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Adsorption of atrazine (ATR) and 
diquat (DIQ) pesticides were studied on two carbon-
based adsorbent materials, graphene oxide (GO) and 
activated carbon (AC). A modified synthesis of graphene 
oxide has also been developed using phosphoric acid in 
reduced amounts instead of nitric acid to reduce the 
formation of poisonous by-products such as nitrogen 
oxides which are harmful environmental contaminants. 
High selectivity in DIQ and ATR removal studies was 
observed with GO and AC. The GO showed more 
adsorption efficiency for DIQ (97.99 %) whereas AC was 
more selective for ATR removal (99.99 %). The selectivity of pesticides was accredited to the interplay of surface area and surface charge. The 
Langmuir adsorption isotherm was followed by all the adsorption studies and the BET isotherm was also obeyed in the case of selective adsorption 
of DIQ by GO and ATR by AC. The pseudo-second-order kinetics was observed in all adsorption studies and the value of the amount adsorbed at 
equilibrium (qe) was found to be similar theoretically and experimentally.  
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INTRODUCTION 
The mounting problem of water pollution has been a major 

concern as clean water is the basic necessity for the survival of life 
on earth. A World Economic Forum report in 2019 indicated that 
around 70% of water in India is not fit for human consumption1 and 
clean water is one of the crucial Sustainable Development Goals 
(SDG) of the United Nations Development Programme (UNDP). 
However, in the last five decades, there have been about twenty-six 
times increments in the usage of pesticides in the agriculture field 
to fulfill the needs of growing populations2. Therefore, their 
persistence in the environment poses a serious threat to human 
health. Among various water purification methods, adsorption is 
one of the simplest, most efficient, and economical methods for 

water purification. Various materials have been developed, 
especially, activated carbons, graphene oxide, chitosan, and zeolite 
for the removal of various pollutants from water through 
adsorption. The potential of carbon-based material for the selective 
removal of various contaminants needs to be explored more for the 
development of task-specific water treatment strategies.  

Atrazine (ATR) and Diquat (DIQ) are the two most commonly 
used azine group containing herbicides. They are found largely in 
water bodies in more than their permissible limits, threatening 
aquatic lives due to their excessive use and negligence in 
regulation. The acute toxicity of ATR is caused by the metabolism 
of ATR which prevents fish antioxidant enzyme activities resulting 
in oxidative stress and promoting mitochondrial damage-causing 
carp neutrophilic granulocyte apoptosis.3 DIQ is highly water-
soluble and its toxicity is mainly caused by its tendency to 
propagate reactive oxygen species. There have been several 
reported cases of DIQ poisoning in humans worldwide which is 
mostly of intentional ingestion. Therefore, the removal of these 
pesticides from water is very important. Diquat is removed from 
aqueous solutions by adsorption onto activated carbon fabric,4 
magnetic and non-magnetic carbon nanotube-based adsorbents, and 
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oxidized multiwalled carbon nanotube (OMWCNT) have been 
reported5

. Removal of endocrine-disrupting pesticide, atrazine by 
adsorption was done on various adsorbents such as modified 
zeolite6, and magnetic covalent organic framework. However, there 
is a growing demand to develop a system for the efficient and 
selective removal of these pesticides.  

Carbon-based adsorbents are gaining more popularity as they are 
economical, easily available, and possess high adsorption 
efficiency. AC is the most widely used carbonaceous material for 
removing various contaminants from water.7 The process by which 
pollutants adhere to the surface of AC through π- π interactions, 
hydrogen bonding, van der Waals interaction, and cation/ anion- π 
interactions is primarily responsible for their water remediation 
action.8 GO is another widely used carbon material that is getting 
commercial importance for water treatment applications, however, 
there is a sweltering need to explore its potential for selective water 
contaminants removal so that the area-specific water pollution 
problem can be solved.  

The selective adsorption using GO or modified GO of dyes,9 
lysozyme, and heavy metals such as cadmium, uranium, chromium, 
and lead10 are widely studied however there are not much-reported 
studies on the selective adsorption of pesticides. There are limited 
studies that involved the use of GO and modified GO for the 
removal of pesticides such as endrin and dieldrin,11 
dichlorodiphenyldichloroethylene,12 and chlorinated 
pesticides13however, the dosage and contact time in these studies 
are relatively more. Activated carbon with various modifications is 
a very well-known and extensively used adsorbent for the removal 
of various contaminants from wastewater.14 Few reports depict the 
removal of pesticides such as organophosphorus, chlorinated 
pesticides15, triazine pesticides, and chlorophenoxy pesticides using 
activated charcoal, however, no selectivity was observed in the 
removal of pesticides. There is still a burgeoning demand for 
extensive removal studies of pesticides from water samples using 
economical and easily available materials to provide commercial-
level water treatment solutions to mankind. 

Herein, we report the modified synthesis of GO using phosphoric 
acid and the application of AC and GO in the removal of two widely 
used pesticides, ATR and DIQ. The adsorption behavior of the 
pesticides on the adsorbents was studied as a function of the amount 
of adsorbent and time by batch experiments using a UV-vis 
spectrophotometer. Adsorption data were fitted to Freundlich, 
Langmuir, and BET isotherms to study adsorption. Pseudo-first and 
second-order kinetic models were also fitted. 

EXPERIMENTAL 
All commercial-grade chemicals and solvents were purchased 

and used as received. Double distilled water was used in all 
preparations and the adsorption studies. HCl, H2SO4, hydrogen 
peroxide, and, KMnO4 were purchased from Rankem. ortho-
H3PO4(HPLC grade) from Spectrochem, activated charcoal (AC) 
from Qualigen, and graphite powder was purchased from CDH. 
The Infrared Spectroscopy (IR) data were recorded on the 
Shimadzu IR Affinity instrument. The Raman Spectroscopy 
analysis was carried out on the Renishaw Laser Raman 
Spectrometer and the UV- Visible Spectroscopy studies were 

performed on the Shimadzu UV-61 UV Visible spectrophotometer. 
The BET Surface area analyzer was used to record the surface area 
of materials using the Quantachrome Instruments ASI-CI-11 
instrument. The Field Emission Scanning Electron Microscope 
(FESEM) data were recorded on Zeiss Gemini SEM 500. The 
Scanning Electron Microscopy analysis was done on JEOL Japan 
Mode: JSM 6610LV. The Transmission Electron Microscopy was 
performed on the Thermo Scientific Technai G20 HRTEM 
instrument. The Tabletop XRD Olympus BTX-561 model was used 
for the X-ray Diffractometer data. 

Synthesis of graphene oxide 
The enhanced Hummer process was modified to create graphene 

oxide.16. Graphite powder(1g) was added to a stirring mixture of 
concentrated sulphuric acid (25mL) and orthophosphoric acid 
(2.77mL), in a ratio of 9:1 in a round bottom flask. It was stirred 
well at room temperature. After proper mixing, the reaction mixture 
was transferred to an ice bath. Once the reaction mixture was 
cooled, KMnO4(3g) was added very slowly. The reaction was 
further continued in an ice bath for 30 minutes and later allowed to 
stir at room temperature for 3 hours. Then, 50 mL of water was 
added dropwise with the help of a dropping funnel to maintain a 
constant flow of water drop by drop and also for safety reasons as 
the addition of water to acid is a highly exothermic reaction.100 ml 
water was again added to the reaction mixture and then 5 mL30% 
H2O2 was added to stop the oxidation reaction by reacting with the 
excess potassium permanganate. A bright yellow colour developed 
in the reaction mixture. The reaction mixture was kept undisturbed 
overnight at room temperature and the product was separated by 
centrifugation at 8100 rpm for 10 minutes followed by washing 
with 5% HCl three to four times and then with water. The separated 
graphene oxide was dried at 70 ̊C for 48 hr. 

Adsorption experiments 
Aqueous stock solutions of ATR and DIQ (10ppm) were 

prepared in double-distilled water. Different dilutions of ATR and 
DIQ solutions with different concentrations (0.002−0.04 mmol L−1) 
were prepared by diluting the stock solution with water. The molar 
absorption coefficient (ε) was determined from the slope of 
absorbance (at 222nm for ATR and 310 nm for DIQ) vs 
concentration curve (standard curve) at room temperature.  
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Diquat (DIQ)                                  Atrazine (ATR) 

Figure 1: Structure of Diquat (DIQ) and Atrazine (ATR) 
 

To a 25 mL solution of ATR or DIQ, adsorbent (GO or AC) was 
added in a varied amount (2.5mg - 10mg). The pesticide solutions 
and adsorbents were stirred on a magnetic stirrer continuously for 
a specified period and then the suspension was subjected to 
centrifugation at 10000 rpm for 8 minutes to measure the residual 
pesticides in the supernatant solution by recording its absorption 
spectra. The absorbance values were used to study kinetic models 
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(pseudo-first-order, pseudo-second-order) and adsorption models 
(intraparticle diffusion models, Freundlich adsorption, Langmuir 
adsorption, and BET adsorption model). The kinetic studies of 
adsorption were performed for up to 60 min in each set. The 
amounts of ATR or DIQ adsorbed on GO and AC were measured 
from the difference between the initial (C0) and equilibrium (Ce) 
concentrations in the supernatant after centrifugation according to 
the equation: 

𝑞𝑞𝑒𝑒 = (𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑒𝑒 )
𝑉𝑉
𝑀𝑀

 
Where qe(mmolg-1) is the equilibrium adsorption capacity and V 

is the volume of pesticide solutions(L). M is the weight of the 
adsorbent used (g). 

RESULTS AND DISCUSSION 
Synthesis and Characterization of GO 
Graphene oxide was synthesized by a slight modification of the 

Improved Hummer method (Figure S1). The present modified 
method affords GO at room temperature in less time. Graphite 
powder was treated with KMnO4 in a mixture of sulfuric acid and 
phosphoric acid (9:1). The synthesized graphene oxide was 
characterized by different techniques. 

The powder X-ray diffraction pattern (Figure 2a) of synthesized 
GO showed a sharp peak at 2Ɵ =11.27̊ due to the (002) plane of the 
GO structure17. The interlayer spacing (d) was estimated to be 0.78 
nm by well-established Bragg’s law: 

nƛ =  2dsinƟ 
where n is the diffraction series and ƛ is the diffraction 

wavelength. 

According to reports, the interlayer spacing value for graphene 
oxide (GO) ranges from 0.6 to 1.0, indicating the extent of 
oxidation and the number of water molecules incorporated into the 
interlayer spacing.18 Therefore, the value of 0.78 nm of interlayer 
spacing can be attributed to the highly oxidized form of graphite, 
indicating the formation of GO from graphite. The FTIR spectrum 
of GO (Figure 2b) confirmed the presence of functional groups and 
the formation of GO from graphite. A broad band around 3400cm-

1 is attributed to O-H stretching which is involved in hydrogen 
bonding and a band at 1710 cm-1 confirms the presence of a 
carboxylic acid functional group in GO. The band between 1000 
cm-1 to 1250 cm-1 corresponds to C-O-C epoxy bonds and the 
vibrational mode of C-O groups.19 The band between 1300-1400 
cm-1 is characteristic of C=C aromatic bonds. The Raman spectrum 
(Figure 2c) showed two distinct bands: D band (1370 cm-1) and G 
band (1598 cm-1) which is in line with the literature values for GO.20 
The D band arises due to disordered structure and the intensity of 
the D band is smaller because of the breakage of stacking order of 
graphite after oxidation whereas the G band arises due to stretching 
of the C-C bond in graphitic materials.19 The UV visible spectrum 
of GO (Figure 2d) also showed characteristic absorption bands. A 
well-built absorption peak at 233nm corresponding to л- л* 

transition of aromatic C=C structure and a weak shoulder peak at 
305 nm corresponding to n-л* transition of carbonyl bonds19 
confirms the GO formation in the reaction. 

The morphology of GO was studied by the SEM, FESEM, and 
TEM analysis (Figure 3). The SEM and FESEM images were 
recorded at 10 µm. The SEM image depicted the surface 
topography of GO i.e., the stacking of several layers of GO (Figure 

 
Figure 2: Characterization data for GO a) XRD pattern b) IR spectrum c) Raman spectrum d) UV-Vis spectra.  
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3a). The FESEM images showed a pile of GO sheets (Figure 3b). 
The layers of GO sheets are seen at lower magnification. The 
EDAX data stipulated towards non-appearance of other impurities 
in the material (Figure 3c). The TEM image (Figure 3d) was 
recorded at a magnification of 1µm at which the distinctive ripples 

of GO sheets are visible which validates the graphenic nature of the 
synthesized material.21 
Absorption studies using GO and AC 
Effect of different dosages of adsorbents  

Different dosage studies of adsorbents were carried out to 
optimize the conditions. 
Three variable amounts of 
adsorbent (10 mg, 5 mg, and 
2.5 mg) were used in 
adsorption studies (Figure 
S3, S4) and the adsorption 
efficiency (%) has been 
summarised in Table S1. The 
optimum amount of 
adsorbent that showed the 
highest adsorption efficiency 
is 10 mg for both GO and AC 
under experimental 
conditions.  To understand 
the adsorption mechanism, 
all the other studies such as 
UV, IR, XRD, etc are 
performed with 10 mg of 
adsorbent. 
Time-dependent 
adsorption studies  

The adsorption studies 
were performed for two 
carbon-based adsorbents, 
activated charcoal (AC) and 
graphene oxide (GO) under 
different conditions for two 
model pesticides, diquat and, 
atrazine. The elimination of 
ATR and DIQ pesticides 
from aqueous solutions 
utilizing GO and AC was 
studied using a UV-visible 
spectrophotometer. The 
absorbance peaks at 
222nm and 310nm in the UV 
range are for ATR and 
DIQ22respectively, which 
were used to monitor the 
removal of pesticides (Figure 
4). In all sets of experiments, 
the adsorption was studied 
for 60 minutes each. 10 mg of 
GO extracted 97.49% of DIQ 
and 74.91 % ATR in 60 
minutes from an aqueous 
solution whereas the same 
amount of AC on the other 
hand, extracted 99.99% of 
ATR and 25.88 % DIQ in 60 

 
Figure 3:  Characterization of GO a) SEM image b) FESEM image c) EDAX spectra d) TEM image of GO 

 
Figure 4: Time dependent UV-Visible spectra of [a] ATR(25 ml of 10ppm solution) with GO(10 mg).[b] 
DIQ (25 ml of 10ppm solution) with GO(10 mg).[c]ATR(25 ml of 10ppm solution)  with AC(10 mg).[d] 
DIQ(25 ml of 10ppm solution) with AC (10 mg) 
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minutes. GO appeared to be selective for DIQ while AC appeared 
to be selective for ATR.  

GO being a nanomaterial has a high surface area in comparison 
to AC due to which it adsorbed ATR with 53.30% efficiency even 
though it had a similar surface charge. AC depicted only 25.88% 
removal efficiency for DIQ, this can be attributed to a similar 
surface charge and low surface area as compared to GO.23 

GO adsorbs almost all of DIQ in the initial 5 minutes whereas it 
does not adsorb ATR completely even after 60 minutes. GO carries 
a negative surface charge24 and DIQ is a positively charged25 
herbicide, therefore, the electrostatic force of attraction worked 
synergistically with other interactive forces such as H-bonding and 
facilitated the adsorption process. ATR, on the other hand, bears a 
negative surface charge23, therefore, on exposing it to an aqueous 
solution of GO the adsorption process takes place but the rate of 
adsorption is slow because of a similar surface charge. GO is a well-
known adsorbent as it possesses high surface area and porosity. The 
above results show that surface charge and surface area both have 
a cooperative effect on the rate and amount of adsorption. 

AC also being a carbon-based adsorbent is well known for 
adsorption. It has a positive charge on its surface.26 Among the 
adsorbates, AC adsorbed almost a complete amount of ATR within 
the first 5 minutes of the experiment whereas it could not even 
adsorb 30% of DIQ in 60 minutes of the experiment. The rate of 
adsorption of adsorbents GO and AC irrespective of surface charge 
can be compared based on the surface area. GO being a 
nanomaterial has a comparatively higher surface area than AC 
which has its size range in µm scale. If we consider only the surface 
area as the basis of adsorption, GO is a far better adsorbent than AC 
but when surface charge comes into play then the rate and amount 
of adsorption is an interplay 
of both surface area and 
surface charge. The 
electrostatic force of 
interaction has a very high 
effect on the process of 
adsorption and due to this, 
GO and AC are established 
to be highly selective 
adsorbents towards DIQ and 
ATR, respectively. If we 
consider only the surface 
charge as the basis and 
ignore surface area then GO 
adsorbs ATR in 60 minutes 
because of a similar surface 
charge. AC has 
comparatively less surface 
area than GO and also a 
similar charge as DIQ it 
could not adsorb even a 
small amount of DIQ in 60 
minutes.    

Adsorption Mechanism  
To understand the 

adsorption of model 

contaminants by GO, we performed spectroscopic studies of 
adsorbents after the completion of the adsorption process under 
present conditions. Figure 5a shows a TEM image of adsorbent GO 
at a scale of 200nm before adsorption of pesticide which shows 
plain rippled layers of GO sheets. The surface of the adsorbent has 
free sites and pores for adsorption. Figure 5b indicates that the 
surface of the adsorbent is not free but is covered with DIQ and the 
particles of DIQ are evident on the surface after adsorption on GO 
sheets. The shape of the sheet seems to be altered a sign of 
aggregation appeared. -COOH and -OH groups exist in GO which 
leads to a negative surface charge on the surface of GO.27 
Adsorption of ionic species leads to alterations on the surface. As 
the pesticide under study here DIQ has a positive surface charge 
(Figure S2) so its adsorption leads to the neutralization of charge 
and aggregation. On the contrary, if adsorption of neutral species is 
carried out it does not lead to any surface charge and therefore no 
aggregation.21  

The XRD comparison of adsorbent GO with and without 
adsorbate was also studied (Figure 5c). Diffractograms of GO 
showed its characteristic peak at 11.27̊. The XRD spectra recorded 
after the adsorption of both pesticides indicated all the shreds of 
evidence of adsorption such as a decrease in intensity, shifting of a 
peak, and appearance of some new peaks which affirmed the 
adsorption of pesticides over adsorbent.28 The process of 
adsorption also affects the crystallinity of GO as the peak 
corresponding to the (002) plane decreases in intensity and is 
displaced towards a lower angle also some new humps appeared at 
higher angles which hinted toward interstratifications. The former 
can be attributed to disorientations across the axis or rearrangement 
of atoms from their positions.29 The latter can be accredited to the 

 
Figure 5: Comparison of GO with and without DIQ and ATR  a) TEM image without pesticide b) TEM image 
of GO+ DIQ  c) Comparative IR of GO, GO+ ATR and ATR d) Comparative IR of GO, GO+DIQ, DIQ 
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shrinkage of some layers which 
in turn is due to the expansion of 
other layers.30 The peak hinting 
towards interstratifications is less 
intense and broad suggesting 
complex interstratifications.31 

Infrared spectra of ATR, DIQ, 
GO, and GO after adsorption of 
ATR and DIQ were studied 
(Figure 5d,5e). IR spectra of 
ATR showed its characteristic 
peaks as reported in the 
literature.32 Some major peaks of 
the triazine group are around 
1540 cm-1 and N-H stretching 
around 3250 cm-1. The IR spectra 
of DIQ also followed the 
literature values.33 The 
broadening of O-H stretching in 
IR spectra of GO after adsorption 
of pesticide established the 
statement that pesticides were 
adsorbed on GO by H-bonding 
between hydroxyl and carboxyl 
group of GO sheets and nitrogen 
functionality of pesticides. The 
broadening of O-H stretching is 
more in the case of DIQ as 
compared to ATR which also 
supports adsorption isotherm and 
time-dependent studies that GO 
selectively adsorbs DIQ better 
than ATR through H-bonding.34 
The established peak of the 
carbonyl group around 1640 cm-1 
in GO also gets affected by the 
interaction of pesticide with GO 
as it also assists the process of 
adsorption by л-л interactions 
involving the carbonyl group.35 Therefore, IR spectral studies 
confirmed that the adsorption of pesticides was a synergistic effect 
of H-bonding and л-л interactions.36 

Adsorption Isotherms 
The adsorption experiments were studied by Freundlich(ln qevs ln 

Ce )(Figure S4 ), Langmuir (𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

 vs Ce) (Figure 6) and BET (
𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜

𝑞𝑞𝑒𝑒�1−
𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜
�
 

vs 𝐶𝐶𝑒𝑒/𝐶𝐶0) (Figure S5 ) adsorption isotherms. Adsorption isotherms 
were studied for 60 min. The linear equations for Freundlich, 
Langmuir, and BET isotherms are stated in Eqn. 1,2 and 3 
respectively.37 Ce(mmol L-1) is the equilibrium concentration of 
pesticides, qmax (mmolg-1) in Langmuir isotherm stands for 
maximum adsorption capacity, qe (mmolg-1) is the amount adsorbed 
at equilibrium, kF(mmol1-nLng-1),kL(Lmmol-1) stand for Freundlich 
and Langmuir constants respectively. B, C in Eqn. 3 are constants, 
xm is the amount of pesticide required to form the monolayer over 
the surface of the adsorbent, and n stands for adsorption intensity.38 

Freundlich isotherm equation 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑘𝑘𝐹𝐹 + 𝑛𝑛𝑛𝑛𝑛𝑛𝐶𝐶𝑒𝑒 ----------(1) 
Slope: n Intercept:𝑙𝑙𝑙𝑙𝑘𝑘𝐹𝐹  

Langmuir isotherm equation  𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

= 1
𝑘𝑘𝐿𝐿𝑞𝑞max

+ 𝐶𝐶𝑒𝑒
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

   -------------(2) 
Slope: 1/𝑞𝑞max 

Intercept: 1/𝑘𝑘𝐿𝐿𝑞𝑞max 

BET isotherm equation    
𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜

𝑞𝑞𝑒𝑒�1−
𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜
�

= 1
𝑥𝑥𝑚𝑚𝐵𝐵𝐵𝐵

+ 𝐶𝐶−1
𝑥𝑥𝑚𝑚𝐶𝐶

(𝐶𝐶𝑒𝑒/𝐶𝐶0) ----(3) 

Slope: 𝐶𝐶−1
𝑥𝑥𝑚𝑚𝐶𝐶

 

Intercept: 1
𝑥𝑥𝑚𝑚𝐶𝐶

 

The comparison of regression coefficients among Freundlich and 
Langmuir in Table 1 suggests that the Langmuir isotherm is the best 
fit for all the adsorption experiments. Langmuir isotherm is based 
on assumption that the surface is homogeneous therefore, the very 
fact that Langmuir isotherm fits the data well consummate that 
there is a homogeneous distribution of active sites on the surface of 
the adsorbent. Freundlich isotherm depicts adsorption on the 

  
Figure 6: Langmuir Adsorption isotherm for a) ATR on GO b) DIQ on GO c) ATR on AC d) DIQ on AC  
 
Table 1: Freundlich, Langmuir and BET isotherm of Adsorbents (AC and GO) for pesticides (ATR and 
DIQ) adsorption 

 Freundlich isotherm Langmuir isotherm BET isotherm 

Adsorb
ent (10 
mg) 

Pesti
cides 

kF 

(mmol1-

nLng-1) 

n R2 kL 

(Lmm
ol-1) 

qmax 

(mmol
g-1) 

R2 RL xm C R2 

 
AC 

ATR 2.2851 0.0080 0.883 42215.2 0.103 0.9997 0.0005 0.095 948.35 0.999 

DIQ 16.989 3.3893 0.996 57.94 0.004 0.9905 0.09 0.0004 1.4835 0.977 

 
GO 

ATR 4.5795 0.4806 0.987 205.59 0.051 0.9952 0.37 0.0228 1.1537 0.932 

DIQ 3.1483 0.0719 0.916 7145.4 0.061 0.9990 0.004 0.051 113.96 0.996 
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inhomogeneous and rough surfaces39  

also adsorbent forms a monolayer on 
adsorbate surface.40 

The R2 for DIQ on AC and ATR 
on GO in Freundlich isotherm is 
0.99 and 0.98 respectively i.e. these 
two sets of adsorptions closely relate 
to the Freundlich model. GO is 
functionalized with carboxylic acid 
and alcohol-based functional groups 
which attribute a negative surface 
charge and AC has more of a 
positive surface charge due to which 
they present homogeneous surface 
towards oppositely charged 
pesticides and consequently DIQ on 
GO and ATR on AC follow 
Langmuir isotherm well. The other 
two sets of adsorption’s ATR on GO 
and DIQ on AC have a similar 
surface charge due to which they 
experience slight electrostatic 
repulsion and in turn 
inhomogeneous surface which 
explains the fact that they follow 
Freundlich adsorption isotherm. 

The value of constants can be used to predict if adsorption is 
favorable or unfavorable. If the value of n (Eqn. 1) lies between 0 
and 1 the process of adsorption is favorable and if n=0 then the 
process is irreversible and for n>1 the adsorption is highly 
unfavorable.41  Table 2 shows that for AC+DIQ the value of n is 
3.38 also for this % adsorption is 25% only, therefore, DIQ on AC 
is unfavorable adsorption. For all the other sets of experiments, n 
lies between 0 and 1. 
Similarly for Langmuir isotherm, a separation factor RL can be 
defined  
where   𝑅𝑅𝐿𝐿 = 1

1+ 𝑘𝑘𝐿𝐿𝐶𝐶𝑜𝑜
 

The relation between RL and the favourability of adsorption can 
be described as if RL = 0 irreversible if 0<RL<1 the adsorption is 
termed as favourable, and if RL>1 then adsorption is highly 
unfavourable.42  Table 4 summarises the value of RL for adsorption 
studied. RL value for all the experiments lies between 0 and 1 i.e., all 

the adsorption is favourable. For ATR on AC, the value is nearly 0 
i.e., the adsorption is almost close to being irreversible. 

The BET adsorption isotherm is an extension of the Langmuir 
isotherm and it assumes multilayer adsorption. The regression 
coefficients for DIQ on GO and ATR on AC portray that these 
studies follow both BET and Langmuir isotherms. This concluded 
that these adsorptions are multilayer followed by monolayer 
adsorption on the surface.37 
Adsorption Kinetic Models 
    The adsorption kinetics were studied by three different models 
by plotting ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡)vs 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 for pseudo first-order and 𝑡𝑡

𝑞𝑞𝑡𝑡
 vs 𝑡𝑡  for 

pseudo second order and 𝑞𝑞𝑡𝑡 vs 𝑡𝑡
1
2 for intraparticle diffusion model 

(IPDM). Equations corresponding to every model were fitted to the 
data and studied respectively.37   
Pseudo first-order equation   ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡--------------
------(4) 
Slope: -k1   Intercept: 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 
Pseudo second-order equation   𝑡𝑡

𝑞𝑞𝑡𝑡
= 1

𝑘𝑘2𝑞𝑞𝑒𝑒2
+ 𝑡𝑡

𝑞𝑞𝑒𝑒
--------------------(5) 

 
Figure 7:  Adsorption kinetics for GO based on a) Amount adsorbed vs time   b) Pseudo first order c) 
Pseudo second order d) Intraparticle diffusion model 

 
 

Table 2: Kinetic parameters of pseudo-First order, pseudo second-order, and Weber-Morris Models for ATR and DIQ on Activated Charcoal 
(C0=10 ppm, Adsorbent (AC and GO), T= 25oC, pH ~7) 

  Pseudo first order Pseudo second order Intraparticle diffusion model 
Adsorbent 
(0.01g) 

Pesticides k1 (min-

1) 
qe 

(mmolg-

1) 

R2 k2(min-

1) 
qe(mmol 
g-1) 
(expt.) 

qe(mmol 
g-1) 
(theor.) 

R2 kI 

(mmolg-

1min-

0.5).    

I (mmol 
g-1) 

R2 

 
AC 

ATR 0.09647 0.03245 0.58773 33.533 0.1117 0.1115 0.9999 0.0014 0.1015 0.80001 
DIQ 0.05065 0.01021 0.64261 30.124 0.01871 0.01875 0.9923 0.00078 0.01239 0.9724 

 
GO 

ATR 0.0745 0.0442 0.7733 11.3430 0.0871 0.08708 0.9996 0.00309 0.06382 0.94055 
DIQ 0.0925 0.0277 0.7186 29.864 0.0716 0.07134 0.9986 0.00143 0.06105 0.87337 
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Slope: 1/ qe Intercept: 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

 

Intraparticle diffusion model      𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑡𝑡
1
2 + 𝐼𝐼---------------------(6) 

Slope: 𝑘𝑘𝑖𝑖  Intercept: I 
where t is time,  𝑞𝑞𝑒𝑒  𝑎𝑎𝑎𝑎𝑎𝑎 𝑞𝑞𝑡𝑡 are amount adsorbed at equilibrium 

and time t respectively. k1, k2, and ki are rate constants for pseudo 
first-order, pseudo second-order, and intraparticle diffusion models 
respectively. The slope and intercept values from Eqn 1and 2 were 
used to evaluate the amount adsorbed at equilibrium (𝑞𝑞𝑒𝑒) was 
calculated theoretically as well as by first and second-order 
kinetics.  

The rate constant values evaluated by eqn. 4,5 and 6are tabulated 
in Table 2. Figure7b,6cand FigureS7b, S7c depicts pseudo first-
order plots and pseudo second-order plots for GO and AC with both 
the pesticides and it is vividly evident that the adsorption process 
follows pseudo second-order kinetics much better than the first-
order kinetics. Regression coefficients(R2) for first-order kinetics 
are very minimal whereas for pseudo second-order kinetics the 
values are higher than 0.99 in every case depicting that the linear 
fit is appreciably following pseudo second-order kinetics in all the 
adsorption experiments. The theoretical value of the amount 
adsorbed at equilibrium (𝑞𝑞𝑒𝑒) was also in accordance with 
experimental by second-order kinetics.  

The intraparticle diffusion model given by Webber and Morris 
was used to study particles diffusion after surface adsorption.43  The 
multilinearity of this curve suggests that the adsorption process 
takes place in two steps. Surface adsorption i.e. boundary diffusion 
takes place in the first step and the succeeding linear plot can be 
attributed to intraparticle diffusion all through the adsorbent.44 The 
second linear part of the curve was utilized to elucidate the 
intraparticle diffusion parameter kI (mmolg-1min-0.5). I is the 
intercept as per Eqn. 3, it is evident from Table 2 that Figure 7d 
and S7d that the first linear plot does not pass through origin 
suggesting IPD is not the only rate-determining step.38 The value of 
I infers the boundary layer thickness.45 The R2 values for all the 
studies were less than 0.97 suggesting the adsorption data does not 
follow IPDM that well. Yongmei Hao et al. reported46 that GO-
Fe3O4 could remove 96.6% DIQ whereas the present study showed 
97.49% removal efficiency. Reported47,48 studies that show the 
adsorption of pesticides does not focus on the selectivity for a 
specific pesticide which makes the present study significant. 

CONCLUSION 
Modified synthesis of GO has been reported to afford a high 

yield of GO under mild conditions. The adsorption studies were 
performed for DIQ and ATR using GO and AC adsorbents which 
showed an appreciable amount of selectivity.10 mg GO was found 
to adsorb 97.49%. DIQ in 60 minutes at neutral pH and at room 
temperature whereas AC adsorbed 99.99 % ATR under the same 
conditions. On the contrary, the adsorption of ATR on GO was 
74.91 % DIQ by AC was found to be 25.88 % only. GO and AC 
was highly selective towards DIQ and ATR respectively. This 
selective behaviour can be attributed to the surface charge of 
adsorbents. The adsorption isotherms studies made it very clear that 
all the adsorption studied are monolayer in nature as they all follow 
Langmuir isotherm. The non-selective one i.e. ATR on GO and 

DIQ on AC having similar surface charges provides in-
homogeneous surfaces for adsorption which in turn follow the 
Freundlich isotherm. The highly selective adsorption of ATR on 
AC and DIQ on GO is found to be multilayer by the BET adsorption 
studies. The kinetic studies revealed all adsorption studies follow 
pseudo second-order kinetics and the theoretical and experimental 
values of 𝑞𝑞𝑒𝑒  were in correlation with each other up to the third 
decimal place for second-order kinetics.  
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