemisorption mechanism.  

4. Conclusion
 The optimized method for extraction processes was 
conducted in this study, where the amount of solid-

Table 5. Freundlich isotherm parameters for the adsorption of BB-y at 25 °C
Solid Phase KF 1/n R2

MWCNT 335.452377 0.16779 0.8345

MWCNT-Tris 529.3871411 0.12981 0.89398

MWCNT-H 731.8898321 0.10382 0.96162

MWCNT-Tetra 823.6535562 0.08807 0.97272

MWCNT-G 890.3280586 0.07441 0.9385
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phase extraction was 0.01g for all surfaces. However, 
the optimal concentration for Bismarck brown-y 
was 200 mg L-1 of MWCNT and MWCN- tris while 
the optimal concentration was 400 mg L-1 for each 
prepared solid phase MWCNT-H, MWCNT-tetra, 
and MWCNT-G. The perfect pH was 6 for MWCNT-
tris, and for the rest surfaces the pH was 10. The 
volume of dye was studied which was 25 mL. In 
addition, the flow rate was 0.5 ml min-1 in perfect 
condition.  Furthermore, the type of eluent solution 
and the optimal volume were DMSO and 5ml 
from it.   Finally, the qmax was obtained at 862.0691, 
1075.2689, 1282.0513, 1298.7013, and 1333.33 for 
the MWCNT, MWCNT-tris, MWCNT-H, MWCNT-
Tetra, and MWCNT-G, respectively.  
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1. Introduction
Famotidine is a crystalline substance with a white 
to light yellow appearance. It is almost insoluble in 
ethanol and has a high solubility in glacial acetic 
acid, a mild solubility in methanol, and an extremely 

slight solubility in water. The active component in 
famotidine injection acts as a histamine H2 receptor 
antagonist and has the chemical name [1-Amino-3-
[2-[(diaminomethylene)amino]-4-thiazolyl]-methyl] 
thio] propylidene] sulfamide [1]. Famotidine is 
commonly known by its generic name, which is 
“Famotidine” (pronounced fam OH ti deen), and it is 
available under the trade name “Pepcid.” (Scheme1) 
[2,3].           
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Famotidine is used as a treatment for gastrointestinal 
ulcers and the regulation of acid secretion in the 
digestive system. Its therapeutic applications extend 
to addressing the Zollinger-Ellison syndrome, a 
condition characterized by excessive gastrin secretion, 
leading to heightened acid production and ulcer 
development. Functioning as a histamine-2 receptor 
inhibitor, famotidine effectively diminishes the 
concentration and volume of gastric acids [3-5]. This 
medication finds utility in various gastric hyperplasia 
cases, including Zollinger-Ellison syndrome, active 
gastric ulcers, gastroesophageal reflux, and 
esophagitis resulting from reflux. Additionally, 
famotidine is employed for the treatment of active 
duodenal ulcers, gastric ulcers, heartburn, acid 
indigestion, and sour stomach. Administration of the 
drug can be accomplished through oral ingestion or 
intravenous injection[6]. Chemiluminescence is the 
phenomenon of a substance emitting light 
spontaneously, without the involvement of heat; 
hence, it is often referred to as “cold light” [7]. This 
term encompasses all processes wherein materials 
can convert various forms of energy into visible light 
[8]. In simpler terms, it encompasses any process that 
releases energy in the form of visible light [9].  
Chemiluminescence is the generation of light 
produced as a consequence of a chemical reaction. 
Occasionally referred to as “chemiluminescence,” 
this phenomenon doesn’t exclusively involve the 
emission of light; there may also be a concurrent 
release of heat, rendering the reaction exothermic. In 
the process, two chemicals undergo a reaction, 
forming an excited (high-energy) intermediate. This 
intermediate subsequently breaks down, releasing a 
portion of its energy in the form of light photons as it 
returns to its ground state[10]. When the emission of 
light arises from a chemical reaction occurring within 
a living organism, the term used is “bioluminescence.” 
In this context, the light produced is a result of a 
chemical reaction taking place in vivo[11,12]. The 
accurate detection of ranitidine and famotidine 
hydrochloride in pharmaceutical formulations has 
been made possible by the development, validation, 
and application of a fast and extremely sensitive high-
performance liquid chromatographic (HPLC) method 
[13]. Four distinct medication classes can be analyzed 
using a unique capillary gas chromatography (GC) 
method: metformin, ranitidine, cimetidine, and 
fumarate. Methylglyoxal (MGo) is a prerequisite for 
this analytical technique, which improves the 
precision and effectiveness of the inspection 
procedure [14]. A technique for identifying cimetidine, 
famotidine, and ranitidine hydrochloride was 

developed that is distinguished by its selectivity, 
precision, and accuracy. This method, which combines 
scanning densitometry with high-performance thin-
layer chromatography (HPTLC), can be used for both 
pure and dose forms [15, 16]. The detection of 
famotidine plasma concentrations has been made 
possible by the development of a fast and accurate 
high-performance liquid chromatography (HPLC) 
technology that uses a monolithic column. Additionally, 
famotidine and ibuprofen have been simultaneously 
determined in composition using a validated reverse-
phase HPLC[17]. A comprehensive comparison 
analysis was carried out to assess the pharmacological 
determination of diclofenac sodium utilizing two 
distinct analytical methods: high-performance liquid 
chromatography (HPLC) and flow-injection 
chemiluminescence[18]. The Flow Injection 
Chemiluminescence (FI-CL) method was used to 
determine the presence of famotidine, Diclofenac 
sodium (Voltaren), and Ethambutol HCl as active 
components and in pharmaceutical formulations [19]. 
Three H2-receptor antagonists have been identified 
using a novel, very sensitive liquid-injection 
chemiluminescence technique that has been designed, 
tested, and used: cimetidine, ranitidine hydrochloride, 
and famotidine. This technique is dependent on light 
intensity. This technique exhibits encouraging promise 
for precise and trustworthy screening of these 
medicinal substances [20]. Three newly created UV 
spectrophotometric techniques that make it easier, 
more affordable, sensitive, and accurate to determine 
the presence of famotidine in tablet and bulk drug 
formulations are described. These techniques offer 
useful methodological benefits for the quantitative 
pharmacokinetic analysis of famotidine [21]. Alamgir 
introduced a novel high-performance liquid 
chromatography (HPLC) technique in 2017 [22]. This 
approach, which is intended for the quantification of 
metformin, famotidine, and ranitidine, involves the 
pre-derivatization of columns using benzoin. 
Additional research also concentrated on the 
pharmacological determination of ranitidine-HCl 
through the use of active chemiluminescence, flow 
injection, spectrophotometric, and kinetic techniques. 
These analytical methods add to the vast array of 
accurate and thorough instruments for chemical 
analysis that are now accessible[23]. Ranitidine and 
famotidine levels in serum, urine, and pharmaceutical 
formulations can be directly determined using the 
capillary electrophoresis CE technique [24]. For the 
measurement of captopril, a novel flow-injection 
Chemiluminescence (FI-CL) approach without the 
need for a Chemiluminescence reagent has been 
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developed. This technique takes advantage of the fact 
that captopril increases chemiluminescence, which is 
mostly obtained from the system diperiodatoargentate 
(III)-sulfuric acid. This creative method provides a 
special and practical option for the accurate 
measurement of captopril in analytical applications 
[25, 26]. Penicillin antibiotics in medications and 
human urine can now be found using a flow-injection 
chemiluminescence approach. By making use of the 
luminol-Ag (III) complex system, this technique offers 
a sensitive and effective way to analyze penicillin 
antibiotics in a variety of matrices [27]. A technique 
that combines flow-injection chemiluminescence (FI-
CL) and microdialysis has been developed to ascertain 
the binding characteristics of a medication that 
interacts with a protein. This novel method offers 
insights into the kinetics of drug-protein interaction by 
using the binding of the antibiotic tetracycline 
hydrochloride to bovine serum albumin as a model 
system [28]. A chemiluminescence technique that is 
both quick and effective has been created to measure 
and examine the pharmacokinetics of paclitaxel in rat 
plasma. Paclitaxel levels may be quickly and efficiently 
analyzed with this technology, which advances our 
knowledge of the drug’s pharmacokinetics in biological 
materials[29]. The development of quick and reliable 
techniques for wastewater analysis is becoming more 
and more important due to the toxicological effects of 
several pollutants that are frequently found in 
wastewater from a variety of sources, including 
industrial and urban sources. Because of its great 
sensitivity, the chemiluminescence technique is used 
in wastewater analysis to identify and measure various 
contaminants. This method supports efforts to analyze 
and protect the environment by enabling sensitive and 
effective monitoring of water quality[30, 31].  Several 
nanomaterial-assisted chemiluminescence systems 
have been developed to increase sensitivity and expand 
their analytical uses. An overview of recent 
developments in electrochemiluminescence that make 
use of nanotechnology is provided, with a focus on 
analytical applications. This is important because it 
demonstrates the growing contribution of 
nanotechnology to the advancement of analytical 
techniques and includes applications in immunoassays, 
DNA analysis, and other biological analyses [32]. The 
primary goals of the present study are to use the 
chemiluminescence approach to estimate tiny amounts 
of famotidine and to establish an analytical method 
that is sensitive, quick, and inexpensive for detecting 
famotidine in pharmaceutical preparations. This 
method aims to measure the energy emitted during the 
chemiluminescent reaction between famotidine and 

Luminol, establish a calibration curve with a high 
correlation coefficient, determine the molecular 
absorption coefficient, assess Sandell’s sensitivity, 
establish the detection limit, evaluate the quantum-
limited sensitivity, and determine the recovery rate 
while maintaining precision with a relative standard 
deviation not exceeding 1.981%. Furthermore, this 
developed method is intended for successful 
application in pharmaceutical analysis.

2. Material and Methods
2.1. Instruments
Chemiluminescence measurements are performed 
Lumat LB 9507. Tube Luminometer, Firmware 
Version 5.03 (Berthold Technologies GmbH & Co.KG, 
Germany), and using 5ml Glass test tube. 

2.2. Reagents 
Sodium carbonate (Na2CO3), which has a CAS 
number of 497-19-8 and is sourced from the USA, 
was purchased from Honeywell Fluka to be used as 
reagents in this investigation. An essential part of our 
experimental setup, famotidine, was obtained from 
Sammarra Drugs in Iraq (SDI). The hydrogen peroxide 
(CAS number: 7722-84-1) is necessary for oxidative 
processes, was acquired from Sigma-Aldrich® and 
originated in Germany. Furthermore, Laminol, a 
crucial stabilizing agent, was purchased from BDH 
and acquired from the UK with a CAS number of 
521-31-3. Each reagent underwent stringent quality 
control procedures to guarantee the precision and 
dependability of our experimental findings.

2.3. Solutions 
1.060 g of pure material (Sodium Carbonate1.0×10-

1M) was dissolved in a particular amount of distilled 
water to create a solution. In a volumetric flask, 
the solution was then added to distilled water until 
it reached a final volume of 100 mL. To create this 
solution, 0.01 g of the medication famotidine (100 
mg mL-1) was dissolved in distilled water, and the 
volume was then completed in a volumetric flask at 
100 mL. The process involves dissolving 0.1771 g of 
Luminol 1.0×10-3M) in a specific volume of a 1.0×10-1 
molar sodium carbonate solution. The solution is then 
adjusted to a total volume of 100 mL in a volumetric 
flask until the pH reaches 10.5. The preparation of 
this solution involved diluting 4.572 ml of hydrogen 
peroxide (1.0 M) in a volume of distilled water and 
then filling a volumetric flask to the full 100 mL 
with distilled water(DW). To prepare the solution 
of the pharmaceutical composition at 100 mg mL-1 
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concentration, a tablet equivalent to one pill, weighing 
0.1495 g was taken. It contained 20 mL of dissolved 
famotidine. This solution was filtered and then 
adjusted to a total volume of 100 mL in a volumetric 
flask, resulting in a concentration of 200 mg mL-1. 
Subsequently, 50 mL of the prepared solution was 
transferred to a 100 mL container and topped up to 
the mark with DW, yielding a concentration of 100 
mg mL-1. Additional concentrations were created by 
further dilution.
 
2.4. General Procedure
To develop a new and rapid analytical method for 
the first time to determine the famotidine drug using 
the chemiluminescence technique based on the 
chemical reaction between Luminol and the drug in 
the presence of the hydrogen peroxide solution as a 
catalyst to produce an intermediate state of electronic 
excitement Initial experiments were carried out for 
the reaction by taking 500 μL of the drug and adding 
50 μL of Hydrogen Peroxide 1.0 M concentration and 
50 μL of reagent. The concentration of Luminol was 
1.0×10-3 M. After mixing, the chemiluminescence 
intensity (Relative Light Units (RLU))  of the 
product was measured. It is necessary to determine 
the limits of quantification (LOQ) and the limits of 

detection (LOD; sometimes known as the detection 
limit, or DL) in the context of purity tests carried out 
during method validation. The calibration curve, also 
referred to as the calibration curve procedure in the 
literature, is frequently the basis for this decision. 
The formula for the computation is DL = 3.3x σ / S, 
where σ is the response standard deviation and S is 
the calibration curve‘s slope. Several techniques can 
be used to calculate the standard deviation.

3. Results and discussion
For the inaugural development of a novel and 
expeditious analytical method, the determination 
of the famotidine drug was undertaken using the 
chemiluminescence technique (Fig.1). This method 
relies on the chemical interaction between Luminol 
and the drug in the presence of hydrogen peroxide 
solution as a catalyst, resulting in the formation of 
an electronically excited intermediate state. Initial 
experiments involved taking 500 μL of the drug and 
supplementing it with 50 μL of a 1.0 M concentration 
of hydrogen peroxide, along with an additional 50 μL 
of a specific reagent. The concentration of Luminol in 
the mixture was maintained at 1.0×10-3 M. Following 
thorough mixing, the chemiluminescence intensity of 
the resultant product was then measured.

Fig. 1. Schematic of the chemiluminescence unit
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3.1. Optimization of the Experimental 
Conditions                                           
 A study was executed for various factors affecting 
the chemiluminescence intensity of the produced 
complex to reach the best conditions for the reaction 
between the drug and the luminol in an alkaline 
medium and hydrogen peroxide.

3.2. Delay last injection measure                                                                           
An experiment was carried out to determine the 
optimal time for injecting hydrogen peroxide at 
a concentration of 1.0 M into the Luminol at a 
concentration of 1.0×10-3 M several times, between 

1-35 seconds. The results showed that the optimal 
time at which the highest luminescence intensity 
happened was one second, as shown in Figure 2.

3.3. Effect of Hydrogen Peroxide Volume
A study was executed to fix the best volume of 
hydrogen peroxide at a concentration of 1.0 M by 
injecting increased volumes between 50 and 300 
μL and keeping other conditions constant. The 
results explained that the best volume is 250 μL, 
which is dependent on the best volume for sodium 
hydroxide in subsequent experiments, as shown in 
Figure 3.

Fig. 2. Effect of injection time on the hydrogen peroxide intensity (RLU)
of the chemiluminescence 

Fig. 3. Effect of hydrogen peroxide on the intensity (RLU)
of the chemiluminescence

Determination of famotidine by chemiluminescence method            Shatha Y. Al-Samarrai
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3.4. Effect of the Luminol volume 
A study was conducted to know the optimal volume, 
which gives the highest chemiluminescence intensity, 
at a reaction of 500 μL from the famotidine drug 
(8.0 mg mL-1) concentration and 250 μL from 1.0 M 
hydrogen peroxide and increased volumes from the 
Luminol solution between 50-300 μL 1×10-3 M. After 
mixing, the chemical intensity of the solution was 
measured. The result was that the optimal volume 
for the reagent that gives the highest luminescence 
intensity as a reaction product is 100 μL, as shown 
in Figure 4.

3.5. Effect of measurement time
A study was conducted to determine the optimal time, 
which gives the highest intensity of luminescence 
when 500 μL of Famotidine drug and 250 μL of 
Hydrogen Peroxide 1.0 M, 100 μL of Luminol 
1.0×10-3 M and measuring the chemiluminescence 
intensity of the solution in different times ranged 
from 1-35 second. The results showed that the 
optimal time to give the highest intensity of the 
chemiluminescence of the reaction product is 20 
seconds, as shown in Figure 5.

Fig. 4. Effect of the Luminol volume on the intensity (RLU)
of the luminescence

Fig. 5. Effect of the Luminol volume on the intensity (RLU)
of the luminescence

Anal. Methods Environ. Chem. J. 7 (1) (2024) 65-75
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3.6. Sequence added
A study was carried out to determine the optimal 
sequence for the addition of the Luminol reagent and 
sodium hydroxide, which gives the highest intensity 
(RLU) of luminescence when 500 μL of famotidine 
with a concentration of 8 mgml-1, 250 μL of hydrogen 
peroxide 1.0 M, and 100 μL of Luminol of 1.0×10-3 

M. The results showed that the optimal sequence that 
gives the highest intensity of the luminescence of the 
reaction product is the addition of hydrogen peroxide to 
the luminol reagent. Results were obtained in Table 1.

3.7. Procedure and Construction of Calibration 
Curve
After adjusting the optimal conditions for the reaction 
by the single variable method, by changing one of the 
conditions and keeping the other condition constant, 
the calibration curve was prepared by taking a set of 
concentrations between 1 - 16 mg mL-1, by drawing 

increasing volumes of 0.1 -1.6 ml of the famotidine 
drug 100 mg mL-1 concentration in a 10 ml volumetric 
flask and then completing the volume to the mark 
with distilled water. Then 500 μL was taken from 
each concentration and placed in a test tube and 
setting equipment to the best volume of the Luminol 
reagent is 100 μL of 1.0 × 10-3 M and the best volume 
of 250 μL hydrogen peroxide 1.0 M. The intensity 
(RLU) of the chemiluminescence was measured at a 
rate of six readings per concentration.  It was found 
that the concentrations that give Linear ranged 2 - 
12 mg mL-1 of famotidine drug solution and that the 
correlation coefficient value was 0.9969, the straight-
line equation y = 77.7× + 998.27, the detection limit 
(LOD) was found to be 0.0314 mg mL-1and the limit 
of quantification (LOQ) was 0.0952 mg mL-1, the 
molecular absorption factor was 2621×104 l /mol, 
and the sandal sensitivity was 1.287 × 10-5 mg cm-2, 
as shown in Figure 6.

Table 1. Effect of Sequence of Addition
Order of Addition CL. intensity (RLU)

H2O2 → Luminol (1 → 2)  + Famotidine             1567

Luminol → H2O2   (2→1)     +  Famotidine            1215

Fig. 6. Calibration curve of Famotidine  
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3.8. Accuracy and Precision
After studying and determining optimum conditions 
for the reaction of the luminescence, to estimate the 
famotidine drug, conduct six experiments for each 
measurement process carried out for all concentrations 
of the calibration curve for the drug and find the rate of 
readings. Used REC% and relative standard deviation 
RSD% to express the accuracy of the results, where 
the results showed that the method had high accuracy 
and compatibility, as shown in Table 2.

3.9. Application of the Method
The method was applied to pharmaceutical compositions, 
such as 20 mg of famotidine tablets produced by SDI 
Iraq, where the method was directly applied.

3.10. Direct Method
The direct method was applied to the above 
pharmaceutical composition with three different 
concentrations (4, 8, and 10 mg mL-1) of the 

pharmaceutical product and was treated with the 
same steps as in the preparation of the calibration 
curve. The intensity of the luminescence of the 
above concentrations was measured by six readings 
per concentration, RE%, and the relative standard 
deviation of RSD% was calculated as in Table 3.
The chemiluminescence method for famotidine 
analysis is compared with other analytical methods 
and estimates, as detailed in Table 4. The table 
provides insight into the efficiency and operating 
time of the chemiluminescence method compared 
to other methods. Also, the organic compounds 
may be determined by other techniques such as gas 
chromatography and UV-Vis spectroscopy in water 
samples[35-38].

4. Conclusion
In this work we successfully concentration of 
famotidine was measured by a novel, and quick, 
chemiluminescence-based analytical method. It does 

  Table 2. Accuracy and Precision  of luminescence method for famotidine determination

Sample
(µg mL-1)

CL. intensity
 (RLU)

Found* 
 (µg mL-1) R(%) RSD(%)

2.0 1190 2.076± 0.08 103.82 1.965

4.0 1256 3.976± 0.17 99.40 1.178

6.0 1430 5.799± 0.24 96.65 0.891

8.0 1560 8.320± 0.36 104.00 1.935

10.0 1809 10.386± 0.44 103.86 1.987

12.0 1964 12.295± 0.57 102.45 1.211

                          * Mean of three determinations ± confidence interval (P = 0.95, n = 8)
               R: Recovery

Table 3. Direct Method for determination of famotidine tablets(20 mg)

 Drug Taken
(µg mL-1)

CL. intensity 
(RLU)

Found* 
(µg mL-1) R% Average of 

R% RSD%

Famotidine 
Tablets

4 1284 3.921± 0.14 98.025
98.913

---
---

0.098

8 1605 7.874± 0.28 98.425 1.781

10 1780 10.029± 0.44 100.29 1.209
* Mean of three determinations ± confidence interval (P = 0.95, n = 8)
R: Recovery

Anal. Methods Environ. Chem. J. 7 (1) (2024) 65-75
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not require heating or extraction. The technique 
showed good, sample and sensitivity, The LOD was 
found to be 0.0314 mg ml-1, and the  LOQ was 0.0952 
mg ml-1 with a correlation value of 0.9929. and it 
was found that the concentrations that give Linear 
ranged from 2 - 12 mg mL-1. The method has been 
successfully applied to estimate micro concentrations 
in pharmaceutical preparations containing famotidine.
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1. Introduction 
The utilization of medical imaging procedures like 
X-rays, CT scans, and MRI, which have quickly 
advanced over the last three decades, has become 
standard practice in healthcare facilities. The main 
advantage of such technologies is the structural 
information they provide about the human organism, 
which helps with the identification of illnesses, internal 
body tissue investigation, evaluation, and medical 
treatment. As a result, these technologies are crucial 
to both the safety and quality of healthcare for patients 

[1]. Radiographers’ radiation exposure risk is a danger 
associated with all medical imaging modalities, but it 
varies greatly depending on the characteristics of the 
person who is the radiographer. Radiographers may be 
more susceptible to cancer or have higher quantities 
of trace elements in their blood, which could lead to 
damage to their DNA [2, 3]. There are many ways that 
DNA can change, but one of them involves reacting 
ROS that break DNA strands and crosslink DNA 
proteins. According to recent studies, radiation may 
indirectly alter DNA through the accumulation of trace 
elements and minerals [4, 5]. Throughout the human 
body, trace elements are present in minute amounts and 
support the functions of the body. Trace elements are 
categorized into essential and non-essential elements 
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exposure and an increase in the occupational dose. The linear range of 
Cd, Cu, Zn, Se and Pb in human serum were obtained 0.2-6.0 µg dL-1, 
6.0-200 µg dL-1, 8.0-200 µg dL-1, 10-250 µg dL-1, 4-120 µg dL-1 by 
GF-AAS after dilution samples with DW up to 20 (n=10, RSD> 5%).
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based on the demands of the organism [6]. Essential 
elements, which make up 0.02% of body weight, 
are crucial in physiological functions like metabolic 
processes, blood cell production, reproduction, 
and immunity. The occurrence of trace elements in 
quantities that are either too low or too excessive 
can lead to metabolic problems and disruptions of 
cellular growth, including the occurrence of cancer 
and mutagenesis [7]. Because they can disrupt cellular 
processes and change the expression patterns of 
numerous genes, trace elements are hazardous because 
they increase the likelihood of developing disease [8]. 
Trace elements can interact with DNA in a variety of 
ways. Large numbers of strongly bonded metal ions 
can be found in nucleic acids. The incorporation of 
genetic mistakes may increase due to changes in DNA 
polymerase activity caused by the binding of particular 
metals. Trace elements interfere with the function of 
reparative proteins, altering the outcome of the repair 
of double-strand breaks (DSBs), and also changing the 
distribution of altered DNA, potentially increasing the 
risk of developing any type of cancer. ROS generation 
from exposures to trace elements can result in damage 
to DNA [9]. Human radiation exposure has an impact 
on trace element levels, as long-term exposure leads 
to changes in the physiological functions of the 
organism’s body [10]. The normal range of elements 
such as Cd ( >0.3 µg dL-1), Cu(130-160 µg dL-1),  Zn 
(120-170 µg dL-1),   Se (15-25 µg dL-1),  Pb(5-25 µg dL-

1), and  Ca (85 to 100 mg L-1) were reported in human 
serum samples [11]. Spectroscopy techniques have 
been developed in many areas of analytical chemistry, 
such as the environmental, medical, and industrial 
fields [12]. The purpose of this investigation was to 
evaluate the potentially toxic effects of radiation on the 
levels of trace elements in the blood of Iraqi medical 
radiography workers by estimating them through the 
atomic absorption spectrometry method
.
2. Materials and methods
2.1. Instruments
A centrifuge (Biofuge B, Heraeus–Christ, Germany) 
was used to separate blood samples, and an oil bath 
(F3– HAKE, Germany) to heat samples. Copper 
(Cu), lead (Pb), calcium (Ca), cadmium (Cd), zinc 
(Zn), and selenium (Se) were determined by Graphite 
furnace atomic absorption Spectrophotometer (280Z 
AA/ Agilent, USA).

2.2. Chemicals
Each chemical has been sourced to the highest possible 
level of purity and from discreet origins, including 
hydrochloric acid (HCl 37%, CAS Number:7647-01-0, 

Merck, Germany), nitric acid (HNO3 69%, CAS 
Number:7697-37-2, Scharlau-Espane), perchloric acid 
(HClO4 70%, CAS Number: 7601-90-3, HIMEDIA, 
India), and sulfuric acid (H2SO4 98%, CAS Number: 
7664-93-9, HIMEDIA, India). Also, Standard solutions 
of copper, lead, cadmium, calcium, zinc, and selenium 
(1000 ± 51 mg L-1 in 2 % HNO3) were prepared from 
Merck (Germany).

2.3. Subjects
The current study included 50 male radiography 
workers working in the field of medical imaging 
(MRI, CT-scan, and X-rays departments) at Al-
Shatrah General Hospital in Thi-Qar City Iraq, with 
an age range of 35-50 years and 10 years of periods of 
working. The subjects compared with 50 males who 
did not work in the field of medical imaging, with 
the same age range of 35-50 years, and good health 
served as a control group. Participants suffering from 
chronic diseases such as heart disease, hypertension, 
thyroid disorders, and diabetes were excluded. 
Also, The Body Mass Index was determined via the 
Equation 1 [13]:

BMI (kg m-2 ) = Weight (kg) / [Height(m)]2

(Eq.1)

2.4. Blood Samples Collection
Blood samples were obtained from radiography 
workers and health control groups at AL-Shatrah 
General Hospital. Around 5.0 mL of blood was 
haggard from a vein and allowable to clot for about 15 
min at 25 °C and then centrifuged at 3000 rpm for 10 
min. The obtained serum was stored in a deep freeze 
at -18°C and was ready for use in the measurement of 
trace elements. 
Everyone who participated in the study gave their 
consent, and it was made public. The 1964 Declaration 
of Helsinki and its later amendments or comparable 
ethical norms were followed in conducting this study, 
which was approved by the Al-Ayen University 
Ethical Committee) (Date: 5 Jan 2024, AUEC, 
Number ECN:2024- 892)

2.5. Determination of Trace Elements
2.5.1. Preparation of Standard Solutions
Standard solutions of copper, lead, cadmium, calcium, 
zinc, and selenium (1000 ± 51 mg L-1 in 2 % HNO) 
were obtained from Merck company. required working 
solutions were ready by diluting a specific stock solution 
with aquatic to obtain a standard calibration curve.



78

2.5.2.Samples Preparation and procedure
Serum samples were digested by incorporating 2.0 
mL of concentrated HNO3 and 1.0 mL of concentrated 
HClO4 to 0.5 mL of serum in a Pyrex tube heated in 
an oil bath for 1 hour at 165 °C. So that the digested 
samples were clear, the tubes were cooled at 25 °C, 
and the quantity was increased to 10 mL by 0.3 M HCl. 
Graphite furnace-atomic absorption spectrometry 
(GF-AAS) was utilized to analyze of copper, lead, 
cadmium, calcium, zinc, and selenium in standards 
and sample solutions under the ideal conditions shown 
in Table 1. Also, the elements in serum samples of 
medical radiography workers was determined by the 
GF-AAS which was shown in Table 2.  The proposed 
method was validated by certified reference material 
which was analyzed by ICP-MS in serum samples 
(Table 3).
The limit of detection (LOD) for trace elements was 

intended by Equation 2. The limit of quantification 
(LOQ) for trace elements was calculated by Equation 3. 
Where  is the standard deviation of blank solution for 10 
reads and S is the slope of the standard curve.

LOD=3.3 SD/S                         (Eq.2)

LOQ= 10SD/S                          (Eq.3)
2.6. Statistical Examining
The data were assessed using the statistical program 
SPSS, version 23.0. A Student’s t-test was used to 
determine the significance of any differences that 
were found to exist between each group. The mean 
± standard deviation (SD) of the data was displayed. 
The operating characteristics (ROC) curve was used 
to calculate specificity, specificity, and the 95% 
confidence interval. All p-values were two-tailed and 
p>0.05 was deemed significant for statistical analysis.

Table 1. Ideal circumstances for the experiment were employed
to determine Cu, Pb, Cd, Ca, Zn, and Se by GF-AAS with Zeeman background correction.

Parameters Cu Pb Ca Cd Zn Se
Lamp Current (mA) 5 10 10 4 5 5
Wavelength (nm) 234.8 283.3 422.4 228.8 217 196
Slit Width (nm) 1 1 1 1 1 1
Ac FR(dm3 min-1) 0.8 -1 0.8-1 0.8-1 0.8-1 0.8-1 0.8-1
Read Time (s) 3 3 3 3 3 3

Ac FR: Acetylene flow rate 

Table 2. Statistical results for determination elements in serum workers by GF-AAS (µg dL-1)

GF-AAS Cd Cu Zn Se Pb
LR 0.01-0.3 0.3-10.0 0.4-12.0 0.5-12.5 0.2-6.0
LOD 0.003 0.084 0.12 0.14 0.066
LOQ 0.011 0.302 0.40 0.50 0.201

*LR Method 0.2-6.0 6.0-200 8.0-200 10.0-250.0 4.0-120
LOD 0.06 2.02 2.60 3.30 1.33
LOQ 0.20 6.03 8.00 10.0 4.00
Mean RSD% 2.20 2.01 1.33 1.34 3.42

 *Procedure: Dilution Factor=20 (0.5 mL of Serum+10 mL HCL/DW)
   LR: Linear Range, Concentration of  µg dL-1= 10× µg L-1

Table 3. Validation procedure by certified reference material by ICP-MS in serum samples (µg dL-1)
Elements Certified Value (ICP-MS) Found (GF-AAS) Recovery (%)
Cu 83.28±1.52 81.28±3.39 97.6
Pb 20.96±0.77 19.84±0.98 94.7
Cd 0.902±0.02 0.817±0.04 95.1
Ca 9.13±0.35 8.98±1.44 98.4
Zn 79.26±2.22 76.44±3.75 96.4
Se 148.93±31.16 138.77±30.96 93.1

Anal. Methods Environ. Chem. J. 7 (1) (2024) 76-85
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3. Results and Discussion
The descriptive data used in the current study indicates 
as in Table 4, that there were no significant variances 
in the mean of age and BMI between the study groups 
(37.93±4.44 years, and 33.87±1.55, respectively 
compared to 38.01±4.68 years, and 34.22±2.76, 
respectively). and this is due to the selection of the 
ages and BMI of the control group close to the ages 
and BMI of the radiography workers being studied 
so that there was no discrepancy between the ages 
and BMI of the studied subjects. Therefore, non-

significant variances (p>0.05) were in the age and 
BMI of the studied groups [14].
The results of this investigation displayed a high 
significant increase (p>0.01) in the levels of serum 
copper (Cu) in the blood of radiography workers 
(81.28±16.39 µg dL-1) compared to the control group 
(60.1±15.21 µg dL-1) as in Figure 1. It also showed the 
acquired  AUC data that serum copper (Cu) might be 
a more precise predictive biomarkers in radiography 
workers (AUC = 0.819) as demonstrated in Figure 2.
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Table 4. The general descriptive data for every individual taking part in this research
The traits Radiography workers group Control group p-value
Number (N) 50 50 ------
Age± SD (year) 37.93±4.44 38.01±4.68 0.183
BMI± SD (kg m-2) 33.87±1.55 34.22±2.76 0.114
BMI: body mass index; SD: Standard devation; P>0.05: non-significant variance;
P>0.05 significant variance; P>0.01: high significant variance

Metal analysis in human blood by GF-AAS            Ahmed Jaber Ibrahim

Fig.1. Serum levels of Copper (Cu) in the radiography workers group and the control group

Fig.2. The ROC curve for levels of serum Copper (Cu) in the radiography workers group and the control group
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Regarding of serum lead (Pb), the results of this 
investigation displayed a high significant increase 
(P> 0.01) in the blood of radiography workers 
(19.84±6.8 µg dL-1) compared to the control group 
(10.14±3.44 µg dL-1) as in Figure 3. It also showed the 
acquired  AUC data that serum copper (Cu) might be 
a more precise predictive biomarkers in radiography 
workers (AUC = 0. 891) as demonstrated in Figure 4.
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Fig.3. Serum levels of Lead (Pb) in the radiography 
workers group and the control group

Fig.4. The ROC curve for levels of serum Lead (Pb) in 

the radiography workers group and the control group Regarding 
serum cadmium (Cd), the results of this investigation 
displayed a highly significant increase (P> 0.01) in the blood 
of radiography workers (0.81±0.18 µg dL-1) compared to 
the control group (0.42±0.07 µg dL-1) as in Figure 5. It 
also showed the acquired  AUC data that serum copper 
(Cu) might be a more precise predictive biomarker in 
radiography workers (AUC= 0.990) as demonstrated in 
Figure 6.
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Fig.5. Serum levels of Cadmium (Cd) in the radiography 
workers group and the control group

Fig.6. The ROC curve for levels of serum Cadmium 
(Cd) in the radiography workers group and the 

control group
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Regarding of serum Calcium (Ca), the results of this 
investigation displayed a high significant increase (p > 
0.01) in the blood of radiography workers (8.98±1.95 µg 
dL-1) compared to the control group (6.18±1.66 µg dL-1) 
as in Figure 7. It also showed the acquired  AUC data that 
serum copper (Cu) might be a more precise predictive 
biomarkers in radiography workers (AUC = 0. 862) as 
demonstrated in Figure 8.
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Fig.7. Serum levels of Calcium (Ca) in the radiography 
workers group and the control group

Fig.8. The ROC curve for levels of serum Calcium (Ca) 
in the radiography workers group and the control group

Regarding of serum Zinc (Zn), the results of this 
investigation displayed a high significant increase 
(p>0.01) in the blood of radiography workers 

(76.44±10.22 µg dL-1) compared to the control 
group (96.31±12.88 µg dL-1) as in Figure 9. It 
also showed the acquired  AUC data that serum 
copper (Cu) could not be a predictive biomarker 
in radiography workers (AUC = 0. 118) as 
demonstrated in Figure 10.
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Fig.9. Serum levels of Zinc (Zn) in the radiography 
workers group and the control group

Fig.10. The ROC curve for levels of serum Zinc (Zn) in 
the radiography workers group and the control group

Finally, The results of this study showed a significant 
decrease (p> 0.01) in the levels of serum Selenium (Se) 
in the blood of radiography workers (131.77±30.96 ng 

Metal analysis in human blood by GF-AAS            Ahmed Jaber Ibrahim
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dL-1) compared to the control group (154.37±33.85 ng 
dL-1) as in Figure 11. It also showed the acquired AUC 
data that serum Selenium (Se) could not be a predictive 
biomarker in radiography workers (AUC= 0.322) as 
demonstrated in Figure 12.
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Fig.11. Serum levels of Selenium (Se) in the 
radiography workers group and the control group

Fig.12. The ROC curve for levels of serum Selenium 
(Se) in the radiography workers group and the 

control group

Medical radiography workers run a greater risk 
of poisoning since they are frequently exposed to 
electromagnetic radiation. Iraqi medical radiography 

workers exposure to radiation is evaluated for 
possible hazardous effects using several parameters 
including measurements of trace element levels. 
Trace elements are necessary for many different 
biological activities. On the other hand, these 
elements can cause metabolic problems and disturb 
cellular growth, leading to the emergence of genetic 
abnormalities and cancer, if their levels are too high 
or low [15, 16]. Many risk factors, including smoking 
and hepatic, renal, cardiovascular, and DM  illnesses, 
can raise the body’s levels of elements. A diagnostic 
for prolonged exposure, an increase in blood trace 
element values revealed the body’s stress [17, 18]. 
The best way to determine the exposure to hazardous 
elements (like Lead) that cling tightly to intracellular 
proteins is to analyze serum [19, 20]. It has been 
shown that radiation exposure raises Cd and Pb 
levels, which in turn overproduces Reactive oxygen 
species (ROS) and damages DNA in male sperm 
cells [21]. Moreover, working-related Cd exposure 
impairs lung function or may result in COPD (chronic 
obstructive pulmonary disease) [22]. Additionally, 
studies show that high plasma Pb concentrations 
harmed the reproductive system of men, leading to 
sperm quality declines, morphological changes, and 
broken-down DNA [23, 24]. Furthermore, it has 
been proposed that elevated blood levels of copper 
and iron may elevate the likelihood of developing 
Alzheimer’s illness [25, 26].
Radiation exposure may cause problems with 
lipid membranes, chromosomal integrity, enzyme 
activities, and cell-to-cell communication. These 
problems can then affect tissue respiration, 
proliferation, and hemopoiesis [27, 28]. Previous 
studies have also proven that exposure to radiation 
for a long period leads to the appearance of problems 
in the hair follicles due to damage to the keratin 
protein, which leads to the appearance of structural 
symptoms in the hair [29, 30]. Other layers of cells 
are then affected by the low molecular mass for 
degraded protein fragments that migrate outside the 
skin cells, leading to skin-related problems when 
exposed to low amounts of radiation [31, 32]. The 
results of this study offer compelling evidence that 
for a long time, radiation exposure puts radiologists 
at elevated risk for specific disorders, each of which 
has a unique effect on trace element quantities. 
To fully understand the relationship between 
long-time radiation exposure and the amounts of 
trace elements in human beings, more research is 
necessary [33]. Professional radiographers should 
implement safety precautions and preventive 
measures, such as wearing protective clothing and 

Anal. Methods Environ. Chem. J. 7 (1) (2024) 76-85
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shielding, using beam-limiting devices, and using 
appropriate beam filtering, based on this study’s 
results. In addition, basic guidelines regarding 
distance, duration, and shields must be followed to 
reduce radiation exposure in a work environment 
[34, 35].  Also, some methodology was used for 
the determination of trace elements by ET-AAS or 
AAS [36-39]. Additionally, radiographers who have 
been exposed to prolonged radiation need to have 
frequent blood element testing performed to avoid 
or diagnose illnesses [40].
4. Conclusion 
Spectroscopy techniques have been developed in 
many areas of analytical chemistry, such as the 
environmental, medical, and industrial fields. This 
study aimed to evaluate the potentially toxic effects of 
radiation on the levels of trace elements in the blood 
of Iraqi medical radiographer workers by estimating 
them through the atomic absorption spectroscopy 
method (RSD> 5%), which has proven its efficiency 
in the measurement and estimation process. LOD of 
Cd, Cu, Zn, Se, and Pb were obtained at 0.06, 2.02, 
2.60, 3.30, and 1.33, respectively (n=10). The study 
provided conclusive evidence of disturbances in the 
levels of trace elements in the blood radiographer 
workers in the medical radiation field, which makes 
them more susceptible to many diseases because of 
their radiation exposure. which portends the use of 
more preventive measures and commitment to the 
principles of radiation protective protocols to reduce 
the effects of radiation exposure and an increase in 
the occupational dose.
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1. Introduction
Green chemistry is an emerging field that is 
concerned with the concept of process design and 
yielding products that are sustainable and benign 
to the environment and humans, it was introduced 
by Anastas in the year 1999 and works on the 12 
principles points [1]. The green chemistry fields 
provide continuously environment-friendly 
compounds or develop processes that avoid the use 
of hazardous organic chemicals (benzene, toluene, 
VOCs solvents). Optimizing the quality of the result 

as well as enhancing environmental friendliness prove 
to be a major hurdle in the future of green analytical 
chemistry. The first action taken by chemists for 
the design of green pharmaceutical products and 
industrial-scale processes offers enhanced economic 
development [2]. The use of green raw materials, and 
avoiding toxic chemicals are needed to be considered 
by chemical industries and companies for the safety 
of workers and environments. Further, these steps 
account for better yields and lesser waste. In green 
analytical chemistry (GAC), the environmental-
friendly analyte in samples is of greatest demand. This 
is important to improve the quality of the sample. The 
main problems that come in an environment because 
of using traditional methods can be minimized by 
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the use of the in-situ process, automation process, 
taking a minimum number of samples, minimizing 
reagent waste production, determination of multi-
analyte, direct analysis method, use of safe reagent 
and miniaturized processes. GAC is environment-
friendly, and safer to the analyst achieved by the use 
of more suitable alternative solvents, avoiding too 
many steps that will result in a clean, healthy and safe 
environment [3]. In green analytical chemistry, the 
strategies are applied to utilizing green methodologies 
and safe solvents to minimize the hazardous waste 
[4]. Sometimes, it is very difficult to avoid the use 
of harmful chemicals, in such cases, a minimum 
volume of solvents should be used. There must 
be work for the recovery of solvents and reagents. 
The best method to reduce sample consumption is 
by automation, miniaturization, precipitations, and 
passivation [5]. Automation and miniaturization are 
considered green analytical methodologies that reduce 
the sample size and reagent consumption. In green 
analytical chemistry, the miniaturized techniques are 
solvents, more sustainable, and minimize the risk of 
exposure from hazardous solvents to analysts [6]. 
The National Environmental Methods Index (NEMI) 
was established to evaluate the greenness of designed 
analytical methods concerning four criteria i.e. use of 
PBT (persistent, bio-accumulative, and toxic), use 
of hazardous chemicals, corrosiveness based on pH 
time of the analysis and waste [7]. Pfizer scientists 
in the practical guide have mentioned a new green 
solvent for medicinal chemists [8] Titanocene 
dichloride (Cp2TiCl) that confirmed the principle 
of green chemistry with high catalytic activity, 
high selectivity, low toxicity and environmentally 
compatible industrial chemical process. The 
catalysis procedure minimizes waste generation 
and contributes to the development of a sustainable 
chemical process [9]. This contributes to developing a 
suitable process with a high step economy and with a 
low risk of human health [10]. The most widely used 
safe transition metal on the earth is titanium which 
can be converted into Cp2TiCl, which is eco-friendly 
and catalyses the haemolytic cleavage of C-O, 
C-halogen, O-O bonds, and carbonyl compounds 
[11]. The idea of Green analytical chemistry (GAC) 

emerged and focused mainly on environmentally 
friendly laboratory practices rather than industrial 
scale. Certain modifications in terms of extraction 
(solventless extraction), analysis, and miniaturization 
were required to make the laboratory practice more 
environment-friendly and increase the quality of the 
result (Fig. 1). This led to the design of guidelines in 
the form of 12 principles which are as follows [12]:
̶ Use of Direct Analytical technique to avoid 

sampling preparation. 
̶ Keeping the size and quantity of the sample as 

small as possible.
̶ Performing in-situ analysis.
̶ Carrying out the integration of the analytical 

process and operations.
̶ Selection of automated and miniature methods.
̶ Minimizing or avoiding unnecessary derivatization.
̶ Avoiding the generation of a large amount of 

analytical waste.
̶ The method that analyses multiple analytes at a 

time is preferred.
̶ Minimizing the use of electrical energy.
̶ Selecting the reagents from a renewable source.
̶ Removal and replacement of toxic reagents.
̶ Increasing and ensuring the safety of operators.

2. Green solvents and sample preparation 
in analytical chemistry
Sample preparation and analysis are the two major 
steps in the analytical techniques. In analytical 
chemistry, sample preparation is considered the 
most important and time-consuming step [13]. 
The solvents to be used in sample preparation 
for analysis should meet the criteria of being 
as non-toxicity, biodegradability, recyclability, 
and availability [14]. Various organic solvents 
(methanol, ethanol, acetonitrile, hexane, etc.) are 
widely used for sample preparation because of easy 
availability and economical. Some of these solvents 
show unwanted residue because of long persistence 
and may be toxic [15]. So, in recent years, a step 
to develop environmentally friendly solvents has 
been given much emphasis (such as ionic liquids). 
The various green solvents developed are discussed 
as below sections.
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2.1. Conventional green solvents
The solvents are considered a major part of the 
chemical industry and play a determinant role 
that impacts the safety, cost, and concerning 
health issues. Ethanol is a green solvent, less toxic 
compared to methanol and acetonitrile. Ethanol 
is one of the most used solvents. In analytical 
chemistry, especially in HPLC an ethanol/water 
mixture is being widely used as a replacement for 
other solvents and is considered a greener alternative 
to methanol and acetonitrile. e.g. separation of 
sunscreen molecules and pesticides (triazines) 
achieved through chromatographic techniques 
[16]. In another example, ethanol suitably replaces 
acetonitrile and methanol in HPLC i.e. the study 
of two test mixtures of a series of alkylbenzenes 
and a mixture of compounds of different classes 
such as caffeine and p-hydroxybenzoic acid [17]. 

The use of butyl alcohol replacing methanol and 
acetonitrile was performed for the separation of 
vitamins.  In this study vitamins A, E, K1, and 
D3 were separated using a modified C-18 column 
eluted using surfactant sodium dodecyl sulfate 
(SDS) [18]. Ethyl lactate is a common solvent 
used in product purification in pharmaceutical, 
and paint industries because it has low toxicity, 
low viscosity and is biodegradable [19]. Glycerol 
(studied as an effective solvent), a major by-
product of biodiesel production, is non-volatile, 
non-toxic, non-flammable, and biodegradable [20]. 
The solvent 2-methyl tetrahydrofuran (2-methyl 
THF) is a renewable source and can be used as 
a substitute for THF and other solvents [21]. It 
showed a quick and greener approach to LC-
MS detection of multiple mycotoxins. The study 
includes replacement of the solvent acetonitrile 

Fig. 1. Principles of using green analytical chemistry in different fields of science
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with ethyl acetate for mycotoxin analysis and 
minimizing solvent consumption. Extraction was 
promoted with the help of sonication and the 
addition of sodium sulphate [22]. Shawky et al in 
the year 2018 changed the extraction solvent to a 
greener one and evaluated the cytotoxic activities 
of Crinum (Amaryllidaeae) alkaloid. The results 
showed that the use of natural deep eutectic mixtures 
(Choline chloride: Fructose, molar ratio 5:2) along 
with the non-ionic surfactants (Genapol X-80) 
enhance the biological activities of the extracted 

drug [23]. Bi et al in the year 2018 developed a 
novel green and stable dissolving system KOH/
urea to successfully dissolve chitosan chains. The 
KOH-urea bonded with chitosan showed good 
thermal stability. Thus the solvent mixtures were 
used for further modifications of the chitosan as 
carboxymethyl chitosan, N,N,N-trimethyl chitosan 
and hydroxyl butyl chitosan [24]. Table 1 and Table 
2 shows solvent selection and solvent replacement 
adopted by several companies as a green chemistry 
approach [25]. 
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Table 1. Pfizer solvent selection, solvent solvents and comparing them
No. Green solvents Acceptable solvents Disagreeable solvents
1 Ethyl acetate Isooctane Dichloroethane
2 Ethanol Toluene Di-isopropyl ether
3 Methyl ethyl ketone Tetrahydrofuran Methylpyrrolidinone

4 Water Cyclohexane Pentane

5 Acetone Heptane Hexane
6 Isopropyl acetate Acetonitrile Chloroform

7 Methanol 2-methyltetrahydrofuran Dimethylformamide
8 t-Butanol Dimethyl sulfoxide Dimethyl acetate

9 2-Propanol Methylcyclohexane Diethyl ether

Table 2.  Replacement of unwanted solvents with alternative solvents
with lower toxicity 

No. Unwanted solvents    Alternative 

1. Pentane Heptane

2. Hexane Heptane

3. Dioxane or Dimethoxyethane 2-MeTHF or tert-butyl methyl ether

4. Dimethylformamide, Dimethyl acetamide Acetonitrile

5. N-methyl pyrrolidinone Acetonitrile

6. Dichloromethane (extractions) EtOAc, MTBE, toluene, 2-MeTHF

7. Benzene Toluene

8. Dichloromethane (chromatography) EtOAc/heptanes
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2.2. Unconventional solvents 
2.2.1.Ionic liquids (ILs) and deep eutectic 
solvents 
Ionic liquids (ILs) are organic salts that are liquid 
at room temperature and have low melting points 
(>100°C). Ionic liquid has low vapour pressure, 
low combustibility, and higher thermal stability 
and, can easily dissolve various polar and non-
polar compounds [13]. The ionic liquids work as 
an extraction solvent in dispersive liquid-liquid 
micro-extraction (D-LLME). Magnetic ionic 
liquids as extraction solvents can be prepared 
by incorporating paramagnetic components into 
the IL structure. The solvent thus prepared can 
be used in various liquid-phase micro-extraction 
methods. The ionic liquids can also be employed 
in single-drop micro-extraction. Ionic liquid- 
based surfactants as solvents are used in magnetic-
assisted extraction methods for the analysis of 
biological samples [26]. Despite the numerous 
applications of ILs in sample preparation methods, 
toxicity profile and poor biodegradability posed 
a serious problem. Also, the synthesis process of 
ILs is found to be expensive and time-consuming. 
So to overcome these problems many research 
works were carried out which gave rise to a new 
class of solvents called deep eutectic solvents 
(DESs) [14]. DESs are synthesized by mixing 
a hydrogen bond donor and a hydrogen bond 
acceptor-containing compound whose melting 
point is lower than the melting point of the 
individual components. Due to its low cost, low 
toxicity, and biodegradability nature, CHCl is 
the preferred choice of organic salt to produce 
the eutectic mixture with various hydrogen bond 
donors such as urea, thiourea, glycerol, ethylene 
glycol etc. The DES thus formed is biodegradable 
and non-flammable making it easy to store. The 
synthesis process of DES is easy, no purification 
is required and environment friendly which makes 
it a better choice of solvent [14, 15]. DES is safe 
with low toxicity as a green solvent compared 
with other solvents [27]. The acid-base produced 
from fatty gas-based deep eutectic solvents 
significantly improves extraction efficiency using 

the micro-extraction technique. The phenolic 
compounds were extracted through the micro-
extraction technique with the support of N2. The 
fatty acids used in the preparation of deep eutectic 
solvents have carboxylic acids with long alkyl 
chains C8, C9, C10, C11, and C12. Taking the molar 
concentration ratio and a class of fatty acids into 
consideration, the effects of DESs can be adjusted 
or improved. By applying the principle of green 
chemistry, the separation and extraction of 
phenolic compounds from a large volume of water 
samples can be increased. The use of NH3.H2O 
as an emulsifier after reaction with DES forms a 
cloudy solution and thus increases the efficiency 
of extraction. The maximum extraction efficiency 
was achieved > 91.0%. The DESs technique was 
eco-friendly during the air-assisted liquid-liquid 
micro-extraction with the good recoveries of 
phenolic compounds in water samples (87.4% 
and 106.6%) [28]. Deep eutectic solvents are also 
used in the desulfurization process i.e. for the 
removal of organic sulphur from liquid fuels. It 
involves the extraction methods for the removal 
of organosulfur from fuels based on differences 
in solubility. The examples of non-toxic deep 
eutectic solvents identified are acetone, methanol, 
sulfolane, and nitrogenous solvents. The eco-
friendly deep eutectic solvents prepared by using 
CHCl: Ph (1:4 molar ratio) were selected for the 
desulfurization of model liquid fuel. It is a new 
perspective for industry and is beneficial because 
it is important to recycle the solvents rather than 
degenerate them. During the desulfurization, 
solvent utilization was reduced to around 50-60% 
and desulfurization of fuel was achieved up to 
99.99%. Thus this method of desulfurization may 
be regarded as one of the potential applications 
for the green industry [29]. Deep eutectic solvents 
reportedly improve therapeutic efficiency in the 
evaluation of drug delivery systems [30], used 
to determine trace constituents of curcumin in 
nutrition and herbal tea samples [31] and also 
in the quantification of Aflatoxins (AFs) types 
in rice samples [32]. Deep eutectic solvents 
(DESs) are categorized as probable replacements 
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of volatile organic compounds. Li et al in the 
year 2020 synthesized three hydrophobic DESs 
by mixing trioctylmethyl ammonium chloride 
as a hydrogen bond acceptor and decanoic acid, 
ketoprofen and gemfibrozil as hydrogen bond 
donors. The mixtures were characterized by 
their melting points, viscosity, density etc. The 
solvents were used to extract the bisphenol in 
water contaminants using vortex-assisted liquid-
liquid micro extraction and were analyzed with 
the help of HPLC. The methods developed have 
a limit of detection (LODs) and (LOQs) in the 
range of 0.3-0.5μg L-1 and 0.06-0.08μg L-1 and 
were used successfully for the determination and 
extraction of four bisphenol in the food contacted 
plastic samples [33]. In another study micro-scale 
extraction of bioactive phenolics from Vitis vinifera 
leaves using microwave-assisted solid-liquid 
extraction with ionic liquids (ILs) based surfactant 
was used by Mastellone et al in the year 2020. 
The extracted phenolics were analyzed by HPLC 
and photodiode array detection [34]. Natural deep 
eutectic mixtures (NADES) are another class of 
green solvents. These are different from eutectic 
mixtures in that they contain natural compounds 
(sugars, amino acids and organic acids and bases). 
The solvents with glucose and lactic acid were 
used by Paradiso et al in the year 2019 for the 
liquid-liquid extraction of selected polyphenols 
e.g. hydroxytyrosol and its derivatives in olive oil 
[35]. Another scientist Fraige et al used the natural 
eutectic mixture fort the extraction of metabolites 
in Byrsonima intermedia leaves. The mixtures are 
easy to prepare, non-toxic, inexpensive and are 
alternative to organic solvents. The natural eutectic 
mixtures contain five choline chloride-based deep 
eutectic solvents. The choline chlorides/glycerol 
considered as best and is having similar efficiency 
as that of most common solvents. The mixtures 
was used to extract seven phenolics contents viz. 
digalloyl quinic acid, proanthocyanidin dimer, 
galloylproanthocyanidin dimer, quercetin-O-
hexoside, galloyl quercetin hexoside, quercetin-
O-pentoside, and galloyl quercetin pentoside 
[36]. Zhang et al in the year 2019 also utilized 

natural deep eutectic mixtures as both extraction 
and dilution matrices for the analysis of volatile 
components in Ipomoea-carried sweet (ICS) 
leaves. He used choline chloride along with glucose 
in the ratio of 1:1 molar ratio for the extraction 
of volatile components (2,4-di-tert-butylphenol), 
β-caryophyllene, β-element and others. This makes 
natural eutectic mixtures work as both extraction 
and dilution matric for static headspace gas 
chromatography-mass spectrometry [37]. Liu et 
al utilize the high viscosity of green deep eutectic 
solvents (choline chloride) for the extraction of 
polyphenols in palm samples. Choline chloride-
oxalic acid-water i.e. Deep eutectic mixtures: 
H2O in the ratio of 1:0.1 to 1:50 were used for 
the extraction of target compounds (polyphenols, 
protocatechuic acid, catechins, epicatechins 
and caffeic acid).Thus proper mixtures of deep 
eutectic mixture with water work as efficient 
extraction solvents for bioactive compounds [38]. 
Also, the green eutectic solvents, zinc chloride and 
acetamide in different molar ratios in non-ionic 
surfactant (Triton X-114) as extraction methods 
used for the determination of trace vanadium in 
water as vanadium with ammonium pyrrolidine in 
complex form [39]. Figure 2 shows conventional 
analytical chemistry vs green analytical chemistry 
approaches.

2.3. Reuse of solvents 
Solvents are not reused in pharmaceutical 
chemistry because of the concern for contaminants. 
However ionic liquids (ILs) are good alternatives 
to organic solvents because of their good solvent 
properties for both organic and inorganic materials 
and low volatility. They are a group of salts that are 
liquid at room temperature and thermally robust 
(stable up to 260°C), which makes them reusable 
and suitable to work in high temperatures. The 
physical-chemical properties of ILs can easily 
be tuned by design, as it is influenced by their 
cationic and anionic species for extraction and 
removal of pollutant application in air or water 
samples [40, 41]. Figure 3 shows the green 
analytical chemistry based on IL approaches. 
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Fig. 2. Green analytical chemistry approaches based on green solvents[39]

Fig. 3. Tree of green analytical chemistry approaches [40,41]
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3. Methods: Different techniques in green 
analytical chemistry 
3.1. Infra-red spectroscopy
The infrared range of its three regions; middle 
infrared region (MIR), near-infrared region (NIR) 
and Raman spectroscopy are the main vibrational 
techniques employed for the direct analysis of 
samples. IR spectroscopy detects vibrations when 
there is a change in electrical dipole moment in 
compounds, whereas Raman spectroscopy is a 
measurement of the electrical polarizability of 
excited molecules induced by the electric field. 
In biomedical research, infrared spectroscopy is 
a rapid, accurate, and sensitive technique mainly 
for the detection of illness. In research, IR can 
be used in cancer detection and provides a green 
analytical approach in clinical oncology and 
cancer research. Different sampling modes can 
be used in NIR for various applications. Different 
modes of measurement in the instruments are 
transmittance, diffuse transmittance, transflectance 
and diffuse reflectance. Among these diffuse 
reflectance and diffuse transmittance are the two 
most used measurement modes. Diffuse reflectance 
measurements are performed in the range from 
1100 to 2500 nm with a sample thickness of 1 cm, 
whereas diffuse transmittance is performed in the 
range of 800-1100 nm using a sample thickness of 
1-2 cm. Due to its reliability, accuracy, and non-
destructive nature, the NIR technique is considered 
the most widely used on/in-line process for 
checking the physical and chemical parameters 
[42]. Filter instruments used in the NIR range are 
considered rapid techniques and fulfill the criteria 
of robustness, compactness and reduced cost. 
There are three types of NIR on-line analyzers: 
remote sensors, bypass analyzers, and fibre optic 
probes [42]. The first on-line NIR sensor was 
based on a sensing head remote approximately 
200 mm at an angle of 60° from the horizontal of 
the flow sample. Their advantages rely on the low 
cost of instrumentation and easy installation. It is 
sensitive to atmospheric humidity, interference 
from ambient light variation and dust build-up 
on the optical surface. IR can be used in the food 

industry for moisture determination on powders, 
bread [43], control of protein in flour [44] and meat 
composition analysis [45]. NIR by-pass samplers 
were first developed to measure the protein content 
of flour and are still the most popular application of 
the NIR feedback control system. In this method, 
the sample is placed against the optics window 
for each measurement cycle. The samples were 
taken directly from the flour stream either from the 
positive pressure blow line or gravity-fed spouting 
[46].  Fibre-optic probes have the widest range of 
applications as on-line analysis. Laboratory NIR 
analyzer platforms have been modified, enclosed 
in process-hardened housing, and used extensively 
for material identifications in the pharmaceutical 
[47] and nutraceutical industries [48]. Mazivila et 
al in the year 2019 developed FT-IR methods to 
study polymorph I and II of pharmaceuticals co-
crystals of lamivudine and theophylline. With the 
combined effect of FT-IR and multivariate curve 
resolution with alternating least-squares (MCR-
ALS), it was able to monitor in line synthesis of 
co-crystal. Also this method allows understanding 
the mechanism of synthesis through identification 
of intermediates. The spectral shows clear strong 
overlapping and quantification concludes for the 
existence of final products as co-crystals [49]. 
Weldegebreal et al demonstrate new fast and cost-
effective analytical methods for the determination 
of caffeine in green coffee beans using FT-IR and 
fluorescence spectrophotometry. Caffeine was 
also determined in the NIR range using dimethyl 
formamide (DMF) as the solution. The caffeine 
content in green coffee beans comes out to be 
1.50 ± 0.14 (% w/w) using FTIR-ATR in the NIR 
range and 1.50 ± 0.05 (%w/w) using fluorescence 
spectroscopy [50].

3.2. Raman spectroscopy 
In Raman spectroscopy, a µm-size of samples can 
be analyzed by using a microscope, and no sample 
pre-treatment is required. This makes the process 
less tedious than other spectroscopy method [51]. 
Raman spectroscopy is a non-destructive technique 
that provides rapid analysis of untreated samples. 
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Raman spectroscopy is useful for acquiring 
inorganic and organic vibrational structure 
information. This technique is another alternative 
to analyzing the samples directly over the glass or 
plastic packages. Raman spectroscopy is efficiently 
used in the solid state to identify the graphene 
layers by the Raman spectroscopy. In the Forensic 
and pharmaceutical field, Raman spectroscopy 
is applied to analyze the entire sample. Cocaine, 
heroin, and various other phenethylamine moieties 
are quantified and identified accurately and rapidly 
by Raman spectroscopy. The other use of Raman 
spectroscopy is the identification and analysis of 
pigments used in antique paintings [52], and glass 
which may in the future help to restore ancient 
articrafts [53]. This technique was applied by Legner 
et al in the year 2019 for the real-time analysis 
of the alcohol fermentation. The conversion of 
sucrose was performed by yeast cells immobilized 
in alginate beads. This Raman technique provides 
faster and robust quantitative spectroscopy for 
ethanol, glycerol, and sugar content. The Raman 
spectroscopy is coupled with NMR for resolved 
signals and higher specificity. This provides the 
quantitative monitoring of the different reactants 
[54]. Molnar et al in the year 2019 used Raman 
spectroscopy for food authentication. The 
technique is green as it requires a minimum sample 
preparation step. The authors use this for the honey 
sample preparation (honey diluted to water 1:1w/v) 
to get reproducible spectra and avoid the formation 
of crystallization and fluorescence [55].
Raman spectroscopy offers some advantages over 
NIR spectroscopy. The Raman spectroscopy gives 
a simple optical configuration that is efficiently 
interfaced for on-line quantification. Raman 
spectroscopies are used for quality control (QC) 
analysis for a wide range of liquid samples filled 
in glass (clear or amber) or plastic containers. 
Raman spectroscopy has been selected for 
the static analysis of ethanol content of spirits 
whiskey, vodka, and sugary alcoholic drinks in 
200 ml (flat) and 700 ml (round) glass bottles. The 
technique is restricted to the analysis of clear glass 
bottles because coloured bottles exhibited strong 

fluorescence. The quantitative in situ analysis of 
povidone present in eyewash solutions in low-
density polyethylene (LDPE) bottles was also 
made possible by Raman spectroscopy. For on-line 
and in-line applications of Raman spectroscopy, 
the spectrometer is incorporated into the sampling 
location using conventional optical fibre cables 
[56], enabling remote sampling at tens or even 
hundreds of meters from the spectrometer. The 
advantage of Raman spectroscopy is that it is 
used for both qualitative and quantitative analysis 
of materials kept inside containers of polymeric 
bottles, and blisters. Raman spectroscopy has been 
used to detect liquid explosives within bottles/
plastic packaging [57] and illegal drugs dissolved 
in beverages [58]. It can also be used to find out the 
active ingredients in pharmaceuticals inside plastic 
bottles [59], amber vials [60] or capsules [61]. 
The methods for the quantitative determination of 
ethanol contents in beverages inside glass bottles by 
Raman [62] are another application. This implies 
that bonds that connect two identical or practically 
identical parts of a molecule can be more active in 
Raman than in IR, thus providing complementary 
spectral information, i.e. O–H stretching vibration 
is very strong in IR but very weak in Raman. 
Similarly, IR also holds certain advantages 
over Raman spectroscopy. The important one 
is cost-effectiveness. It is much cheaper than 
Raman as it uses high powered laser source to 
get sensitive results. The high power of the laser 
may cause heating and destroy the sample. Raman 
spectroscopy is fewer sensitive technique except 
surface-enhanced Raman spectroscopy than IR 
when used alone. NIR can sample large areas and 
has better penetrability than Raman spectroscopy.  
Both Raman and IR spectroscopy have advantages 
over each other but to get more sensitive results it 
is better to use both techniques together. In many 
studies, Raman was used for the characterization of 
nano adsorbents which were used for the extraction 
of pollutants from water samples. Faghihi et al 
showed that Mn ions were extracted in human 
blood/serum samples by AMTZ@MWCNTs 
adsorbent. They showed that Raman of AMTZ@
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MWCNTs has two main peak shifts (D band: 1305 
cm-1) and another peak at (G band: 1581 cm-1 ), 
which confirms the structure of MWCNTs. Raman 
peaks of MWCNTs with G and D bands confirm 
the carbon structures. Also, the low height of peaks 
at 243, 513, 705, and 2612 cm -1 were observed by 
MWCNTs Raman. The ratio of the IG/ID bands 
showed the sample’s graphitization and the quality 
of the tubes in MWCNTs. Also, Mohammadi et al 
used bismuth oxide/ titanium oxide nanoparticles 
functionalized nanographene oxide (Bi2O3/TiO2@
NGO) and IL-NGO for the removal of HCHO and 
toluene from the air, respectively. IR of Bi2O3/
TiO2@NGO and IL-GO showed functionalized IL 
and Bi2O3/TiO2 on NGO[63, 64].

3.3. Chromatographic techniques
Capillary zone electrophoresis is an alternative to 
chromatographic techniques but cannot be used for 
non-charged molecules. Micro-emulsion electro-
kinetic chromatography (MEECK) is one of the 
techniques applied by Felici et al in the year 2016 
for the analysis of non-charged antiparasitic drugs 
such as ivermectin (IVM) and moxidectin (MXD). 

The technique is environment-friendly, robust, 
specific, and sensitive techniques for analyzing 
these macrocyclic lactone drugs. The LOD value 
of the two drugs IVM and MXD were 3x10-3 μg L-1 
and 3.6x10-3μg L-1[65].

3.4. Sample Extraction 
In the field of natural sources and agri-food 
industries supercritical fluid extraction (SFE) 
using CO2 and pressurized liquid extraction (PLE) 
are the most widely green analytical techniques 
used apart from the conventional methods of 
solid-liquid extraction (SLE). Another scientist 
Abukhadra et al synthesized supported bentonite/
chitosan on green fabricated Co3O4 and evaluated 
their adsorption properties for Congo red dyes 
and Cr (VI) ions. The chemisorption phenomenon 
exists for the removal of the dye and Cr (VI) 
and follows a pseudo-second-order model. The 
adsorption maximum was 303mg g-1 and 250mg g-1 

for Congo red molecules and Cr (VI) metal ions. 
The bentonite/chitosan@Co3O4 was found to be 
highly useful in the purification of water and may 
act as promising adsorbents [66].
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Table 3. Various samples were analyzed using SPE based on different cartridges and solvents 

Sample Cartridge CS Analyte Solvent Instrumental Ref.

Wine OASIS/
HBL Methanol/DW Azolic/fungicides Methanol MS-HPLC [49]

Water ENVI-18 Acetonitrile PAHs Hexane GC-MS [50]

Tomatoes Silica(C18) Methanol/water P&H Dichloromethane HPLC [51]

Plasma(H) OASIS/
HBL Methanol PhCM Methanol UPLC/MS/MS [52]

River OASIS/
HBL Acetonitrile/DW **Antibiotic ***ACA LC-MS [53]

CS: Conditioning solvent
P&H: Pesticides and Herbicides
PhCM: Phenolic compounds and their metabolites
**Antibiotic: Antibiotic Macrolides
***ACA: Ammonium acetate/acetonitrile (50:50)
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3.4.1. Solid-phase extraction
Solid-phase extraction is the most widely used 
technique for extraction, and cleaning of analyte 
from environmental, food and drinks [67]. In SPE, 
the analyte solution to be extracted is loaded into 
a cartridge containing the sorbent. The impurities 
and undesired components are then washed away 
by using suitable solvents whereas the desired 
component is collected using a suitable solvent 
[67-71] (Table 3). 

3.4.2. Solid-phase micro-extraction (SPME)
The SPME method is identified as a green 
approach to reduce solvent consumption and 
waste during the preparation of the sample. SPME 
has a certain advantage such as it is solvent-free. 
A small volume of sample is required and is 
considered highly sensitive. SPME can analyze 
the non-polar compound in liquid, gas, and solid 
samples with various instruments with HPLC and 
GC, etc. In SPME, the coating of a fused silica 
fibre is done with a stationary phase. Equilibrium 
between the analyte in the sample and the fibre 
is attained by exposing the fibre to aqueous or 
gaseous samples. The analyte can be desorbed 
from the fibre thermally or by using solvents. 
The thermal desorption of the sample refrains the 
use of solvents. Similarly, chemical desorption 
uses a very low amount of sample (in µL). 
Thermal desorption and chemical desorption are 
two greener techniques. In a study conducted by 
Andrade M.A et al. to determine the Ochratoxin 
A in wine, they utilized the SPME technique for 
sample preparation as it is necessary for analyte 
purification and to achieve a lower detection 
limit of the sample or analyte [72]. Rivellino S. 
R. et al. utilized the SPME technique to detect 
the extraction artifacts in the analysis of honey 
volatiles. In this, the honey mixture was heated 
at 40°C for 30 seconds and was stirred before 
extraction. A specific amount of honey mixture 
was then added directly into a vial having a 
magnetic stirrer in a saturated aqueous solution of 
sodium chloride [73]. In another study performed 
by Merola G et al., they combined SPME and GC 

for the measurement and determination of various 
recreational drugs such as ketamine, methadone, 
amphetamines, cocaine, coca ethylene, and Δ9 
-tetrahydrocannabinol (THC) in hair. The limit 
range for detection and quantification is from 
0.01-0.12 ng mg-1 and 0.02 to 0.37 ng mg-1 [74]. 
Schacker R et al. carried out fermentation using 
Monascus fungus and checked the viability of 
the use of SPME in the extraction of various 
microbial volatile organic compounds such as 
ethanol, 2-methyl-propanol, 3-methyl-butanol, 
2-methyl-butanol, and 2-phenyl-ethanol. During a 
fermentation process, the SPME provided greater 
accuracy when assessing the MVOCs (in vivo) 
[75].

3.4.3. Liquid phase micro extraction
Liquid phase micro-extraction is a simple approach 
for sample pre-treatment and utilizes a very small 
amount of solvent. Less than 10 μL of extraction 
solvent is required to extract analyte from the 
sample. It can be combined with GC and CE for 
the detection of the extracted analyte [76]. Liquid 
phase micro-extraction finds its uses in clinical and 
forensic science as well as in the analysis of food 
and drinks. The proper selection of the different 
forms of liquid-liquid micro-extraction is very 
important. This was demonstrated by Saraji et al 
in the year 2018 using three solvents chloroform, 
1-butyl-3-methylimidazolium tetrafluoroborate, 
and 1-hexyl-3-methylimidazolium 
hexafluorophosphate for phenolics, neutral 
phenolics and amino compounds. Analytes with 
polar groups give the best results with in-situ ionic 
liquid dispersiveliquid–liquid micro-extraction, 
whereas neutral hydrocarbon compounds with 
polar groups use chloroform solvent called 
traditional dispersive liquid-liquid micro-
extraction techniques. Hydrophilic analytes were 
not suitable to be extracted by any of the liquid-
liquid micro-extraction [77]. Liquid phase micro-
extraction is of three types.
i. Hollow Fibre Liquid Phase Microextraction 

(HF-LPME)
ii. Dispersive Liquid-Liquid Microextraction 
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(DLLME)
iii. Single Drop Microextraction (SDME)
3.4.4. Hollow fibre liquid phase micro-
extraction (HF-LPME)
 In HF-LPME, the hydrophobic pores present in 
hollow fibre hold the extraction solvent during 
the extraction process. The hollow fibre is 
attached to the needle of a micro syringe. Once 
the extraction process is complete, the extraction 
solvent containing the analyte is collected and 
then analyzed using a suitable instrument [78]. In 
this process, less volume of solvent is consumed 
during extraction (2-25 µL).

3.4.5. Dispersive liquid-liquid micro-extraction 
(DLLME)
In DLLME, the partitioning is between mixtures 
of extraction solvent-dispersive solvent and the 
aqueous phase in which the sample is dissolved. 
The mixture is then added to the sample solvent 
with the help of a micro syringe, which gives 
rise to an emulsion-like solution. The formation 
of cloudy microdroplets partitioned the sample 
between the extraction phase and the aqueous 
phase. The solution is centrifuged, breaks the 
emulsion into two phases and the sediment phase 
so formed is then collected and analyzed [79]. The 
technique uses minimum amounts of 1-100 µL 
of extraction solvents are used. In DLLME most 
common solvents used are acetonitrile, methanol, 
ethanol, and acetone whereas, other solvents 
such as carbon tetrachloride, toluene, hexane, 
chlorobenzene, 1,1,2,2-tetra chloroethane may 
also be used. The techniques were used for the 
determination of Caffeine, alkaloids, amino acids, 
cinnamic acids, coumarin, curcumin, essential 
oils, pesticides and many more [80]. Pacheco-
Fernández et al used ILs-based surfactant water-
soluble octyl guanidinium chloride (C8Gu-Cl) 
of low cytotoxicity to water-insoluble IL micro-
droplet by metathesis reaction and extracted 
personal care products. The methods were used in 
combination with HPLC and diode array detection. 
The metathesis used the addition of anion exchange 
reagent (bis[(trifluoromethyl) sulfonyl] imide-1:1 

molar ratio). It gives low detection limits of 0.4μg 
L-1 with the use of low volume of IL surfactants 
[81]. Sheikh et al developed novel methods 
for the determination of cadmium and lead in 
the ground water samples (tube well and hand 
pump) by liquid-based vortex-assisted dispersive 
liquid-liquid micro-extraction. The contents were 
determined ion the scalp of the children (1-3 years) 
exposed to contaminated water and domestically 
treated water. A green chelating agent L-cysteine 
(2-amino-3-sulfhydrylpropanoic acid) was used to 
concentrate the Cd and Pb and ionic liquid 1-butyl-
3-methylimidazolium hexafluorophosphate 
[BMIM] [PF6] used as micro extractant [82]. Fast 
deep eutectic mixtures were used for the first 
time for the extraction of phthalates from food 
beverages by Santana-Mayor et al. The technique 
used is dispersive liquid-liquid micro-extraction. 
Choline chloride: The phenol mixture shows good 
results for the extraction of different phthalates 
and was coupled with HPLC-diode array detection 
for separation and analysis [83]. 

3.4.6. Ionic liquids application
Ionic liquids (ILs) as green solvents based on organic 
cation (R- imidazolium/pyridinium)  and organic 
or inorganic anion (Halogen Cl, Tetrafluoroborate 
BF4 and Hexafluorophosphate PF6) have a critical 
role for extraction pollutants from different 
matrixes. ILs are three form, hydrophilic ([R-IM]
[A-]; A= NO3, Cl, OH), hydrophobic ([R-IM][A-]; 
A= PF6) and intermediate ([R-IM][A-]; A=BF4), 
so, they used in various matrixes. A special 
form of Task-Specific Ionic Liquids (TSILs) 
such as Trioctylmethylammonium thiosalicylate 
(TOMATS) was used for extraction of heavy 
metals, such as mercury in water samples (Fig. 
4a).  In TSIL, the thioether, urea, or thiourea 
functionalized on imidazolium cations act as metal 
ligating moieties, whereas the PF6– anions provide 
the desired water immiscibility. Due to the unique 
physicochemical properties of ionic liquids, 
they can replace traditional organic solvents in a 
very efficient manner. These properties involve 
their good solubility in organic solvents, low 
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volatility, and most importantly their higher 
thermostability when compared to the traditional 
solvents. Due to those highly appreciated 
properties, a novel method based on dispersive 
liquid–liquid microextraction was developed 
for the preconcentration of cadmium in human 
body fluids and determination by electro thermal 
atomic absorption spectrometry [84]. It also has 
been reported that speciation and determination 
of trace inorganic and organic mercury species in 
water and caprine blood samples were performed 
by the mean of Ultrasound assisted-dispersive-
ionic liquid-micro-solid phase extraction based 
on carboxyl-functionalized nanoporous graphene 
[85]. A method for removing hazardous toluene 
vapor from the air was developed based on an 
ionic liquidphase adsorbent. Due to its high toxic 
effects on the environment, toluene needs to be 
removed by an efficient and qualified method. 
Five ionic liquids were pasted on micro glassy 
balls and used for toluene removal from air by 
liquid–gas-phase extraction method. Based on the 

proposed procedure, toluene vapor was absorbed 
on ionic liquids (0.2 g, 25 °C) and desorbed 
from it at 110 °C before being determined by 
gas chromatography [86,87]. Mercury is another 
highly toxic element which can be found in the daily 
used water, so an Ultrasound assisted-dispersive-
modification solid-phase extraction using task-
specific ionic liquid immobilized on multiwall 
carbon nanotubes was performed for speciation 
and determination of mercury in water samples. 
This method was based on 1-(3-aminopropyl)-3-
methylimidazolium hexafluorophosphate (TSIL) 
immobilized on multiwall carbon nanotubes 
(MWCNTs@ [Apmim][PF6]) was used for 
speciation of inorganic/organic mercury (Hg2+, 
R-Hg or O-Hg) by ultrasound assisted-dispersive 
modification solid-phase extraction (UAS-
DMSPE) which was combined with cold vapour 
atomic absorption spectrometry (CV-AAS) [88]. 
The chemical and physical properties of ILs and 
their potential in many applications caused to use 
in different fields of science (Fig.4b). 

Fig.4. TSIL of TOMATS (left, a), the application of ILs in different fields of science (Right, b)
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3.4.7. Single drop micro-extraction (SDME)
A micro drop of extraction solvent (1-10 µL) 
is used to extract the analyte from the sample. 
During extraction, the micro drop of the solvent 
is held over the sample with the help of a micro 
syringe. The extraction solvent used should have 
low volatility, and low water solubility, and must be 
immiscible in water [89]. SDME techniques were 
used for the determination of essential oils and 
volatile components [80]. SDME has 3 different 
modes such as:

3.4.7.1. Direct SDME
To the bulk aqueous sample solution, a micro drop 
of water-immiscible extraction solvent is directly 
immersed and stirred during extraction. By this 
method, both volatile and non-volatile analytes can 
be extracted [89].

3.4.7.2. Headspace SDME
In this technique, the extraction solvent is exposed 
at the headspace above the sample with the help 
of a syringe. The extraction of volatile and semi-
volatile analytes in the sample is carried out. As 
this extraction technique is time-dependent, an 
extraction solvent with low volatility is used to 
reduce any chance of drop evaporation during 
extraction [90].

3.4.7.3. Liquid-liquid-liquid micro-extraction:
In this mode, a thin layer of organic extraction 
solvent having a low density is formed over the 
sample solution. To the layer of extraction solvent, a 
micro drop of an aqueous solution is immersed. For 
the extraction to occur by this method, the pH of the 
sample solution should be maintained in such a way 
that non-charged analytes are formed [91].
Various samples analyzed using different Liquid-
phase micro-extraction techniques are given in 
Table 4 [92-103].

3.4.8. Supercritical fluid extraction 
Several researchers have carried out an experimental 
and theoretical investigation on the SFE using CO2. 
Many articles have been published on the studies 
for the SFE. In comparison with different extraction 
methods available, SFE provides numerous choices 
of solvents to be used. Supercritical fluid extraction 
is used for the extraction of non-polar organic 
compounds but can be used for polar ones also with 
the aid of modifiers [98]. The technique is robust, 
fast and highly efficient and has the advantage that 
it is easily hyphenated with MS for the separation 
and identification of bioanalytics [104, 105]. 
Supercritical carbon dioxide is a fluid state of 
carbon dioxide, green and eco-friendly technology 
with the capability to extract composition without 
thermal degradation and oxidation [106].
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Table 4. Various samples were analyzed using liquid-phase microextraction techniques (LPME)

Techniques Sample Analyte Solvent (volume) Instruments Ref.

HF-LPME Cucumber 7 pesticides Chloroform (5 mL) UHPLCMS/MS [64]

DLLME Wine Ochratoxin A Chloroform (660 μL) HPLC-LIFD [65]

DLLME Honey 5 Fungicides Dibromoethane (130μL) GC [66]

HF-LPME Milk 9 StHor Methanol (400 μL) GC-MS [67]

SME Urine CCM Chloroform (10 μL) GC-PDHID [68]

HFMSME Saliva CCM Chloroform (10 μL) GC-PDHID [69]

CCM: Cocaine and cocaine metabolites, 
StHor: Steroidal Hormones
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The advancement of green analytical chemistry 
minimizes the risk in the first step during sample 
preparation. The corona-charged aerosol detector 
considered as universal detector used to analyze 
a wide range of analytes. The structures of 
related impurities in risperidone were analyzed 
by a suitable reverse phase HPLC method 
using suitable solvents ethanol, acetone, and 
another modifier. The steps were optimized 
by experimental designed methodology and 
better separation occurred by using the simple 
Derringer’s desirability with 3D surface plots. 
In the case of ethanol, the selected condition 
of the mobile phase has a flow rate of 0.6 mol 
min−1, column temperature of 37.5°C and organic 
modifier content of 20% (v/v) whereas, another 
method utilizes acetone as the mobile phase with 
flow rate 0.8 mL min−1, organic modifier content 
17% (v/v) and column temperature 37.5°C. Both 
methods lack waste management principles but 
are well-validated and selective. Green analytical 
procedure index pentagrams represent one of the 
reported methods and are assigned as eco-friendly 
analytical methods. Ethanol is unsafe or harmful 
as compared to acetone so acetone is mostly 
preferred [107]. Supercritical carbon dioxide 
has many excellent improvements as being non-
toxic, harmless, high-quality extraction, and safe 
in use. The supercritical fluid has a low cost that 
overcomes the conventional method of extraction. 
Supercritical fluid extraction CO2 is an alternative 
green chemistry solvent, considered eco-friendly 
with good performance for disposal of impurities 
in oil-based mud. Extraction is obtained with 
economic efficiency and is applicable to remove 
the hydrocarbon contamination from the wastage 
of oil mud. Supercritical fluids CO2, propane, and 
freon are used to treat the wastes in the process 
of drilling. The increased pressure of extraction 
reduces the diffusion coefficient and will 
increase the density of SC-CO2. The saturated 
vapour pressure leads to an increase in SC-
CO2 solubility with the increase in temperature. 
According to this research paper, the disposal of 
waste in OBM (oil-based mud) result was found 

in good agreement with extraction performance 
of 98% utilizing the pressure 20mpa time for 60 
min and temperature of 35°C. Among the many 
advantages of supercritical CO2 in the industry 
for the preparation of polymer material, medicine, 
and chemical components is that it is recycled 
after use [108]. Carbon dioxide and modifiers 
or co-solvents increased the extraction yield of 
cinnamoyl pyrrolidine amides from dried leaves 
of   Piper hispidum. Around 5% methanol was 
added and reported improvement in the extraction 
yield of amide components. Polar compounds 
are extracted with the low polarity of SC-CO2. 
The plants which have pharmacological activity 
like Panax ginseng, Taxusbacata, Piper nigrum, 
Acoruscalamus, Curcuma longa, and Ocimum 
gratissimum, are recognized by the eco-friendly 
supercritical fluid CO2. The supercritical fluid 
has a good resolution for bioactive compounds 
in plants [108]. Cádiz-Gurrea et al in the year 
2019 used food-grade solvents in the extraction 
of bioactive from the barks of Sclerocarya 
birrea through green analytical techniques. The 
author utilizes supercritical fluid extraction 
(SFE) and pressurized liquid extraction (PLE) to 
extract flavonoid aglycones [109]. Supercritical 
fluid chromatography with reversed phase 
chromatography using modifiers such as MeOH, 
ACN and MeOH: ACN 50:50 was used for 
the separation of the chlorophyll pigments by 
Lefebvre et al in the year 2019 [110].  

3.4.9. Carbon dots extraction
Carbon dots nowadays are considered under green 
analytical techniques as C-dots also follow the 
basic principle of elimination of toxic, expensive, 
hazardous substances and minimization of time 
and energy consumption. C-dots are used in 
sample preparation, imaging, bio sensing, and 
drug delivery using photovoltaic. The application 
is because the C-dots are natural, biocompatible, 
low toxicity and show the phenomenon of 
photoluminescence. Yuvali et al in the year 2019 
utilize a first-time magnetic carbon nanodot/
graphene oxide hybrid material (Fe3O4@C-
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nanodot@GO) for solid phase extraction (MSPE) 
of the drug ibuprofen in human plasma and its 
determination by MSPE-HPLC-DAD. Graphene 
oxide (GO) nanodots, C-nanodots and magnetic 
properties of nano Fe3O4 are combined altogether.  
C-nanodots are prepared from the pasteurized 
cow milk then a step hydrothermal method 
was applied for the preparation of Fe3O4@C-
nanodot@GO hybrid material. The nanodots 
were characterized by Fourier transform 
infrared spectrometry (FT-IR), X-ray diffraction 
spectrometry (XRD), Raman spectrometry, 
scanning electron microscopy, vibrating sample 
magnetometry and energy dispersive X-rays. The 
limit of detection was found to be (LOD) 8.0 mg 
L-1[111].

4. Application of green analytical 
chemistry
In the past, many products such as medicines, 
dyes, cosmetics, paints, polymers, etc. were 
manufactured or synthesized using various 
chemical processes. Along with the beneficial 
products many undesired and harmful substances 
are also produced and the reduction or removal 
of these undesired substances has become a 
major issue. So the need to introduce a greener 
alternative has recently gained interest. Green 
chemistry contributes to the synthesis of products 
in such a way that it provides less threat to health 
and the environment. 

4.1. Pharmaceutical Field
The synthesis of aspirin was carried out by 
microwave irradiation and by using a catalyst 
such as H2SO4, or MgBr3.OEt2, AlCl3, and CaCO3. 
The synthesis process was solvent-free and the 
production of waste products was at a minimum. 
The process was thus more environments friendly 
and a greener approach. Celecoxib an anti-
inflammatory agent was synthesized by using a 
green approach during the developmental stage 
and it was found that the yield increased from 63% 
to 84% whereas, the waste production decreased 
by 35%. The obtained product was clean enough 

and was purified by washing with more amounts 
of solvents. The synthetic methods avoided the 
use of undesirable solvents such as methylene 
chloride and hexane [112]. 

4.2. Diagnosis of Cancer
IR spectroscopy has been recognized as a green 
tool in the diagnosis of Cancer. It provides a 
completely greener and environmentally friendly 
style of analyzing the blood sample as the analysis 
does not use any kind of chemicals during analysis. 
Mohammadi et al collected blood samples from 
two different groups and analyzed them by using 
IR Spectroscopy in the range of 1800 to 900cm-1. 
Spectra were observed for N-H stretching, amide 
I and II bands. They also confirmed the shift in 
the α-helix and β-sheet amide I band in the case 
of malignant tumours. The results were compared 
with the current clinical methods and showed 
97.6% accuracy [113].

4.3. Application in the detection of heavy 
metals
Several heavy metals such as arsenic, cadmium, 
lead, zinc, etc. can be detected in the soil by using 
portable X-ray fluorescence which provides a 
rapid, simple and accurate metal analysis. By this 
method, a large number of heavy metals can be 
detected with a very low generation of residues 
and high sensitivity [114].

4.4. Application in Detection of Organic 
Pollutants 
Various organic pollutants such as sulphonamide 
can be detected in water by using a liquid-liquid-
liquid micro extraction technique combined with 
HPLC (265 nm) (Lin CY et al.)[115]. Similarly, 
acidic pharmaceuticals such as salicylic acid, 
ibuprofen, diclofenac, etc. can be detected in 
wastewater by using hollow fibre-based micro-
extraction followed by HPLC/MS-MS [80]. 
Organophosphates and pyrethroid pesticides in 
water can be detected by SDME coupled with 
GC-FID [116].
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4.5. Application in Analysis of blood sample
Human blood is a very complex bio-fluid 
containing WBC, RBC, glucose, hormones, 
minerals, etc. Qualitative and quantitative analysis 
of blood samples through IR spectroscopy can 
be done for the diagnosis of various diseases 
or for determining various blood constituents 
such as albumin, glycoprotein, fibrinogen, etc. 
This estimation will help in understanding the 
disease patterns [117,118]. Figure 5 shows the 
application of green chemistry in the analysis of 
blood samples. Also, some methods with ionic 
liquids or solvent-free based on nanotechnology 
were used for extraction and determination heavy 
metals in human blood samples (Fig.5) [119-123].   

4.6. Analysis of Particulate Matters
Different microscopic solid or liquid matter 
suspended in the atmosphere (dust, metals, VOCs) 
may have some harmful effects on human health. 
The particles present can be analyzed based 
on their chemical composition (inorganic and 
organic). The inorganic particle can be analyzed 
by colorimetric methods, ion chromatography, 
and selective ion electrodes (requires sample 
solubilization) mass spectrometer, atomic 
absorption spectrometry (AAS), inductively 
coupled plasma mass spectrometry (ICP-MS), 
IR Spectroscopy, Raman spectroscopy (sample 
solubilization not required). Organic particulates 

can be analyzed by thermal, optical, and extraction 
techniques. The analysis of solvent extraction 
is coupled with GC-MS or HPLC. The solvent 
during extraction is replaced by supercritical fluid 
(CO2) making it a green approach [124-128]. In 
addition, the pollutants such as metals and VOCs 
may be determined in water samples by GC-FID, 
GC-MS, AAS, and ICP-MS [129-132].

4.7. Patent application on green analytical 
techniques
After the scaling up of analytical techniques 
from the laboratory scale to the industrial scale, 
it was necessary to make sure that the technique 
being used was greener and had no effect on 
the environment or the analyst. In the recent 
era, various modifications have been carried 
out to the analytical technique which has led to 
the development of various modern analytical 
techniques which make the detection and analysis 
of samples easy, rapid, and safe. Many types of 
research have been carried out for the analysis and 
extraction of samples using these novel techniques 
and patents have been filed for it [133-135].

5. Conclusion
Green analytical techniques have a goal to 
design processes and methods in a way that 
they produce products that are sustainable and 
benign to both humans and the environment. The 

Fig. 5. Use of ILs as green solvents for analytical chemistry in blood samples
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greener analytical laboratories can be made after 
meeting the guidelines or requirements of GAC. 
Significant efforts have been made in recent years 
to develop methods for product development 
using greener techniques. The methods include 
the use of greener solvents, analytical techniques 
and different extraction methods. The analytical 
methods can be described as green by substituting 
toxic reagents/solvents with green solvents, 
reducing the use of reagents. The use of greener 
solvents also increases the safety of the operator. 
The utilization of newer greener methods for 
analysis can have an impact on the workplace 
to perform work quickly. The emphasis of the 
review is to discuss some greener extraction 
techniques used by the researchers including 
micro-extraction techniques and supercritical 
fluid extraction. Selection of greener solvents 
and replacement are the two methods adopted 
to replace hazardous solvents. The development 
of greener analytical techniques results in a 
reduction of solvent and minimization of waste 
production.
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Abbreviation
ACN Acetonitrile
AF Aflatoxins
BMIM 1-Butyl 

-3-methylimidazolium
CE Capillary Electrophoresis
ChCl Choline chloride
DES Deep eutectic solvents
DLLME Dispersive liquid-liquid 

phase micro extraction

DMF Dimethyl formamide
FT-IR-ATR Fourier transform 

infrared – attenuated 
total reflection

GAC Green analytical 
chemistry

GC Gas chromatography
GC- FID Gas chromatography–

flame ionization detector
GO Graphene oxide
HF-LPME Hollow fibre liquid 

phase micro extraction
HPLC High-performance liquid 

chromatography
ILs Ionic liquid
IR Infrared
IVM Ivermectin
KOH Potassium hydroxide
LOD Limit of detection
MCR-ALS Multivariate curve 

resolution – alternating 
least squares

MEECK Microemulsion 
electrokinetic 
chromatography

MeOH Methanol
MIR Middle infrared
MSPE Magnetic solid phase 

extraction
MVOC Microbial volatile 

organic compounds
MXD Moxidectin
NADES Natural deep eutectic 

mixture
NIR Near infrared
PLE Pressurized liquid 

extraction
SC- CO2 Supercritical-carbon 

dioxide
SDME Single drop micro 

extraction
SFE Supercritical fluid 

extraction
SPE Solid phase extraction
SPME Solid phase micro 

extraction
XRD X-ray diffraction 

spectrometry
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