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  1. Introduction 

 Carbon and water are two vital components central to all 

known living systems. The adsorption capacity of several 

carbon forms and most importantly of activated carbon ena-

bling affordable clean water is used extensively. The use of 

carbon in water purifi cation dates back to Harappan civiliza-

tion. Today, carbon has become one of the most common and 

Graphene: A Reusable Substrate for Unprecedented 
Adsorption of Pesticides

  Shihabudheen M.   Maliyekkal  ,     T. S.   Sreeprasad  ,     Deepti   Krishnan  , 
    Summayya   Kouser  ,     Abhishek Kumar   Mishra  ,     Umesh V.   Waghmare  ,   *      and   T.   Pradeep   *   

trusted means of removing contaminants like disinfection-

byproduct precursors, taste and odor compounds, and syn-

thetic organic chemicals (SOCs) such as pesticides and heavy 

metals from water [  1  ]  and is the most essential component in 

all water purifi cation technologies. 

 During the past decades, a considerable understanding 

of the relationship between water quality and human health 

has been developed. Standards of drinking water have been 

revised several times, and with the increased understanding 

of the health effects associated with several contaminants, 

the maximum permissible limits (MPL) of contaminants are 

likely to reach molecular limits in due course. [  2  ]  Among the 

92 regulated contaminant species as per the environmental 

protection agency (EPA) guidelines, pesticides are of major 

concern due to their indiscriminate use and widespread 

presence in drinking water. The toxicity and health hazards 

posed by pesticides, even at very low concentrations, have 

become large concerns for both developing and developed 

countries. [  3  ,  4  ]  World health organization (WHO) drinking 

water standards prescribe an MPL for a single pesticide as 

0.1  μ g L  − 1 . It is in this context that new adsorbents and new 

chemistry have to be developed to control these species. As 

a result of this tireless search for new technology to enable 

the effi cient separation of pesticides from water, many new 

materials with interesting properties have been developed. 

We have reported the use of noble metal nanoparticles for 

the degradation of pesticides in water at ultra low concen-

trations [  5  ]  and introduced this technology in the market. [  2  ]   DOI: 10.1002/smll.201201125 

 Unprecedented adsorption of chlorpyrifos (CP), endosulfan (ES), and malathion 
(ML) onto graphene oxide (GO) and reduced graphene oxide (RGO) from water 
is reported. The observed adsorption capacities of CP, ES, and ML are as high as 
 ∼ 1200, 1100, and 800 mg g  − 1 , respectively. Adsorption is found to be insensitive to pH 
or background ions. The adsorbent is reusable and can be applied in the fi eld with 
suitable modifi cations. A fi rst-principles pseudopotential-based density functional 
analysis of graphene–water–pesticide interactions showed that the adsorption is 
mediated through water, while direct interactions between graphene and the pesticides 
is rather weak or unlikely. 
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Carbon nanotubes (CNTs) are another category of materials 

investigated recently for pesticide uptake. [  6–8  ]  Studies demon-

stated that CNTs are promising candiates for the adsorption 

of a few SOCs from water and the adsorption capacities are 

dependent on various factors including the specifi c surface 

area and pore volume of the CNTs, the density of oxygen-

conatining functionalities on CNTs, and the chemical nature 

of the pollutant. However, CNTs are reported to be cyto-

toxic, [  9  ,  10  ]  which may limit their utility in drinking water 

purifi cation. 

 Since the discovery of graphene—a single atomic layer 

of carbon—in 2004, [  11  ]  it has attracted overwhelming atten-

tion due to its unique chemical and physical properties and 

low production cost compared to other graphitic forms. [  12–14  ]  

As of now, graphene and graphene-based materials have 

been proposed for many applications. This includes drug 

delivery, [  15  ]  solid-state gas sensors, [  16  ]  electrochemical sen-

sors, [  17  ,  18  ]  Raman scattering-based molecular sensors, [  19  ]  

hydrogen storage, [  20  ,  21  ]  energy storage devices, [  22  ]  and catal-

ysis. [  23  ]  Recent studies show that graphene-based materials 

have good potential in environmental cleanup as well. Large 

surface area, [  24  ]  reduced cytotoxicity, [  25  ]  the large delocalized 

 π  electrons [  26  ]  and tunable chemical properties [  27  ]  make these 

materials perfect candidates for the adsorption of chemi-

cals and thus the cleanup of water. The utility of graphene-

based materials for arsenic removal has been proved very 

recently. [  28  ]  The antibacterial properties of graphene oxide 

(GO) and reduced graphene oxide (RGO) have also been 

studied and it has been found that both are antibacterial. [  25  ]  

Sreeprasad et al. have reported a new methodology to make 

a series of RGO–metal and –metal oxide composites and 

studied their application for Hg(II) removal from water. [  29  ]  

The study also showed a simple method to immobilize GO/

RGO on sand particles and demonstrated the utility of this 

material in heavy metal removal. Gao and co-workers also 

demonstrated that GO-coated sand could be used as a low-

cost water purifi cation material for developing economies. [  30  ]  

A recent investigation shows that sulfonated graphene is a 

good medium for the separation of naphthalene and 1-naph-

thol from water and the adsorption capacities were estimated 

to be  ∼ 2.3–2.4 mmol g  − 1 . [  31  ]  However, no systematic effort has 

been done to use RGO and GO to remove complex mole-

cules such as pesticides from water. Considering the diverse 

nature of pollutants in water, we believe that continuous and 

systematic efforts are needed to bring advanced materials like 

graphene for down-to-earth applications like water purifi ca-

tion. To the best of our knowledge, no theoretical investiga-

tion is available in the literature to explain the phenomenon 

of organics–water–graphene interactions. Such studies may 

help to understand the system better and thus allow fi ne 

tuning for improved performance. 

 In this paper, we explore the use of RGO and GO for 

the removal of pesticides like endosulfan (ES), chlorpyrifos 

(ES), and malathion (ML) from water under different condi-

tions. In order to delineate the removal mechanism and to 

comprehend the observed uptake capacity, an analysis using 

fi rst-principles pseudopotential-based density functional 

theory (DFT) was carried out. The pesticides used in this 

study are widely detected in the surface and groundwaters 

of many countries. [  32  ]  While ES belongs to the organochlo-

rine (OC) group, CP and ML belong to the organophosphate 

group, which are second generation pesticides developed as 

substitutes to OC pesticides. Although many OC pesticdes 

are prohibited, ES is still used extensively as an insecticide in 

countries such as India, Pakistan, and Bangladesh under dif-

ferent trade names like Thiodan, Thionex, and Endosan. [  33a  ]  

Endosulfan is one of the most commonly detected pesti-

cides in surface waters of the US (38 states). [  33b  ]  CP (trade 

names: dursban, lorsban, agromil, dhanwan, dorson, dhanwan, 

omexan, etc.) and ML are reported to be used both for agri-

cultural and landscape pest control and their presence in 

water is widely reported. [  32a  ,  32c  ]  The toxic effects of these pes-

ticides are well documented. [  34  ]    

 2. Results and Discussion  

 2.1. Characterization of GO and RGO 

 The UV–vis spectral features of GO and RGO are shown in 

 Figure    1  A. The absorption peak at 232 nm showed the typical 

characteristic of GO and red shift in the peak (at 268 nm) after 

reduction confi rmed the transformation of GO to RGO. The 

attenuated total refl ectance infrared spectroscopy (ATR-IR) 

spectra of GO and RGO are shown in the inset of Figure  1 A. 

GO showed characteristic peaks at 1217 (epoxy C–O), 1415 

(carboxy C–O), 1614 (aromatic C = C), and 1720 (C = O in 

carboxylic acid), and 1035 cm  − 1  (epoxy or alkoxy C–O). The 

broad band between 3200–3400 cm  − 1  can be attributed to 

O–H stretching vibrations. In the case of RGO, most of the 

peaks due to oxygen functionalities disappeared. The peak 

at 1415 cm  − 1  almost vanished after reduction. The peaks at 

1575 and 1100 cm  − 1  are due to the aromatic C = C and C–O 

stretching vibrations, respectively. [  35  ]  Raman spectra of GO 

and RGO were also collected. As shown in Figure  1 B, the 

Raman spectrum of GO showed the D-band at 1345 cm  − 1  

and G-band at 1609 cm  − 1 . After reduction, the D-band posi-

tion remained the same but G-band shifted to a lower fre-

quency region (1590 cm  − 1 ), confi rming the reduction of GO 

to RGO. [  36  ]   

 GO and RGO were characterized by X-ray photoelec-

tron spectroscopy (XPS) as well. Figure  1 C shows the XPS 

spectra of GO and RGO. GO showed four components in 

the C 1s spectrum. The prominent peak centered on 284.5 eV 

is attributed to nonoxygenated ring C 1s. Other three peaks 

centered around 288.8, 287.6, and 286.3 eV are ascribed to 

C(O)O, C = O and C–O, respectively. [  36  ]  After the reduction 

of GO, the C 1s spectrum showed a major peak centered 

around 284.6 eV, corresponding to a non-oxygenated ring 

carbon. The peak centered at 288.9 eV is assigned to C(O)

O. Evidently, the oxygenated peak at 286.3 eV due to C–O 

disappeared completely. High-resolution transmission elec-

tron microscopy (HRTEM) image of RGO sheets is shown 

in Figure  1 D. An enlarged portion showing the thin folding is 

given in the inset. The graphenic nature of the materials can 

be seen from the characteristic ripples present on the sheets 

of GO and RGO. The edges and wrinkles were measured to 
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be around  ∼ 1–1.5 nm thick, which is close to a bilayer thick-

ness (inset Figure  1 D). [  37  ]  RGO samples were analyzed by 

scanning electron microscopy and energy dispersive micro-

scopy (SEM-EDAX) as well. A representative EDAX spec-

trum and elemental maps obtained are shown in Figure S3 

of the Supporting Information. An SEM image of RGO from 

which the EDAX spectrum and maps for certain elements of 

relevance to pesticides were taken is also given in Figure S3. 

The data reveal that the sample is devoid of impurities.   

 2.2. Adsoprtion Studies  

 2.2.1. Comparison of GO and RGO for the Removal of Pesticides 

 Both GO and RGO were tested for the removal of pesticides 

at room temperature and neutral pH and the data for CP is 

shown in  Figure    2  . Unit uptake capacities of CP increased 

with decreasing RGO or GO dose. This might be due to 

increased mass transfer at higher adsorbate to adsorbent 

ratio. Better separation of RGO or GO sheets at higher dilu-

tion and thereby increased available surface area could be 

another reason for the signifi cant increase in uptake capacity 

at lower doses. The data also revealed that RGO is a better 

candidate compared to GO in adsorbing CP from water. The 

CP uptake capacity of RGO was found to be as high as  ∼ 1200 

mg g  − 1 , approximately 10–20% higher than that of GO. To 

the best of our knowledge, no adsorbents used for the pur-

pose are reported to have adsorption capacities of more than 

the weight of the adsorbate, and therefore this observation 

is unprecedented. Similar adsorption trends were observed 

for the other pesticides as well, i.e., ES and ML (Supporting 

Information, Figure S4). The observed capacities are several 

times higher than the adsorption capacities of various adsorb-

ents investigated for the purpose. [  38–40  ]   

     Figure  1 .     (A) UV–vis, (B) Raman, and (C) XPS spectra of GO and RGO. (D) HRTEM image of RGO. Inset of A shows ATR-IR of GO and RGO. Traces are 
shifted vertically for clarity. The shift in G-band is shown with vertical lines. Inset of (C) shows the photographs of RGO and GO dispersed in DW. 
Inset of (D) shows a magnifi ed HRTEM image of RGO. The characteristic wrinkles of RGO are marked on the fi gure.  
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     Figure  2 .     Adsorption of CP as a function of RGO and GO dose. 
Initial concentration of CP  ≈  2 mg L  − 1 , pH  =  7  ±  0.2, and temperature  =  
30  ±  2  ° C.  
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 In order to study the interference of other ions on pesticide 

removal, adsorption studies were also done in groundwater 

spiked with pesticides.  Figure    3  A shows the High performance 

liquid chromatography (HPLC) trace of CP before and after 

contact with 0.0125 g L  − 1  of RGO. The corresponding HPLC 

spectra of ES and ML are given in Figure S5 of the Supporting 

Information. The data showed no interference, irrespective of 

the pesticides studied, and thus proved the possible utility of 

RGO and GO in purifi cation of real waters.    

 2.2.2 Adsorption Kinetics 

 The rate of adsorption is an important factor in any adsorp-

tion process. It varies with the physical and chemical proper-

ties of the adsorbent. Here, the time dependent adsorption of 

CP, ES, and ML onto RGO was tested and the data for CP 

are given in Figure  3 B. The data for ES and ML are given in 

Supporting Information, Figure S6. The kinetic data exhibited 

rapid removal of pesticides. More than 90% of the pesticide 

removal happened in  < 10 min contact time, and no traces of 

pesticide were detected after 30 min of contact with RGO. 

Control samples were also run to account for any possible 

volatilization and hydrolysis and they showed an insignifi cant 

effect. Concentration variation in the control was estimated 

to be less than 5%.   

 2.2.3. Regeneration and Reuse 

 For checking the reuse potential of RGO, successive adsorp-

tion–desorption cycles were conducted. The reuse capacity 

was studied for three consecutive cycles of adsorption–

desorption. The HPLC spectra obtained during three desorp-

tion cycles are shown in Figure  3 C. The percentage removal 

of CP for the corresponding adsorption cycle is shown in 

Figure S7 of Supporting Information. More than 90% des-

orption and insignifi cant reduction in CP uptake capacity 

was seen with repeated use. In the course of the study, we 

also observed that a good portion of RGO, which is initially 

dispersed in water, came to the water–hexane interface, indi-

cating the nonpolar nature of the RGO. However, we could 

re-disperse the RGO effectively by ultrasonication. The UV 

features of the cycled RGO were also collected (Figure S7). 

No signifi cant change in spectral features was seen, indicating 

that RGO is intact even after repeated use.   

 2.2.4. Effect of pH on Adsorption 

 The pH of the solution plays an important role in the adsorp-

tion process since it can alter the solute species as well as 

the surface properties of the adsorbent. At a given pH, the 

adsorbate and adsorbent may co-exist such that the same 
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     Figure  3 .     A) HPLC traces of (a) initial 2 mg L  − 1  of CP; (b) residual CP after contact with RGO dispersed in DW, and; (c) GO dispersed in DW; 
(d) residual CP after contact with RGO dispersed in GW, and (e) GO dispersed in GW. B) Time-dependent removal of CP by RGO at two different initial 
concentrations of CP. C) HPLC traces of initial and desorbed CP; a, b, c, and d show initial CP and CP desorbed in three consecutive desorption 
cycles, respectively. D) Effect of pH on the adsorption of CP by RGO. Line diagrams (axis on the right) show the measured initial concentrations of 
CP at various pHs. RGO–DW indicates RGO dispersed in deionzed water spiked with pesticide; RGO–GW indicates RGO dispersed in groundwater 
spiked with pesticide.  
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or opposite charges may be present. The 

pesticides are susceptible to hydrolysis 

in aqueous media and can result in some 

new species, different from the parent 

compound. It is reported that pesticides 

like CP, ES, and ML hydrolyze at a faster 

rate in alkaline pH, whereas no effect on 

hydrolysis was reported at acidic pH. [  41  ,  42  ]  

Here, RGO was tested for the pesticide 

uptake from water, both DW and GW, as 

a function of pH under batch equilibrium 

conditions. Figures  3 D shows insignifi -

cant variation in CP uptake capacity over 

the pH range studied (pH  ≈  3–9). Similar 

behavior was observed with ML and ES as 

well (data not shown). None of the pesti-

cides studied are ionizable, indicating that 

the pesticides behave as electroneutral 

species. Hence, the interaction between 

the adsorbate and adsorbent is not 

expected to change with pH. [  43  ,  44  ]  There-

fore, the interaction of a neutral molecule 

with a relatively electroneutral surface 

of RGO should show a pH-independent 

adsorption pattern. Analysis of the initial 

pesticide samples also show no evidence 

of the formation of hydrolysis products 

over the experimental time span. A study 

on the adsorption of diuron, a non-polar 

pesticide, by carbon, shows a pH-

independent adsorption. [  44  ]  The same 

group also reported that pesticide adsorption varies with the 

surface functionality of the adsorbent as well as the ionic 

nature of the pesticide. 

 The pH-independent adsorption behavior of RGO 

indicates that the surface functional group (–COO  −  ) present 

on the RGO surface is not involved in the adsorption of 

pesticides. This may suggest the absence of direct interactions 

of the pesticide with RGO in the adsorption process. [  45  ]     

 2.3. Characterization of RGO After Contact With 
the Pesticide Samples 

 The adsorption of pesticides onto RGO was also illustrated 

using desorption electrospray ionization (DESI) mass spec-

trometry measurements. CP on glass plate showed its char-

acteristic molecular ion at m/z 352 (Supporting Information, 

Figure S8A). Collision-induced dissociation of this ion (in 

mass spectrometry/mass spectrometry (MS/MS)) confi rmed 

the identity of the species (inset of Supporting Information, 

Figure S8B). RGO loaded with CP showed the character-

istic molecular ion peak at m/z 352 ( Figure    4  A). The isotope 

pattern exhibited by this peak is similar to the theoretically 

predicted pattern, confi rming the presence of CP on RGO. 

The MS/MS measurement further confi rmed the identity of 

the species (Figure  4 B). The fragmented ion at m/z 324 is 

due to the loss of C 2 H 4  from the molecular ion at m/z 352. 

The subsequent loss of C 2 H 4  from m/z 324 resulted in the ion 

at m/z 296. The fragmented ion at m/z 200 was assigned to 

[C 5 H 3 Cl 3 NO]  +  .  

 The mass spectra of ML were also recorded and the data 

showed the molecular ion peak at m/z 331 (Supporting Infor-

mation, Figure S9A). The theoretical and experimental iso-

tope pattern exhibited by the molecular ion peak showed 

1:1 correspondence, confi rming the presence of ML on RGO 

(inset of Figure S9A). The MS/MS spectrum of the molecular 

ion is shown in Supporting Information, Figure S9B. The frag-

ment ion masses and their molecular formulae are marked in 

the fi gure. The data established the presence of adsorbed ML 

on RGO.   

 Figures 5  A and B show the TEM and SEM images, 

respectively, of RGO after adsorption of CP. We can see that 

the thickness of the sheet increased after pesticide adsorp-

tion. Similar observations were seen in the case of other pesti-

cides as well (Supporting Information, Figure S10). However, 

the shape of the sheet was preserved and RGO remained 

in suspension without any visible aggregation. This may be 

explained as follows: It is known that GO prepared through 

reduction route can form well-dispersed aqueous colloids. 

The stability is attributed to electrostatic repulsion due to 

high surface negative charge generated as a result of ioniza-

tion of the –COOH and –OH groups on the GO sheets. [  36  ]  

It is also known that –COOH groups are unlikely to be 

reduced under these experimental conditions, indicating that 

the surface of RGO is still negatively charged. Adsorption of 

non-ionic species like CP, ES, and ML is unlikely to change 

     Figure  4 .     (A) Positive ion DESI mass spectrum of CP on RGO surface. (B) MS/MS analysis of 
m/z 352. Inset of A shows an expanded view of the molecular ion peak and a comparison 
with the theoretical isotope pattern. The m/z 324 peak intensity (RA) in B is multiplied by 1/5 
to show all the ions clearly.  
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the surface charge and hence the stability. On the contrary, 

aggregation of RGO was observed in groundwater spiked 

with pesticides. This may be due to the interaction of cations 

present in groundwater with negative functional groups on 

RGO, i.e., COO  −  , and thereby charge neutralization and 

coagulation. The fl ocs once formed can be redispersed tem-

porarily by ultrasonication.    

 2.4. First-Principles Analysis of the Graphene, Pesticide 
and Water Interactions 

 We now present results to address the following issues in the 

observed capacity of graphene to adsorb these pesticides at 

unprecedented levels: 1) Is adsorption feasible and how is it 

infl uenced by water? 2) Is such a large capacity of adsorption 

possible, and what may the upper limit be? 3) What are the 

atomistic mechanisms responsible? 

 While all experiments were carried out at room tem-

perature, the fi rst-principles calculations provided energies 

at 0 K, and we used them to develop a qualitative under-

standing of our experiments. Although such calculations can 

be employed in molecular dynamics to simulate behavior at 

fi nite temperature, this approach is quite expensive and unre-

alistic, particularly to access the time-scales relevant to the 

separation of pesticides from water. However, to have some 

idea about entropic effects, we have considered various (8 to 

10) confi gurations for different aggregates or complexes of 

water, graphene, and each of the three pesticide molecules. To 

facilitate a comparative analysis of the energetics that involve 

different species of atoms, we fi rst considered the following 

systems: a free water molecule (W), pristine graphene (G), a 

free pesticide molecule (P  =  ES, CP, or ML), and an aggregate 

of  n  water molecules ( n W). The energy of each of these was 

determined through structural relaxation in a large supercell. 

Our optimized structure of graphene has a lattice constant 

of 2.45 Å, in good agreement with the experimental value of 

2.46 Å. [  46  ]  Using an experimental [  47  ]  hexagonal crystal 

structure of  β -ES for the initial guess in our structural 

optimization, we found that bond-lengths of ES change by 

only a couple of percent during relaxation, within the typical 

errors of DFT calculations. Similarly, we used a monoclinic 

crystal structure of CP generated experimentally [  48  ]  and 

found that our calculated structure is in reasonable agree-

ment with experiment. A detailed structure of ML is not 

available experimentally, so we determined it from our cal-

culations. Since our pseudopotentials and other calculational 

parameters accurately described the structures of ES and CP, 

we expect a similar level of accuracy in the structure of ML 

(see theoretical structures of pesticides in  Table    1  ).    

 2.5. Adsorption of Pesticide on Graphene 

 Among the binary complexes, we fi rst considered different 

(3–4) confi gurations of pesticide–graphene (P–G) complexes 

     Figure  5 .     (A) TEM image of RGO after adsorption of CP. (B) SEM image of RGO after adsorption of CP. Inset of (B) shows a magnifi ed SEM image. 
(C) EDAX spectrum of RGO loaded with CP. Inset of (C) shows the X-ray images of various elements present in RGO along with a SEM image.  
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with different orientations of each pesticide with respect to 

the graphene sheet (see their relaxed structures in  Figure    6  A 

and Figure S11A of Supporting Information). To quantify the 

strength of the interactions between P and G, we obtained an 

adsorption energy,  E A   defi ned as defi ned in equation 1.

 E A = E P−G − (E p + E G)   (1)     

 where,  E P-G , E P , E G   are the energies of the optimized struc-

tures of pesticide–graphene complex, isolated free pesticide 

molecule, and graphene supercell, respectively. Similarly, we 

quantify the energy of dissolution as defi ned in equation 2.

 E D = EW−G/P − (EW + E G/P )   (2)   

where  E W−G/P   is the energy of the water and graphene or 

water and pesticide complex. Our results clearly reveal that 

 E A    >  0 with magnitudes from 30 to 50 kJ mol  − 1  for ES and 

CP, while there is weak binding (−2 to −3 kJ mol  − 1 ) for ML, 

and thus adsorption of these pesticides on dry graphene is 

unlikely or at the best very weak (Supporting Information, 

Table S12), and that  E D    <  0 meaning both graphene and pes-

ticide have an attractive interaction with water molecules 

(relative to free water molecules). However, we also found 

that  E(nW)−nE(W )  <  0, with a magnitude comparable and 

even greater than that of  E D   in the case of ML and CP. Thus, 

the adsorption of pesticides or graphene in water is limited. 

Experimental samples of graphene here, though, are partially 

functionalized which can alter the adsorption of graphene. 

 Finally, we turn to our results on ternary G–W–P com-

plexes (Supporting Information, Table S13). To evaluate 

energetic stability, we examine the adsorption energy of the 

G–W–P complex (see their structural confi gurations in Sup-

porting Information, Figures S11B and S14) as defi ned in 

equation 3.

 EG−W−P = Ecomplex − (EG + E P + nEw)  (3)   

for  n   =  6, and compare with  E A   and  E D   defi ned earlier. First 

of all, we fi nd that there is an energy gain associated with 

binding between graphene, pesticide, and water molecules 

relative to any of the pair complexes:  E   G  −  W  −  P    <   E A   and 

 E   G  −  W  −  P    <   E D  , when we consider the lowest energy confi gura-

tion for each. For each pesticide, the energy of the G–W–P 

complex is lower by 20–40 kJ mol  − 1  than the energy of a 

pair complex such as W–P or W–G or  n W ( n   =  6). Thus, with 

respect to free graphene or free pesticide in water, it is ener-

getically preferable for a G–W–P complex to exist. Secondly, 

   Table  1 .    Selected properties of the pesticides used in the study. 

 Pesticide  Molecular 
Formula 

 Chemical Structure  Theoretical Structure (From DFT 
Calculations) 

 Mol. Wt. 
[g mol  − 1 ] 

 Water solubility 
[mg L  − 1 ] 

Chlorpyrifos [ O,O -

diethyl- O -(3,5,6-

trichloro-2-

pyridyl) 

phosphorothioate]

C 9 H 11 Cl 3 NO 3 PS

  

  

350.59 2 (25  ° C)

Endosulfan 

[6,7,8,9,10,10-

Hexachloro-

1,5,5a,6,9,9a-

hexahydro-6,9-

methano-2,4,3-

benzodioxathiepin-

3-oxide]

C 9 H 6 Cl 6 O 3 S

    

406.93
 α -ES- 0.32  β -ES- 

0.33 (22  ° C)

Malathion 

[diethyl 2-

[(dimethoxyphos-

phorothioyl)sul-

fanyl]butanedioate]

C 10 H 19 O 6 PS 2 

  

   

330.36 130 (25  ° C)
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the energy gain associated with the formation of a graphene–

pesticide–water complex increases with  n  (Supporting Infor-

mation, Table S15), up to a value that gives a reasonable 

packing of water molecules in the space available (about  

n   =  50, depending on the pesticide) in the 5  ×  5 supercell. We 

fi nd that only a few bonds, particularly the polar ones, in a 

pesticide molecule, which are close to water molecules and 

graphene, change noticeably when it enters into an interac-

tion with graphene and water. For example, while one of the 

P–S bonds in ML elongates and the other shortens by 1%, 

both P–O bonds contract by less than a percent. While a P–S 

bond in CP elongates by a percent, its P–O bonds are short-

ened by less than a percent. In ES, one of the S−O bonds 

becomes longer by a percent and the other contracts by half 

a percent. As the distance between any of the molecules and 

graphene is always greater than a typical bonding distance, 

we conclude that the origin of these structural changes and 

associated energetics is mainly electrostatic in nature. Visu-

alization of the structure and charge density (Figure  6 A) 

reveal polarity and suggest an electrostatic interaction. Natu-

rally, water, with its polar structure, plays an important role 

in mediating effective interactions between graphene and a 

pesticide. The nature of interaction between dry graphene 

and ES is slightly different, and involves 

some bending (by 3.2 ° ) of graphene sheet 

(Figure  6 B) and costs energy of the order 

30–50 kJ mol  − 1 . In this case, the S = O 

(double bond) bonds elongate by 1.7% 

and both single S–O bonds elongate by 

3.5% relative to the relaxed ES molecule. 

On the other hand, one of the C–Cl bonds 

closer to the graphene sheet shortens by 

1%, and the other elongates by 3.5%. 

 Our calculations with  n  ×  n  super-

cell of graphene correspond to pesticide 

adsorption capacities ranging from 600 

to 2000 mg g  − 1  (Supporting Information, 

Table S16). Our results for G–W–ES 

(Figure  6 C) clearly show that there is an 

overall binding between ES, graphene, 

and water molecules for coverages lower 

than 1600 mg g  − 1 . Indeed, this confi rms 

the experimental observation that a pes-

ticide can precipitate along with graphene 

and water at these high coverages/capaci-

ties. Our theoretical estimate of the upper 

limit on pesticide adsorption capacity 

is slightly higher than the experimental 

value because it corresponds to the most 

stable confi guration (T  =  0 K) among the 

ones considered here, and DFT calcula-

tions are known to typically overestimate 

the binding energies.    

 3. Conclusion 

 Unprecedented water-assisted adsorption 

of common pesticides on graphene is dem-

onstrated here with a combination of theory and experiment. 

Our work establishes that the new class of 2D carbon nano-

materials has enormous potential in water purifi cation, in cre-

ating cheap, easily manufacturable substrates. The adsorption 

capacity of graphene observed to be as large as 1200 mg g  − 1  

is higher than any materials investigated for the purpose. The 

material is also attractive due to its high specifi city to the 

pesticides, insensitivity to changes in pH, less toxicity com-

pared to other carbon-based nanomaterials like CNTs, and 

antibacterial properties (consequently unlikely accumulation 

of bacteria on the fi lter media). Besides the said merits, RGO 

can be easily immobilized on cheap substrates like sand and 

used as a fi lter that reduces many engineering limitations of 

the said material in applications like water purifi cation. Using 

fi rst-principles DFT-based analysis, we have determined the 

energies of adsorptive interactions between graphene and a 

pesticide (binary complex) as well as graphene, pesticide, and 

water complexes, revealing that the pesticide adsorption on 

graphene is thermodynamically feasible only in the presence 

of water molecules, and the adsorption of any of the three 

pesticides on dry graphene is expected to be rather weak 

or unlikely. Hence, the observed removal of pesticides from 

water by graphene is proposed to be due to the formation 

     Figure  6 .     Relaxed structure of (A) G–W–ES complex and (B) ES–G complex. (C) Energy of 
adsorption of endosulfan on graphene in the presence of water molecules as a function 
of coverage (expressed in amount of ES per gram of graphene). The structure on the left 
corresponds to a 4  ×  4 supercell and good binding in the complex, while the one on the right 
is for a 3  ×  3 supercell of graphene with no binding.  

small 2013, 9, No. 2, 273–283

 16136829, 2013, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.201201125 by C
entral L

ibrary, W
iley O

nline L
ibrary on [15/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Graphene as a Substrate for Unprecedented Adsorption of Pesticides

281www.small-journal.com© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and precipitation of G–W–P complexes through electrostatic 

interactions. The present study reveals the richness in interac-

tions of graphene with molecular systems and opens a way 

for further research in this important fi eld of environment 

friendly applications of graphene.   

 4. Experimental and Computational Details 

  Materials:  Natural graphite was purchased from Active Carbon 
India Pvt. Ltd., India. Hydrochloric acid (HCl, 36%), ammonia (NH 3 , 
30%) and sulfuric acid (H 2 SO 4 , 95–98%) were procured from 
Rankem Chemicals, India. CP (HPLC assay 99.9%), ES (HPLC assay 
99.9%,  α : β   =  1:2), and ML (HPLC assay 96.1%) were purchased 
from Sigma Aldrich. Stock solutions of the pesticides were pre-
pared in high pure ethanol (99.9%) and maintained under refrig-
eration until needed for testing. Phosphorus pentoxide (P 2 O 5 ), 
hydrazine monohydrate (N 2 H 4  · H 2 O, 99–100%) and hydrogen 
peroxide (H 2 O 2 ), were purchased from SD Fine Chemicals, India. 
Potassium peroxydisulfate (K 2 S 2 O 8 ) was purchased from Sisco 
Research Laboratories Pvt. Ltd., India. Potassium permanganate 
(KMnO 4 ) was purchased from Merck. All chemicals were used as 
received without any additional purifi cation. All solutions and sus-
pensions were prepared using deionized water (DW). 

  GO and RGO Synthesis : GO synthesis from graphite powder 
was carried out based on the modifi ed Hummers method. [  49  ]  RGO 
synthesis was done by chemical reduction of GO as reported by 
Li et al. [  50  ]  as well as through hydrothermal reduction method 
reported by Zhou and co-workers. [  51  ]  The detailed procedure is 
given in Supporting Information S1. Various concentrations of RGO 
and GO were prepared by appropriate dilution using DW. The sam-
ples were dialyzed against DW to get rid of ionic impurities. After 
dialysis, the samples were stored in glass bottles for further use. 

 RGO prepared through two different reduction routes were 
tested for their adsorption capacity. This was done to study the 
infl uence of reduction processes on adsorption. Chemical reduc-
tion can leave reductants with graphene and its infl uence on 
adsorption was an important aspect of the investigation. The 
results revealed that the reduction methodologies have an insig-
nifi cant effect on the adsorption process. All the experiments 
reported in the paper were carried out using hydrothermally syn-
thesized RGO. 

  Adsorption Experiments:  The pesticide uptake capacities of GO 
and RGO dispersions were investigated in a batch reactor (20 mL). 
The working volume was maintained at 10 mL. Homogeneous 
dispersions of GO and RGO were taken in the reactor separately 
and the target pesticide was added into the dispersion to get the 
required concentration of the contaminant. All the adsorption 
experiments were conducted at room temperature (30  ±  2  ° C). 
Selected properties of the pesticides used in this are given in 
Table  1 . 

 The solutions contained a small amount of ethanol ( < 0.5% by 
volume), which was added with the pesticide stock solution. The 
solutions were kept for stirring at ambient conditions. The solid–
liquid separation was done by membrane fi ltration. The fi ltrate was 
analyzed to quantify the target pesticide in the aqueous phase by 
high pressure liquid chromatography (HPLC) (Dionex, UltiMate 
3000) equipped with an UltiMate 3000 variable wave length 
detector and a packed column of Agilent C18, 100A. CP analysis 

was carried out at a wavelength of 267 nm. An acetonitrile:water 
(80:20) mixture was used as the mobile phase and a total fl ow rate 
of 1 mL min  − 1  was maintained. ES and ML were analysed at similar 
settings but at a wavelength of 214 nm. The effects of pH, con-
tact time, adsorbent dose, and co-existing ions were evaluated by 
varying the parameters in the appropriate window. Except kinetics, 
all other studies were conducted by a batch equilibration method. 
For conducting adsorption experiments in real water, the water 
was simulated by spiking the required concentration of target pes-
ticide into groundwater (GW). The water quality characteristics of 
the groundwater are given in Supporting Information (Table S2 
of Supporting Information). Control samples were kept in all the 
cases to assess the removal of the pesticides by methods other 
than adsorption by RGO/GO. All the experiments were conducted 
in duplicate with proper control and the samples were analyzed 
immediately. 

  Regeneration Studies:  Once used RGO was regenerated using 
n-hexane as the eluent. The test was restricted to CP@RGO alone 
(@ implies CP adsorption on RGO), since all the three pesticides 
studied showed similar behaviour. To begin with, CP (2 mg L  − 1 ) was 
initially equilibrated with a dispersion of RGO (10 mL) at neutral pH 
and at room temperature (30  ±  2  ° C). After achieving equilibrium, 
n-hexane (5 mL) was added to the reactor and stirred for 30 min. 
After 30 min, n-hexane (4 mL) was separated from the reactor care-
fully and the solvent was evaporated by means of rotary vaporisa-
tion. The pesticide residue was re-dissolved in equal volume of 
ethanol (4 mL) and analyzed using HPLC as described above. After 
the fi rst cycle, the RGO was separated from the solvent and reused 
for the subsequent adsorption and desorption cycles. 

  Instrumentation:  UV–vis spectra of GO and RGO were meas-
ured using a Perkin-Elmer Lambda 25 UV/Vis spectrophotometer. 
Attenuated total refl ectance-infrared (ATR-IR) measurements were 
done using a PerkinElmer, Spectrum 100 spectrometer. Raman 
spectra of GO and RGO were collected using a confocal Raman 
spectroscope (WiTec GmbH CRM 200). X-ray photoelectron spec-
troscopic (XPS) measurements were done with an Omicron ESCA 
Probe spectrometer with unmonochromatized Mg K  α   X-rays (h ν   =  
1253.6 eV). The energy resolution of the spectrometer was set at 
0.1 eV at a pass energy of 20 eV. Binding energy was corrected with 
respect to C 1s at 284.5 eV. A high-resolution transmission electron 
microscope (HRTEM) with an ultra-high resolution (UHR) polepiece 
was used to image the samples (JEOL 3011, 300 kV). Surface mor-
phology, elemental analysis and elemental mapping studies were 
carried out using scanning electron microscopy (SEM) equipped 
with energy dispersive analysis of X-rays (EDAX) (FEI Quanta 200, 
Czechoslovakia). The samples were analyzed using an electrospray 
ionization mass spectrometer (LTQ XL, Thermo Scientifi c, San Jose, 
CA) equipped with a 2D moving stage (Prosolia, Indianapolis, IN) 
desorption elelectrospray-mass spectrometry (DESI-MS) imaging. 
All the mass spectra were acquired under identical conditions of 
2 mL min  − 1  solvent fl ow rate, 110 psi nebulizer gas (N 2 ) pressure, 
and 5 kV spray voltage. 

  First-Principles DFT Analysis of Graphene, Pesticide and Water 
Interactions:  We used Plane-Wave Self-Consistent Field (PWSCF) [  52  ]  
implementation of DFT, which is based on ultra-soft pseudopo-
tentials [  53  ,  54  ]  to represent interactions between ionic cores and 
valence electrons and a plane-wave basis. As the densities in 
molecular systems change rapidly in space, we used a general-
ized gradient approximation (GGA) with Perdew–Burke–Ernzerhof 
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(PBE) [  54  ]  form of the exchange correlation energy functional. Kohn–
Sham wave functions were represented with a plane wave basis 
with an energy cutoff of 30 Ry and charge density with a cutoff 
of 180 Ry. We used periodic boundary conditions with 8  ×  8 and 
5  ×  5 supercells of graphene to simulate different concentrations 
of pesticides and water molecules interacting with it, and include 
a vacuum up to 22 Å (minimum thickness of vacuum was 12.8 
Å) in the direction perpendicular to the graphene plane to keep 
interactions between periodic images of molecules minimal. Inte-
grations over the Brillouin zone (for these periodic supercells) were 
sampled with 3  ×  3  ×  1 and 1  ×  1  ×  1 uniform meshes of k-points, 
ensuring convergence with respect to k-points while using occupa-
tion numbers smeared with Fermi–Dirac scheme with a broadening 
of 0.003 Ry. We considered many structural confi gurations for each 
pesticide ( β -ES, CP, and ML) obtained with different orientations 
and positions of the pesticides and water molecules relative to 
graphene, and relaxed the structure to minimize the energy until 
Hellman Feynman forces on atoms were less than 0.001 Ry/bohr 
in magnitude.   
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 Supporting Information is available from the Wiley Online Library 
or from the author  
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