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Synthesis of monolith silica 
anchored graphene oxide 
composite with enhanced 
adsorption capacities 
for carbofuran and imidacloprid
Musa Khan 1, Mian Muhammad 1, Zeid A. AlOthman 2, Won Jo Cheong 3 & Faiz Ali 1*

Highly efficient adsorbent was prepared for the removal of carbofuran and imidacloprid pesticides 
from wastewater. The silica monolith anchored graphene oxide composite was synthesized by the 
modified Fischer esterification protocol. The composite showed improved adsorption capacity for 
the removal of pesticides from wastewater. Graphene oxide was synthesized using the modified 
Hummer’s method, while the silica monolith was prepared via sol–gel method. The composite was 
characterized via X-ray diffraction, Fourier transform infra-red, Brunauer Emmett and Teller (BET/
BJH) analysis, zeta potential, and FESEM imaging. Different adsorption parameters such as pH, 
contact time, adsorbate and adsorbent concentration, and temperature were optimized for the 
adsorption of pesticides. The equilibrium and kinetic models were applied to the adsorption process 
of the pesticides. Qe of the composite as found to be 342.46 mg  g−1 for imidacloprid and 37.15 mg  g−1 
for carbofuran. The adsorption process followed the pseudo 2nd order kinetic model for carbofuran 
(R2~0.9971) and imidacloprid (R2~0.9967). The Freundlich isotherm best fitted to the adsorption 
data of the pesticides with R2 value of 0.9956 for carbofuran and 0.95 for imidacloprid. The resultant 
adsorbent/composite material came out with very good results for the removal of pesticides.

Abbreviations
AChE  Acetylcholinesterase
PEG  Polyethylene glycol
GO  Graphene oxide
AOP  Advance oxidation process
BET  Brunauer, Emmett and Teller
TMOS  Trimethoxy silane
ASTM  American society for testing and materials

Since the nineteenth century, different chemical products have been using for the plant protection in agriculture, 
which are collectively known as  pesticides1. According to the World Health organization (WHO), any chemical 
compound which is used for plant protection by killing the pests are called “pesticides”. It was noticed that those 
pesticides have serious effects on air, soil, and water. According to the needs of world population, use of such 
pesticides for the high yield production of good quality foods is unavoidable fact. The use of pesticides can lead 
to serious environmental problems and health hazardous  issues2. Acetylcholine produces impulse transmission 
via enhanced hydrolysis by the action of Acetylcholinesterase (AChE) in nervous system. The inactivation of 
AChE enzyme by the pesticides can cause hyperstimulation of muscarinic and nicotinic receptors resulting in 
the blockage of the  neurotransmissions3.

Carbofuran is a carbamate insecticide used for the control of nematodes and other insects in vegetable, fruit, 
and crops. It has a negative effect on the human reproductive  system4. The second mostly used pesticide for the 
quality and quantity improvements of the crop is imidacloprid. Due to long lifetime, small particles size, and 
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higher solubility it is hazardous for aquatic environment. imidacloprid leach out to the surface in water environ-
ment and remain in the food for longer  time5. Structures of carbofuran and Imidacloprid are given in Fig. 1.

Various techniques are in action for the removal of pesticides from wastewater such as oxidation, degrada-
tion, photo Fenton, s technique, and membrane  technology6,7. The advanced oxidation process (AOP) is one 
of the effective, easiest, and most commonly used method applied for the removal of organic pollutants, but its 
separation capability is limited to the type and nature of the  adsorbents8. In Fenton process hydroxyl radical is 
released by the breakdown of water molecule which oxidizes the organic pollutants. The Fenton process in the 
presence of visible or UV light is called photo-Fenton. The generation of sludge during post treatment, metal 
ion discharge and limited pH range are the disadvantages of the Fenton  process9. The photocatalytic oxidation 
process is the more versatile technique in which the light excite electron from ground level in molecules, which 
further oxidizes the organic pollutants in water. The major disadvantages of this process are limited quantum 
efficiency owing to the less intensive visible light and deactivation of the  photocatalyst10. In ion exchange method, 
a particular ion in liquid must be removed by exchanging the ion with that of the solid phase. But nevertheless, 
the contaminant in wastewater mostly affects the  process11.

Adsorption is one of the effective, and simple technique used for wastewater treatment using various 
 adsorbents12. Towards the elimination of pesticides/pollutants from wastewater the Adsorption is an effective 
technique in which the pollutants bind at the adsorbent  surface7. Adsorption technique offers many advantageous 
features including improved performance, operational ease, employment of the low-cost adsorbent materials/
inexpensive, and stability. Other techniques are associated with one or the other limitation listed above. It reduces 
the pollutants concentration to very low  level13.

To synthesize the multifunctional and more efficient adsorbents for the removal of organic pollutants from 
wastewater the selective combinations of raw materials can be used. Graphene oxide has OH, COOH and COC 
functionalities on its surface which can form different types of bonds with silica monolith where the latter pos-
sesses the silanol groups on its surface. Depending on the functional groups and nature of organic pollutants 
the chemistry of graphene oxide silica monolith adsorbent can be fine-tuned. The unmodified graphene oxide is 
unstable which makes its handling/recovery after use very difficult, and it blocks the pores of filter paper causing 
issues in filtration and centrifugation. After the incorporation of silica monolith into its network increases its 
stability and it can easily be  handled14. Silica-based nanocomposite are aqua friendly, physiochemically stable 
materials which can be used as good adsorbent for the removal of  pesticides15. Large pore size, large surface/
volume ratio of the silica-based materials, enhance adsorption capability towards pesticides make it a good 
choice for adsorption. Silanol groups on the silica surface make it capable to form a variety of composite with 
other  materials16. Metal oxide nanoparticles/iron oxide may be released from graphene oxide sheets binding via 
electrostatic interaction and physical adsorption. To overcome this problem silica-based materials can be applied 
to the GO, that can easily be dispersed and  separated17. The Esterification reaction of the graphene oxide with 
amine and cyanate has been reported. Similarly, the amine functionalities of the chitosan are responsible for the 
esterification reaction with carboxylic group of  GO18. Silica monolith and its modified composite materials can 
be used as the best  adsorbents19. In current study we demonstrated the synthesis of silica monolith anchored 
graphene oxide composite using silica monolith and graphene oxide by Fischer esterification protocols. The 

Figure 1.  Structures of carbofuran (A) and imidacloprid (B), Scheme for the Synthesis of composite availing 
the Fisher Esterification protocol (C).
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composite materials were applied for the removal of carbofuran and imidacloprid from wastewater with highly 
improved adsorption capabilities.

Materials and methods
Chemicals and reagents. All the chemicals were of analytical grade. Imidacloprid (Sigma Aldrich, Mol.
wt-255.66 g  mol−1) and carbofuran sigma Aldrich Mol. Wt-221.25 g  mol−1) were used without further purifi-
cation. Urea, Glacial acetic acid, polyethylene glycol (PEG), were purchase from Sigma Aldrich. HCl (37%), 
NaOH,  NaNO3,  KMnO4 and  H2O2 were purchased through local vendors from Sigma Aldrich, Germany. Briton 
Robinson buffer reagents,  H3PO4,  H3BO3 (China) and  CH3COOH (Sigma Aldrich Germany) were used for the 
adjustment of desire pH.

Instrumentation. The Spectrophotometer-1601 Shimadzu Japan with glass cell of 1.0 cm path length was 
used for the measurement of absorbance against blank solvent. The stirring hot plate (Irmico, Germany) 280–
500 ℃, 0–2000  rpm, was used for heating and stirring. The furnace (Nabertherm, Germany) was used. The 
composite centrifugation from the aliquot was carried out using centrifuge (Witeg, Germany). pH readings were 
taken with pH meter (Hanna, USA), and the sonicating machine (Power sonic-405, Korea) was used for sonica-
tion. For shaking purposes, orbital shaker (Taiwan) was used.

Characterization techniques. The resultant composite was characterized by the Brunauer, Emmett and 
Teller (BET) analysis, Fourier transform infra-red (FTIR), X-ray diffraction (XRD), zeta potential (zeta pH), 
and FESEM imaging. The adsorption of gases on the composite surface is the most versatile techniques for the 
exploration of the surface area and pores size distribution of the porous composite. BET Pores distribution and 
specific surface area of the composite were measured using the Mesh No. 16 [ASTM E:11] via an instrument 
of volumetric gas adsorption which uses the nitrogen gas as adsorptive (Quanta chrome NOVA 2000 e series 
USA). Adsorption experiments were carried out at 75.4 K and p/po = 0.96. nitrogen gas. The moisture adsorbed 
on the composite surface were evaporated under vacuum pressure at 100 °C for 8 h before the calculation of 
pore size distribution, and specific surface area of the  composite20. The FTIR study of the composite was carried 
out by using Excalibur spectrometer with standard detector. Various functional groups on the surface of silica 
anchored GO composite, Silica monolith and GO surface, KBr pellets were applied. The resultant spectra were 
documented with resolution of 4  cm−1 taken in the region of frequency corresponding to 4000 to 400  cm−121. 
Zeta potential was measured via nano trac II zeta analyzer instrument, using composite suspension in water. The 
sample was taken in zeta cell containing a small line called front. Before taking the sample, the cell was cleaned 
with lens paper. The cell was placed in instrument (nano trac II zeta analyzer instrument, USA). The analysis was 
performed at a temperature 0.4 ℃ and equilibrium time of 3 min, and at a manual applied voltage of 100  nV22.

Synthesis of monolith silica particles. The silica monolith particles were prepared using the sol–gel 
protocol (1650 mg urea and 1620 mg PEG were dissolved in 15 ml acetic acid solution (0.01 N) in a Teflon vial. 
The solution was stirred magnetically for 10 min in ice cold environment. 5.00 ml of the Trimethoxy silane 
(TMOS) was added to the mixture, and stirred magnetically for 40 min. The mixture was dried at 40 °C in Lc 
oven for 40 h, then at 125 °C in an autoclave for further 45 h using a GC oven. The resultant residual water form 
due to sol–gel process was removed and the resultant monolithic silica was vacuum dried at 60 °C for 25 h. The 
resultant silica monolith was grounded up with a mortar and pestle for 10 min, and finally calcined at 500 °C in 
a muffle  furnace23.

Synthesis of graphene oxide sheets. Graphene oxide sheets were prepared by Hummer method. A 
mixture of graphite powder (3.00 mg), sodium nitrate (2.00 mg) in 70 ml  H2SO4 (98%) was taken in 500 ml two 
neck round bottom flask at a temperature bellow 20 °C. The solution was stirred for 3 h after the addition of 
 KMnO4 (9.00 gm). The solution was stirred for 3 h after keeping it in oil bath at a temperature of 40 °C. 50 ml 
distilled water was added to the mixture in a drop wise manner at a temperature of 35 °C and a color change from 
dark to yellow was observed. 100 ml water was added again, and the solution was kept on stirring for 15 min 
at 95 °C. 200 ml  H2O2 (30%) was added to the mixture and stirred for 2 h. The resultant solid GO was cooled, 
filtered, and washed with 1:10 HCl and water mixture and dried in  air24.

Synthesis of Silica monolith-graphene oxide composite. The silica monolith@Graphene oxide 
composite was synthesized using graphene oxide and silica in 1:3. Graphene oxide (0.1  g) was dispersed in 
100 ml distilled water and sonicated for 30 min similarly, the 0.36 g silica was dispersed in water. The two sus-
pensions were mixed in the above given ratio in a round bottom flask. 1.0 ml  H2SO4 (98%) was added to the 
solution. The entire mixture was reacted at 100 °C for 24 h under reflux  condition25. The schematic synthesis of 
the composite is shown in Fig. 1.

Batch adsorption studies. The adsorption capabilities of the composite were studied for the adsorption 
of carbofuran and imidacloprid in wastewater. Various adsorption parameters such as contact time, temperature 
effect, adsorbent and adsorbate dose, and pH effect were optimized, using a specific amount of the composite 
and pesticides (imidacloprid and carbofuran)26. During the adsorption studies, 3 mg composite was added to 
20 ppm solution of the imidacloprid at optimized pH ~ 5). 6 mg of the composite was used for the adsorption of 
carbofuran (20 ppm) solution at optimize pH ~ 2). All the solutions for both pesticides were placed on orbital 
shaker for the optimization of contact time. The absorbances of all the solutions were recorded spectrophoto-
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metrically at their maximum wavelength of absorbance (269 nm for imidacloprid and 275 nm for carbofuran). 
The absorbance capacities and % adsorptions were calculated using the following equations.

where Ci and Ce are the pesticides concentration in (mg  L−1) in liquid solution. W is the weight of adsorbent 
(mg  g−1), while V is the volume of liquid in (L).

The amounts of pesticides both absorbed and unabsorbed were calculated and the percent adsorptions of 
pesticides were finally reported at the optimized conditions of adsorptions.

Isotherm and kinetic studies. In adsorption isotherm studies, the silica anchored graphene oxide com-
posite (6 g/L ⁓ imidacloprid and 10 g/L ⁓ carbofuran) were added to 50 ml flasks containing pesticides solutions 
of different concentration (10 to 50 ppm) at optimized pH, (imidacloprid pH 5, carbofuran pH 2). The compos-
ite and pesticide solutions were mixed at 200 rpm at room temperature for 160 min and the concentration of 
each pesticide in aliquot was determined. The kinetic studies of the pesticides adsorption were carried out using 
the optimized conditions for other parameters using the different time intervals (0–200 min).

Results and discussion
Fourier transform infra-red spectroscopy. The FTIR spectrum for silica monolith, graphene oxide, 
and silica anchored graphene oxide are given in Fig. 2 to showcase the different functional groups. FTIR spectra 
of GO: the broad peak at 3600–3000  cm−1 shows the stretching frequency of OH group. The peak at 1616  cm−1 
represents C=C. The 1718   cm−1 peak represent the C=O group. The C–O functional group is represented by 
the peak at 975–1020   cm−127 as shown in Fig. 2A. FTIR spectra of silica monolith: the sharp peaks at 1111 to 
1188  cm−1 show the stretching frequency of Si–O–Si functional group. The small appearance of a broad peak 
at 3400  cm−1 is due to the stretching frequency of OH  group28. FTIR spectra of silica anchored graphene oxide: 
the peak at 1020  cm−1 and 1100  cm−1 represents the stretching frequency of C–O. The disappearance of peak at 
1735  cm−1 for carboxyl group on graphene oxide and appearance of peak at 1380  cm−1 attribute to the vibrational 
frequency corresponding to Si–O–C=O of the siloxane networking formed by the reaction of COOH group 
of GO and Si–OH of silica monolith during the composite synthesis. The peaks at 550 and 650  cm−1 show the 
stretching frequency of Si–O of silanol group in the composites. The peak at 2980  cm−1 corresponds to the pres-
ence of  CH2 group on the surface of graphene oxide. The broad peak at 3100–3400  cm–1 represent OH group 
and hydrogen  bonding29. These changes in the FTIR spectrum confirm the successful formation of GO-Silica 
monolith composite as shown in Fig. 2B.

XRD analysis. In the XRD pattern of graphene oxide a diffraction line (002, d-spacing 0⋅34 nm at 26⋅05°) 
shows that the GO was partially oxidized as shown in Fig. 3A. A specific peak for graphene oxide formed at 
10.89° (d-spacing between sheets of 0.81 nm) is due to the presence of hexagonal arrangement of carbon in sheet 
to form the graphene  oxide30. The same results can be observed in the XRD pattern of the graphene oxide which 
was synthesized by the Hummer’s  method31. In the XRD image of silica monolith a broad intense peak at 20°–23° 
attribute to Si–OH and OH on the surface of silica monolith as shown in Fig. 3B32.

The XRD pattern of silica anchored GO confirms the presence of both phases (GO and silica monolith) in 
the composites. The intense peaks at 2θ = 0.4°–2.4° up to 100–200 diffraction peaks show two dimensional well 
order hexagonal structure present in the composite of silica anchored  GO33. The broad peak at 20°–23° is due 
to silica, while the peak at 11° and 26° peaks are due to GO as shown in Fig. 3C. The XRD of the silica anchored 

qe =
(Ci − Ce)V

W

%Adsorption = (Ci − Ce)/Ci × 100

Figure 2.  FTIR images of graphene oxide and silica monolith (A): silica bound graphene oxide composite (B).
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GO samples has a slight shift in the (002) peak maximum from 26⋅05° in GO to 26⋅20° which may be due to 
the reduction of GO  sheets34. These reports of XRD represent and confirms the successful formation of silica 
monolith anchored GO composite by the renovated Fisher esterification protocol.

Analysis by Brunauer, Emmett and Teller (BET/BJH). BET/BJH analysis explains the specific surface 
area and porosity of the newly synthesized silica monolith graphene oxide composite. The BET/BJH plots are 
given in Fig. 4 and the analysis summery is given in Table 1. The composite showed specific surface area of 274.5 
 (m2/g), pore volume 0.095 cc/g and pore radius of 135.492 Å. The higher surface area of the composite shows 
that specific cavities/pores are formed for better adsorption of the analyte. Porosity of a particle represent the 
volume ratio of open pore to the total  volume35. The greater adsorption capability of the composite is due to the 
high surface  area36. Furthermore, the higher loading capacity and higher throughput analysis of the composite is 
due to the higher total  volume37. The average dimeter of pore was reported in the range of 2–5 nm, showing the 
mesoporous nature of the  composite38.

Zeta potential. Zeta potential of the composite is related to the point of zero charge. The value of pH at 
which the net surface charges of the adsorbent become zero is called the point of zero charge (pzc). The adsorp-
tion sites on the adsorbent are charged surfaces due to the deposition of proton or hydroxide ions at different 
pH. The negative zeta potential at pH values of less than 7 showed that the protons are deposited on the surface 
of the adsorbent and become cationic in nature. Thus, the negative surface can easily adsorb the anionic spe-
cies. Similarly, in basic media the deposition of OH ions are difficult on the adsorbent surface. The negative zeta 
potential at pH values higher than 7 is due to the protonation of hydrogen from adsorbent silanol group to the 
hydroxide ions in solution or complex  formation39.

Zeta potential is used for characterizing the electrical properties of interfacial layers in  dispersion40. The 
negative zeta potential values are due to the presence of electronegative functional groups formed at the graph-
ite lattice during the oxidation process. With successive increase in the oxidation density, a greater number of 
electronegative functional groups are formed in GO resulting in the higher magnitude of the zeta potential at 
higher oxidation levels. More oxygenated functional groups with a higher zeta potential in an aqueous medium 
is more likely due to the dissociation of a greater number of acidic groups (COOH →  COO− +  H+) at the surface 
thereby resulting in a higher zeta potential. According to the American Society for Testing and Materials( ASTM 
) standards for stability of colloidal suspensions, a zeta potential less than 30 mV shows less stability, potential 
between 30 and 40 mV (either positive or negative) shows moderate stability, higher than 40 mV (either positive 
or negative) resembles high  stability41. In the supplemental material (S1-A) the peak at − 9.52 mV is due to the 
presence of epoxy, OH, and COOH functional groups, which show that the whole surface is negative and instable.

The surface charges/zeta potential of silica is − 9.9 mV and 26.4 mV due to the presence of silanol functional 
groups and the overall zeta potential is − 11.5 mV as shown in the supplemental material (S1-B) and Table 2. The 
zeta potential of the resultant composite is also negative over all charge surface area is − 11.5 mV. The appearance 
of a peak at − 30.9 peaks is due to the esterification reaction, which are related to Si–OH and COOH. The peak 
at 13.4 mV and 2.4 mV are related to hydroxyl and epoxy functional groups as shown in the supplemental mate-
rial (S1-C). These results show the successful formation of silica monolith and graphene oxide composite. At 

Figure 3.  XRD pattern of Graphene oxide (A), Silica particles (B), and silica modified graphene oxide 
composite (C).
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Figure 4.  The BET surface area (A), BJH adsorption (dV/dD) pore volume (B), and BJH adsorption dA/dlogD 
pore area (C) of the composite.

Table 1.  BET/BJH analysis summary.

Reaction conditions/descriptions Results of summary report

 Surface area  (m2/g)

Single point surface area at P/Po = 0.199472855 289.678922  (m2/g)

BET surface area 296.199876  (m2/g)

t-plot micropore area 16.2891  (m2/g)

t-plot external surface area 273.2873  (m2/g)

BJH adsorption cumulative surface area of pores between 17.000 Å and 3000.000 Å 
diameter 261.7893  (m2/g)

BJH Desorption cumulative surface area of pores between 17.000 Å and 3000.000 Å 
diameter 294.5432  (m2/g)

Pore volume  (Cm3/g)

Single point adsorption total pore volume of pores less than 2566.419 Å diameter at 
P/Po = 0.992420088 0.520998  (Cm3/g)

t-plot micropore volume 0.002496  (Cm3/g)

BJH adsorption cumulative volume of pores between 17.000 Å and 3000.000 Å 
diameter 0.502260  (Cm3/g)

BJH desorption cumulative volume of pores between 17.000 Å and 3000.000 Å 
diameter 0.521090  (Cm3/g)

Pore size (Å)

Adsorption average pore width (4 V/A by BET) 224.8209 (Å)

BJH adsorption average pore diameter (4 V/A) 263.227 (Å)

BJH desorption average pore diameter (4 V/A) 226.691 (Å)
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adjustable pH the negative surface of silica and GO composite can be effectively utilized for better adsorption of 
pesticides and electrostatic assembly can be effectively realized through the interaction of heterogeneous charges. 
In addition to the hydroxyl group on the surface of silica the carboxyl, epoxy, and phenolic hydroxyl groups are 
abundant on the surface of graphene oxide interacting through van der Waals force and hydrogen  bonding42.

Fourier transform scanning electron microscopy. The FE-SEM snap shots of Graphene oxide, silica 
monolith, and silica anchored graphene oxide composite were taken to check the surface morphology and archi-
tecture. The surface morphology and architectural plan of the bare graphene oxide and silica monolith and the 
associated changes after the incorporation of silica monolith into the graphene oxide suggests the synthesis of 
the composite. SEM image of the silica monolith given in Fig. 5A shows that the particle size of the silica mono-
lith lies within 2 to 3 µm and the particles are rough with porous nature. Similarly, the SEM image of graphene 
oxide given in Fig. 5B depicts sheet like nature. The SEM image of the silica anchored graphene oxide is given 
in Fig. 5C where the growth of the silica particles on the surface of the graphene oxide can be clearly seen. 
Moreover, the surface porosity of the composite can be seen from the surface morphology of the SEM image of 
the composite.

Batch adsorption. Adsorption of carbofuran and imidacloprid on the surface of Silica monolith anchored 
GO composite were studied spectrophotometrically. The wavelength of maximum adsorption for carbo-

Table 2.  Zeta potential of graphene oxide, silica monolith, and silica anchored graphene oxide composite.

S. no Samples Zeta potential (mV)

1 Graphene oxide  − 9.52

2 Silica monolith  − 11.5

3 Silica anchored GO composite  − 9.18

Figure 5.  The FE-SEM images of Silica monolith (A), Graphene oxide (B), Silica anchored Graphene oxide 
composite (C).
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furan ~ 275  nm and imidacloprid ~ 269  nm are shown in Fig.  6. Various parameters affecting the adsorptive 
removal of carbofuran and imidacloprid from wastewater were optimized.

pH effect. Different pH solutions (1–14) were prepared keeping other conditions constant such as adsorbate 
concentration (20 ppm), adsorbent dose (15 mg), contact time (30 min) in 25 ml volume for carbofuran and 
imidacloprid. pH 5 was observed to be the optimum pH for imidacloprid as shown in Fig. 7A. According to the 
zeta potential of the composite (− 9.18 mV) the whole surface of the composite should be negative at pH below 
9.18. At higher pH in acidic media, the concentration of hydrogen ion is limited and thus the positively charged 
(NH) of imidacloprid can easily undergo into the electrostatic interactions with the adsorbent. At pH lower than 
5, the higher hydrogen ion concentration competes with the imidacloprid and thus the %adsorption of imida-
cloprid decreases at pH lower than  five43. A slightly increase in the % adsorption was observed towards basic 
medium owing to the higher degree of dissociation of the silanol (Si–OH) groups into the Si–O− which causes 
electrostatic interaction of NH functionalities of the imidacloprid with negatively charged  composite44. For the 
adsorption of carbofuran maximum % adsorption was observed at pH 2 for a 10 ppm carbofuran solution by 
taking 6 mg of the adsorbent at room temperature having a contact time of 30 min in 25 ml solution as shown 
in Fig. 7A, at lower pH in acidic media, the surface site of the composite become positive due to protonation 
of the surface functionalities of the composite. The positively charged surface of the composite result in strong 
electrostatic interaction with the negatively charged functional groups of carbofuran. At elevated pH values, the 
protonated sites of the composite decreases which reduce the adsorption of  carbofuran45.

Effect of adsorbent dose. The adsorption capability of silica anchored graphene oxide composite towards 
imidacloprid and carbofuran was observed to be affected by changing the adsorbent dose as it alters the func-
tional surface area of the adsorbent. A slight increase in the % adsorption of imidacloprid was observed by 
increasing the adsorbent dose from 0.2 mg  L−1 to 0.8 mg  L−1 with a maximum % adsorption of 53.304% at pH 5, 
contact time 40 min, adsorbate concentration 20 ppm, and solution volume of 10 ml at ambient temperature as 
shown in Fig. 7B. Similarly, the % adsorption of carbofuran was increased from 0.1 to 1 mg  L−1 with a maximum 
% adsorption of 93.69% at pH 2, contact time 160 min, adsorbate concentration 20 ppm, and solution volume of 
10 ml at ambient temperature as shown in Fig. 7B. The % adsorption of both imidacloprid and carbofuran were 
increased initially and then became constant at higher adsorbent dose. The occurrence of constant % adsorption 
beyond the optimized adsorbent amount indicates surface saturation of the  adsorbent46.

Effect of adsorbate. A series of carbofuran and imidacloprid solutions ranging from 10 to 50 ppm were 
prepared keeping other parameters constant. Maximum % adsorption of carbofuran (84.12%) was noticed at 
10 ppm using adsorbent dose 0.8 mg  L−1, pH 2, contact time 40 min in 10 ml of the solution at room temperature 
as shown in Fig. 7C. The % adsorption went on decreasing up to 20 ppm and then increased again. The % adsorp-
tion at lower adsorbate concentration (10 ppm) is maximum due to the availability of more active sites on the 
adsorbent surface. With the passage of time the active sites were occupied by the adsorbate molecules. Thus, the 
active sites per unit of the composite were  diminished47. The increase in % adsorption at elevated concentration 
of carbofuran is due to film diffusion and particle diffusion. Film diffusion refers to the diffusion of adsorbate 
from external layer into the interior surface of the composite while the diffusion of adsorbate ions into the pores 
of the composite is the  diffusion48. Maximum % adsorption of imidacloprid (57.169%) was observed at 30 ppm 
at the optimized conditions. Initially, the % adsorption of carbofuran was 23% at 10 ppm which increased lin-
early up to 57.169% at 30 ppm as shown in Fig. 7C. The increase in % adsorption by increasing adsorbate con-
centration is due to the availability of more adsorbate in bulk solution for adsorption. Higher adsorbate concen-

Figure 6.  Wavelength of maximum absorbance for carbofuran and imidacloprid.
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tration helps to enhance the driving force to control all mass transfer resistance of adsorbate from bulk solution 
to the solid surface of the composite, which resulted in the increased the adsorbate-adsorbent  interactions49.

Shaking time. A series of five solutions of carbofuran and imidacloprid were prepared with 20 ppm concen-
tration in 20 ml volumetric flask at the optimized constant conditions. All the solutions were shaken for different 
time interval (40–200 min) at the ambient temperature.

By shaking carbofuran the % adsorption increases linearly from 40 min up to 160 min and then decrease as 
shown in Fig. 7D. The increase in % adsorption by increasing the shaking time is since, the active sites of the 
composite participating in the interaction with carbofuran are crowded with passage of time and thus increasing 
% adsorption. After saturation of the active sites decrease in the % adsorption occurs as shown in Fig. 7D since 
some of the adsorbate molecules detach from the surface of the adsorbent with further increasing the shaking 
 time50. Maximum % adsorption of imidacloprid (47.857) was found to be at 40 min as shown in the Fig. 7D. 
The observed maximum adsorption time is the time require for the achievement of adsorption  equilibrium51.

Figure 7.  Effect on % adsorption of carbofuran and imidacloprid: pH (A); adsorbent dose (B); amount of 
adsorbate (C); shaking time (D); temperature effect (E) during the adsorption on composite surface.
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Effect of temperature. Temperature in varying degree can also affect the adsorption of carbofuran and 
imidacloprid on the surface of silica monolith anchored graphene oxide. A series of solutions of carbofuran and 
imidacloprid were prepared and the effect of temperature was observed by varying the temperature from 30 to 60 
℃ as shown in Fig. 7E. By increasing the temperature, the %adsorption of imidacloprid decreases which clearly 
depicts that the adsorption of imidacloprid on the composite is an exothermic process. Maximum %adsorption 
was found to be 26% at 20 ℃ for imidacloprid and 96.86% for carbofuran at 20 and 30 ℃ respectively as shown 
in Fig. 7E. The adsorption sensitivity of imidacloprid is greater at low temperature. The reason is that more 
adsorption site of lower energy participates in the adsorption of imidacloprid. The Freundlich parameter for the 
imidacloprid is the higher sensitivity to  temperature52. Maximum %adsorption of carbofuran was found to be 
(96.86%) at 30 ℃. The increase in % adsorption was also observed above 40 ℃ due to the diffusion of adsorbate 
into the interior surface of the composite at high temperature. The decrease in % adsorption shows that the reac-
tion is endothermic and by increasing temperature the activation energy of product  decreases53.

Isotherm study . Different adsorption isotherms were applied to illustrate the equilibrium concentration of 
carbofuran and imidacloprid during their adsorption on the surface of silica anchored graphene oxide compos-
ite. The adsorption data at equilibrium was analyzed using the general adsorption isotherm (Fig. 8A) Langmuir 
(Fig. 8B), Freundlich (Fig. 8C), and Temkin models (Fig. 8D)54,55.

Langmuir adsorption isotherm depicts the monolayer adsorption on adsorbent surface having limited num-
ber of the active sites and uniform surface. The monolayer adsorption in the Langmuir equation is represented 
by qe which is 342.46 mg  g−1 for imidacloprid and 37.27 mg  g−1 for carbofuran. KL in L  mg−1 is the constant of 
Langmuir adsorption related to the adsorption affinity of adsorbate to the binding sites. KL for the imidacloprid 
was 0.016 L  mg−1 and 0.0409 L  mg−1 for  carbofuran56.

(1)
Ce

Qe
=

1

KLQm
+

Ce

Qm

Figure 8.  (A): General adsorption isotherm (B): Langmuir adsorption isotherm (C): Freundlich adsorption 
isotherm (D): Temkin adsorption isotherm for the adsorption of carbofuran and imidacloprid.
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Freundlich adsorption isotherm is usually used to represent the adsorption of adsorbate on heterogeneous 
non-uniform surface of  adsorbent57 as shown in Eq. 2. Freundlich adsorption constant KF (mg  g−1) represent 
the adsorption capacity. The KF value was reported to be 1.019 mg  g−1 for imidacloprid and 37.230 mg  g−1 for 
carbofuran. Freundlich parameter “1/n” is heterogeneous and sorption factors. When 1/n < 1 (n > 1) shows the 
favorability of adsorption of pesticides on the surface of the composite. The values of 1/n for imidacloprid and 
carbofuran was calculated to be 0.657 and 0.4083  respectively58. The adsorption data of carbofuran and imidaclo-
prid with regression values of 0.985 and 0.957 as shown in Fig. 8B and Fig. 8C respectively shows that they follow 
the Freundlich adsorption isotherm. The models illustrated in Fig. 8B and C show that the adsorbate-adsorbent 
interaction is due to the hydrogen bonding interaction between adsorbate and adsorbent. The hydrogen bond can 
favorably exist among hydrogen and the heteroatoms (oxygen and nitrogen) present in the adsorbate and adsor-
bent and thus the adsorption is physisorption. The lower regression values 0.448 ~ imidacloprid and 0.946 ~ car-
bofuran suggest that the Langmuir adsorption isotherm could not best explain the adsorbate-adsorbent interac-
tion mechanism. Thus, the possibility of the electrostatic interaction among the negative functional groups of 
the composite and positive functional groups  (NH+) of the pesticides seems very less.

Temkin adsorption isotherm was applied to the data. The linear form of Temkin is given in Table 3. along 
with constant parameters. Temkin constant (b) is related to the adsorption heat in J  mol−1, R is gas constant 
(8.314 J  mol−1  K−1), T is temperature (K) and A is the Temkin  constant59. The values of constant A and b were 
noted from the intercept and slop of the plot of qe vs ln Ce as shown in Fig. 8D Table 3. The reasonable regres-
sion values 0.75 ~ imidacloprid and 0.812 ~ carbofuran because of the Temkin model application suggest that the 
diffusion was also involved during the adsorption process. The equations for Langmuir, Freundlich, and Temkin 
adsorption isotherms along with the calculated parameters and R2 values are given in Table 3.

Kinetic adsorption studies. To study the adsorption mechanism and rate controlling step of imidacloprid 
and carbofuran on the surface of silica graphene oxide the kinetic study was demonstrated. Different tempera-
ture ranging from 10 to 30 ℃ and contact time from 40 to 200 min were used during the adsorption of carbo-
furan and imidacloprid on the surface of the composite. The amount adsorbed of carbofuran (Qe in mg  g−1) 
initially increases with increasing time at different temperature (10 to 30 ℃) where the maximum value was 
obtained at 160 min and then became constant. Maximum Qe was found to be 3.317 mg  g−1 at 30 ℃. A slight 
increase was observed during the adsorption of carbofuran by increasing temperature which showed that the 
adsorption is an endothermic process. The adsorbed amount (Qe in mg  g−1) of imidacloprid was decreasing by 
increasing the contact time at 10–30 ℃. Maximum Qe (3.198 mg  g−1) was found at the contact time of 40 min 
at 10 ℃. The results of kinetic study for carbofuran and imidacloprid are summarized in Table 4 and Fig. 9. 
Decreased in the Qe for imidacloprid at higher temperature indicates that the adsorption of imidacloprid is an 
exothermic process as shown in Fig. 9. The adsorption rate declined for carbofuran after 160 min and that of the 
imidacloprid after 90 min is mainly due to the decreasing of active sites of the composite for the adsorption and 
sluggish diffusion.

(2)Log qe = log KF+
1

n
logCe

(3)qe = BlnA+ BlnCe

Table 3.  Adsorption isotherm models for the adsorption of carbofuran and imidacloprid on Silica monolith—
GO composite.

Isotherm model Langmuir model Freundlich model Temkin model

Linear equation Ce/qe = 1/KL Qm + Ce/Qm Log qe = log KF + 1/n log Ce Qe = B ln A + B ln Ce

Parameters KL (L  g−1) Qe (mg  g−1) R2 KF (mg  g−1) N 1/n R2 A B (J  mol−1) R2

Midacloprid 0.016 342.46 0.448 1.019 1.52 0.657 0.957 0.149 36.84 0.750

Carbofuran 0.040 10.582 0.946 37.23 2.45 0.408 0.985 0.007 44.98 0.812

Table 4.  Kinetic study for the adsorption of imidacloprid and carbofuran on silica anchored GO composite.

Pesticides
Temperature 
(℃)

Pseudo 1st order Pseudo 2nd order Intra particle diffusion

K1  (min−1)
Qe (mg   g−1) 
(cal)

Qe (mg  g−1) 
(exp) R2 K2  (min−1)

Qe (mg  g−1)
(cal)

Qe (mg  g−1) 
(exp) R2 Kid  (min−1/2) C (mg  g−1) R2

Carbofuran

10 0.0064 1.2853 3.317 0.27 0.022 3.273 3.317 0.96 0.0356 2.5256 0.02

20 0.0074 1.2052 3.317 0.95 1.926 3.330 3.317 0.99 0.0584 2.3248 0.88

30 0.0094 1.435 3.317 0.79 1.926 3.331 3.317 0.99 0.0430 2.6008 0.83

Imidacloprid

10 0.0016 1.346 3.198 0.95 0.042 0.601 3.198 0.97 0.2619 4.113 0.71

20 0.0017 1.5365 3.198 0.97 0.055 1.170 3.198 0.93 0.2007 3.7828 0.49

30 0.0013 1.8451 3.198 0.79 0.339 1.180 3.198 0.99 0.1864 3.8209 0.57
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The linear form of three kinetic models Pseudo first order (Eq. 4) pseudo second order (Eq. 5) and intra 
particle diffusion (Eq. 6) were applied to the adsorption data of imidacloprid and carbofuran.

where  K1 in  min−1,  K2 in g.mg−1.min−1, and Kp in  mg−1.mn−1 are the rate constant for the pseudo first order, 
pseudo second order, and intra particle diffusion respectively. The qt and qe in mg.g−1 are the adsorbed amount 
of the pesticides at time (t) and equilibrium time  respectively60. The linear form of all kinetic models is shown 
in Fig. 9 for both of the pesticides, while their related parameters have been given in Table 4.

In pseudo first order kinetic model the values of K1 and qe were determined from the slope and intercept of 
the plot [log (qe − qt) Vs time] at different temperature which are summarized in Table 4. In pseudo 2nd order 
the values of qe and  K2 were determined from the slope and intercept of the plot (t/qt) against time at different 
temperatures as shown in Fig. 9C and Table 4.

In intra particle diffusion the plot of qt against T 0.5 shows the multi kinetic stages during adsorption pro-
cess. The first stage is fast diffusion second is slow and the third is slowest step of diffusion into the pores of the 
 composite61. The pseudo 2nd order for the adsorption data of carbofuran (R2 = 0.9970) is more applicable than 
that of the pseudo first order (R2 = 0.7922) and intra particle diffusion (R2 = 0.8353). The qe value calculated 
from the pseudo 2nd order model (3.331 mg  g−1) and that calculated experimentally (3.317 mg  g−1) at 20 ℃ are 
closely related to each other as shown in Table 4 and Fig. 9C. The higher R2 value and closeness of the qe values 
(calculated and experimental) suggests that the data of adsorption of carbofuran on the surface of composite 
follow pseudo second order kinetic model and the adsorption is  physisorption62.

(4)log
(

qe− qt
)

= log qe− K1
t

2.303

(5)
t

qt
=

1

k2q2e
+

t

qe

(6)qt = kidt
1/2

+ C

Figure 9.  General adsorption kinetic model: (A), Carbofuran; at 10 ℃ (■), 20 ℃ (●), and 30 ℃ (▲); 
imidacloprid; 10 ℃ (◀), 20 ℃ (▶) and 30 ℃ (▼). Pseudo first order kinetic model: (B), imidacloprid; at 10 
℃ (☓), 20 ℃ (◀) and 30 ℃ (★), carbofuran; at 10 ℃ (∆), 20 ℃ (◀) and 30 ℃(★), Pseudo second order kinetic 
model: (C), imidacloprid; at 10 ℃ (△), 20 ℃ (▲) and 30 ℃ (●), carbofuran; at 10℃ (☓), 20 ℃ (▲) and 30 ℃(×) 
intra particle diffusion model: (D), carbofuran; at 10 ℃ (■), 20 ℃ (▲) and 30 ℃ (●) imidacloprid; at 10 ℃ (×), 
20 ℃ (▲) and d 30 ℃ (▲) during the adsorption on the composite.
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Similarly, for imidacloprid the higher R2 (0.9967) value favors the pseudo second order model in comparison 
to the pseudo first order model (R2 = 0.7873) and intra particle diffusion (R2 = 0.5674) at 30 ℃ given in Fig. 9D. 
The values of qe calculated from the equation and that determined experimentally are in agreement of the 
physisorption mode.

Equilibrium and thermodynamic studies. Thermodynamics and equilibrium parameters like change 
in entropy, enthalpy, and Gibbs free energy were calculated to determine the feasibility of adsorbate interaction 
with the composite. In conclusion the adsorption process is spontaneous in nature. Thermodynamic parameters 
such as ∆H, ∆S and ∆G were calculated using the following equation.

where qe is the adsorbed amount in mg.g−1, KD is distribution constant and Ce shows the equilibrium concentra-
tion in mg  L−1. A plot of lnKD versus 1/T was constructed as shown in Fig. 10 for imidacloprid and carbofuran. 
The results of thermodynamic study (∆H, ∆S, and ∆G) are given in Table 5.

The positive value of ∆H (27,381.66) for carbofuran shows that the reaction is endothermic. and the negative 
value of ∆H (− 3400.42) for imidacloprid shows that the reaction is exothermic. The positive value of ∆S for both 
carbofuran (112.687) and imidacloprid (4.323) indicate strong affinity of the pesticide’s  adsorption63. The negative 
value of ∆G for both pesticides show spontaneous nature of adsorption and chemisorption as shown in Table 5.

Application in real water sample. Application of the newly synthesized silica monolith anchored GO 
composite, for the removal of carbofuran and imidacloprid from real water sample is very important for the vali-
dation of the developed method. The removal of carbofuran and imidacloprid by silica anchored GO composite 
from three different samples was demonstrated. The samples were collected from distilled water obtained from 

(7)�G = −RTlnKD

(8)
KD = qe/Ce

ln KD = −
�G

RT
= −

�H

RT
+

�S

R

Figure 10.  Van’t Hoff equation for the adsorption of imidacloprid and carbofuran.

Table 5.  Van’t Hoff parameters for the adsorption of imidacloprid (■); and carbofuran (●); on Silica 
anchored GO composite. The values of ∆H (kj  mol−1) and ∆S  (JK−1  mol−1) for imidacloprid are − 3400.42 and 
4.323 and for carbofuran are 27,381.66 and 112.687 respectively.

T (k) 1/T(k)

Imidacloprid Carbofuran

KD lnKD  − ∆G KJ/mol KD lnKD  − ∆G KJ/mol

293 0.00341 2.42 0.685 1670.61 8.29 2.115 5154.03

303 0.00330 2.13 0.757 1906.99 15.54 2.743 6912.27

313 0.00319 2.32 0.815 2121.90 27.62 3.318 8635.93

323 0.00309 2.15 0.789 2119.28 7.060 1.954 5248.38

333 0.00300 2.36 0.858 2377.08 12.73 2.544 7043.22
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the laboratory distillation plant, peach garden, and tomato garden from the local former field of Gulabad Distt., 
Dir KPK province Pakistan. The concentration of carbofuran and imidacloprid was measured in the samples 
prior to the pretreatment process resulting in the amount of the pesticides which are below the detection limit 
of the UV spectrophotometer. Therefore, all the samples were spiked by adding 100 ppm adsorbate concentra-
tion. The %adsorbed amount of both carbofuran and imidacloprid was calculated by comparing the pesticides 
concentration before and after adsorption. The percent adsorption of both pesticides from real water sample was 
calculated at the optimized conditions. The amount of the carbofuran was 99.77% in distilled water, 86.538% 
in peach garden sample, and 83.81% in tomato garden sample for carbofuran. The percent adsorption of imi-
dacloprid was found to be 99.18% in distilled water, 91.579% in peach garden, and 90.066% in tomato garden 
real water sample as given in Table 6. The observed difference in percent adsorption in different water sample 
may be due to the difference of pH and the presence of other contamination which suppress the adsorption of 
carbofuran and imidacloprid in peach and tomato garden  samples64.

The comparison of the adsorption capacity of the composite (current study) with those of the adsorbents 
reported in literature has been summarized in Table 7. The Table shows that the absorption capacity of the 
adsorbent of current study (for carbofuran and imidacloprid) is much higher those of the adsorbents reported 
in literature.

Conclusions
Silica anchored graphene oxide composite was synthesized by the modified Fischer esterification protocol. The 
composite was used as an efficient adsorbent for the removal of carbofuran and imidacloprid from wastewater 
and real water sample. The characterizations such as XRD, FTIR, BET/BJH analysis, and Zeta potential were 
carried out for the newly synthesized composite which confirmed the synthesis of silica anchored graphene 
oxide composite. The functional groups such as C–O–C, COOH, OH were confirmed by FTIR. While the 
surface charge was determined using the zeta potential. 97% adsorption was achieved for carbofuran at pH 
2, contact time = 1 h, adsorbate concentration = 10 ppm, adsorbent amount = 6 mg while 99% adsorption was 
observed for imidacloprid at pH 5, contact time = 1 h, adsorbent dose = 3 mg, and adsorbate amount = 20 ppm. 
The demonstrated Kinetic studies went in favor of the pseudo 2nd order kinetic model for carbofuran (R2~0.9971) 
and imidacloprid (R2~0.9967). Similarly, carbofuran and imidacloprid follows Freundlich adsorption isotherm 
with R2 = 0.995 for carbofuran and R2 = 0.950 for imidacloprid. The thermodynamic parameter such as change 
in enthalpy (∆H) for carbofuran is positive, which shows the endothermic and non-spontaneous nature of the 
adsorption process, while that of imidacloprid (∆H) is negative which shows the exothermic and spontaneous 
nature of adsorption. The positive change in entropy (∆S) represent the adsorption affinity of imidacloprid and 
carbofuran towards the silica anchored graphene oxide composite.

Table 6.  Removal of the pesticides from real water samples.

Samples

Carbofuran Imidacloprid

Added amount (ppm) % Adsorption Added amount (ppm) % Adsorption

Distilled water 100 99.77 100 99.18

Peach garden 100 86.538 100 91.579

Tomato garden 100 83.81 100 90.066

Table 7.  Comparison of adsorption capacity of the composite of current study with those of the adsorbents 
reported in literature.

Adsorbent Adsorbate Adsorbate (ppm) Adsorbent (mg)
Adsorption capacity 
(mg-g−1) References

Chitosan-based Basic blue 3 dye 20 40 166.5 65

Durian husk Basic blue 3 50 100 49.5 66

Coconut charcoal Monocrotophos (pes-
ticide) 10 200 103.9 67

Ac. carbon of hyacinth Glyphosate (pesticide) 100 3 240.8 68

Chitin Atrazine 20 20 113.23 69

Acrylic resin Basic blue 3 100 50 46.95 70

Peat Basic dyes 200 4 41.00 71

Silica anchored GO Imidacloprid 30 4 342.46 Current study

Silica anchored GO Carbofuran 10 10 37.23 Current study
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Data availability
The datasets generated and/or analyzed during the current study are not publicly available because we will use 
the same datasets in combination with other datasets for our future research but are available from the corre-
sponding author on reasonable request.

Received: 22 August 2022; Accepted: 30 November 2022

References
 1. Montesinos, E. et al. Development, registration and commercialization of microbial pesticides for plant protection. Int. Microbiol. 

6, 245–252. https:// doi. org/ 10. 1007/ s10123- 003- 0144-x (2003).
 2. Magdalena, A. & Tomasz, B. Removal of pesticides from waters by adsorption: Comparison between synthetic zeolites and 

mesoporous silica materials. A review. Materials 14, 3532. https:// doi. org/ 10. 3390/ ma141 33532 (2021).
 3. Anicijevic, V. et al. Organophosphorus pesticide removal from water by graphene-based materials-only adsorption or something 

else as well. J. Serb. Chem. Soc. 86, 12–12. https:// doi. org/ 10. 2298/ jsc10 10801 2A (2021).
 4. Salman, J. M., Njoku, V. O. & Hameed, B. H. Bentazon and carbofuran adsorption onto date seed activated carbon: Kinetics and 

equilibrium. Chem. Eng. J. 173, 361–368. https:// doi. org/ 10. 1016/j. cej. 2011. 07. 066 (2021).
 5. Mohammad, S. G. & El-Sayed, M. M. Removal of imidacloprid pesticide using nanoporous activated carbons produced via pyrolysis 

of peach stone agricultural wastes. Chem. Eng. Commun. 208, 1069–1080. https:// doi. org/ 10. 1080/ 00986 445. 2020. 17436 95 (2021).
 6. Paramasivan, T., Sivarajasekar, N., Muthusaravanan, S., Subashini, R., Prakashmaran, J., Sivamani, S., & Ajmal Koya, P. Graphene 

family materials for the removal of pesticides from water. In A New Generation Material Graphene: Applications in Water Technol-
ogy 309–327 (Springer, Cham, 2109) https:// doi. org/ 10. 1016/j. jhazm at. 2008. 05. 084.

 7. Ali, I. & Gupta, V. K. Advances in water treatment by adsorption technology. Nature. Protoc. 1, 2661–2667 (2006).
 8. Abbasi, S. et al. Adsorption of dye organic pollutant using magnetic ZnO embedded on the surface of graphene oxide. J. Inorg. 

Organomet. Poly. Mater. 30, 1924–1934. https:// doi. org/ 10. 1007/ s10904- 019- 01336-4 (2020).
 9. Sreeja, P. H. & Sosamony, K. J. A. comparative study of homogeneous and heterogeneous photo-Fenton process for textile waste-

water treatment. Proc. Technol. 24, 217–223. https:// doi. org/ 10. 1016/j. protcy. 2016. 05. 065 (2016).
 10. Ahmed, S. et al. Heterogeneous photocatalytic degradation of phenols in wastewater: A review on current status and developments. 

Desalination 261, 3–18. https:// doi. org/ 10. 1016/j. desal. 2010. 04. 062 (2010).
 11. Jorgensen, T. C. & Weatherley, L. R. Ammonia removal from wastewater by ion exchange in the presence of organic contaminants. 

Water Res. 37, 1723–1728. https:// doi. org/ 10. 1016/ S0043- 1354(02) 00571-7 (2003).
 12. Tan, K. B. et al. Adsorption of dyes by nanomaterials: Recent developments and adsorption mechanisms. Sep. Purif. Technol. 150, 

229–324. https:// doi. org/ 10. 1016/j. seppur. 2015. 07. 009 (2015).
 13. Muharrem, I. N. C. E. & Ince, O. K. An overview of adsorption technique for heavy metal removal from water/wastewater: A 

critical review. Int. J. Pure Appl Sci 3(2), 10–19. https:// doi. org/ 10. 29132/ ijpas. 358199 (2017).
 14. Ma, M., Li, H., Xiong, Y. & Dong, F. Rational design, synthesis, and application of silica/graphene-based nanocomposite: A review. 

Mater. Design 198, 109367. https:// doi. org/ 10. 1016/j. matdes. 2020. 109367 (2021).
 15. Meixing, Z. et al. Magnetic adsorbent based on mesoporous silica nanoparticles for magnetic solid phase extraction of pyrethroid 

pesticides in water samples. J. Chromatogr. A 1598, 20–29. https:// doi. org/ 10. 1016/j. chroma. 2019. 03. 048 (2019).
 16. Xiang-Ping, K., Bao-Hua, Z. & Juan, W. Multiple roles of mesoporous silica in safe pesticide application by nanotechnology: A 

review. J. Agric. Food. Chem. 69, 6735–6754. https:// doi. org/ 10. 1021/ acs. jafc. 1c010 91 (2021).
 17. Tao, H. et al. An overview of graphene-based nanoadsorbent materials for environmental contaminants detection. Anal. Chem. 

139, 116255. https:// doi. org/ 10. 1016/j. trac. 2021. 116255 (2021).
 18. Thakur, K. & Kandasubramanian, B. Graphene and graphene oxide-based composites for removal of organic pollutants: A review. 

J. Chem. Eng. Data. 64, 833–867. https:// doi. org/ 10. 1021/ acs. jced. 8b010 57 (2019).
 19. Siouffi, A. M. et al. Silica gel-based monoliths prepared by the sol–gel method: Facts and figures. J. Chromatogr. A 1000, 801–818. 

https:// doi. org/ 10. 1016/ S0021- 9673(03) 00510-7 (2003).
 20. Hayati-Ashtiani, M. et al. Characterization of nano-porous bentonite (montmorillonite) particles using FTIR and BET-BJH analy-

ses. Part. Syst. Charact. 28, 71–76. https:// doi. org/ 10. 1002/ ppsc. 20110 0030 (2011).
 21. Paluszkiewicz, C., Holtzer, M. & Bobrowski, A. FTIR analysis of bentonite in moulding sands. J. Mol. Struct. 880, 109–114. https:// 

doi. org/ 10. 1016/j. molst ruc. 2008. 01. 028 (2008).
 22. Clogston, J. D. & Patri, A. K. Zeta potential measurement. In Characterization of Nanoparticles Intended for Drug Delivery 63–70 

(2011) DOI: https:// doi. org/ 10. 1007/ 978-1- 60327- 198-1_6.
 23. Ali, F. & Cheong, W. J. C18-bound porous silica monolith particles as a low-cost high-performance liquid chromatography sta-

tionary phase with an excellent chromatographic performance. J. Sep. Sci. 37, 3426–3434. https:// doi. org/ 10. 1002/ jssc. 20140 0811 
(2014).

 24. Zaaba, N. I. et al. Synthesis of graphene oxide using modified hummers method: Solvent influence. Proc. Eng. 184, 469–477. https:// 
doi. org/ 10. 1016/j. proeng. 2017. 04. 118 (2017).

 25. Starkova, O. et al. Water absorption and hydrothermal ageing of epoxy adhesives reinforced with amino-functionalized graphene 
oxide nanoparticles. Polym. Deg. Stabil. 191, 109670. https:// doi. org/ 10. 1016/j. polym degra dstab. 2021. 109670 (2021).

 26. Ishtiaq, F., Bhatti, H. N., Khan, A., Iqbal, M. & Kausar, A. Polypyrole, polyaniline and sodium alginate biocomposites and adsorp-
tion-desorption efficiency for imidacloprid insecticide. Int. J. Biol. Macromol. 147, 217–232. https:// doi. org/ 10. 1016/j. ijbio mac. 
2020. 01. 022 (2020).

 27. Alam, S. N., Sharma, N. & Kumar, L. Synthesis of graphene oxide (GO) by modified hummers method and its thermal reduction 
to obtain reduced graphene oxide (rGO). Graphene 6(1), 1–18. https:// doi. org/ 10. 4236/ graph ene. 2017. 61001 (2017).

 28. Xu, L. & Lee, H. K. Preparation, characterization and analytical application of a hybrid organic–inorganic silica-based monolith. 
J. Chromatogr. A 1195(1–2), 78–84. https:// doi. org/ 10. 1016/j. chroma. 2008. 04. 068 (2008).

 29. Kumar, R. et al. Surface modification of graphene oxide using esterification. Mater. Today. Proc. 18, 1556–1561. https:// doi. org/ 
10. 1016/j. matpr. 2019. 06. 626 (2019).

 30. Gao, G. et al. Self-assembly approach toward polymeric carbon nitrides with regulated heptazine structure and surface groups for 
improving the photocatalytic performance. Chem. Eng. J 409, 127370. https:// doi. org/ 10. 1016/j. cej. 2020. 127370 (2021).

 31. Lavin-Lopez, M. D. P., Romero, A., Garrido, J., Sanchez-Silva, L. & Valverde, J. L. Influence of different improved hummers method 
modifications on the characteristics of graphite oxide in order to make a more easily scalable method. Ind. Eng. Chem. Res 55(50), 
12836–12847. https:// doi. org/ 10. 1021/ acs. iecr. 6b035 33 (2016).

 32. Agarwal, S., Sadeghi, N., Tyagi, I., Gupta, V. K. & Fakhri, A. Adsorption of toxic carbamate pesticide oxamyl from liquid phase by 
newly synthesized and characterized graphene quantum dots nanomaterials. J. Colloid. Interface. Sci. 478, 430–438. https:// doi. 
org/ 10. 1016/j. jcis. 2016. 06. 029 (2016).

 33. Hadjiivanov, K. I. et al. Power of infrared and raman spectroscopies to characterize metal-organic frameworks and investigate 
their interaction with guest molecules. Chem. Rev. 121, 1286–1424. https:// doi. org/ 10. 1021/ acs. chemr ev. 0c004 87 (2020).

https://doi.org/10.1007/s10123-003-0144-x
https://doi.org/10.3390/ma14133532
https://doi.org/10.2298/jsc10108012A
https://doi.org/10.1016/j.cej.2011.07.066
https://doi.org/10.1080/00986445.2020.1743695
https://doi.org/10.1016/j.jhazmat.2008.05.084
https://doi.org/10.1007/s10904-019-01336-4
https://doi.org/10.1016/j.protcy.2016.05.065
https://doi.org/10.1016/j.desal.2010.04.062
https://doi.org/10.1016/S0043-1354(02)00571-7
https://doi.org/10.1016/j.seppur.2015.07.009
https://doi.org/10.29132/ijpas.358199
https://doi.org/10.1016/j.matdes.2020.109367
https://doi.org/10.1016/j.chroma.2019.03.048
https://doi.org/10.1021/acs.jafc.1c01091
https://doi.org/10.1016/j.trac.2021.116255
https://doi.org/10.1021/acs.jced.8b01057
https://doi.org/10.1016/S0021-9673(03)00510-7
https://doi.org/10.1002/ppsc.201100030
https://doi.org/10.1016/j.molstruc.2008.01.028
https://doi.org/10.1016/j.molstruc.2008.01.028
https://doi.org/10.1007/978-1-60327-198-1_6
https://doi.org/10.1002/jssc.201400811
https://doi.org/10.1016/j.proeng.2017.04.118
https://doi.org/10.1016/j.proeng.2017.04.118
https://doi.org/10.1016/j.polymdegradstab.2021.109670
https://doi.org/10.1016/j.ijbiomac.2020.01.022
https://doi.org/10.1016/j.ijbiomac.2020.01.022
https://doi.org/10.4236/graphene.2017.61001
https://doi.org/10.1016/j.chroma.2008.04.068
https://doi.org/10.1016/j.matpr.2019.06.626
https://doi.org/10.1016/j.matpr.2019.06.626
https://doi.org/10.1016/j.cej.2020.127370
https://doi.org/10.1021/acs.iecr.6b03533
https://doi.org/10.1016/j.jcis.2016.06.029
https://doi.org/10.1016/j.jcis.2016.06.029
https://doi.org/10.1021/acs.chemrev.0c00487


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:21027  | https://doi.org/10.1038/s41598-022-25528-0

www.nature.com/scientificreports/

 34. Dalagan, J. Q. & Enriquez, E. P. One-step synthesis of mesoporous silica–graphene composites by simultaneous hydrothermal 
coupling and reduction of graphene oxide. Bull. Mater. Sci. 37, 589–595. https:// doi. org/ 10. 1007/ s12034- 014- 0661-6 (2014).

 35. Agarwal, V. & Zetterlund, P. B. Strategies for reduction of graphene oxide–A comprehensive review. Chem. Eng. J. 405, 127018. 
https:// doi. org/ 10. 1016/j. cej. 2020. 127018 (2021).

 36. Deshmukh, P. K., Lakade, S. H., Jaiswal, U. R., Harde, M. T. & More, M. P. One step synthesis approach of mesoporous silica packed 
with graphene oxide nanosheet. Characterisation and drug release aspects. Mater. Technol. https:// doi. org/ 10. 1080/ 10667 857. 2021. 
19726 89 (2021).

 37. Izquierdo-Barba, I. et al. Incorporation of antimicrobial compounds in mesoporous silica film monolith. Biomater. 30, 5729–5736. 
https:// doi. org/ 10. 1016/j. bioma teria ls. 2009. 07. 003 (2009).

 38. Wang, X., Li, Z., Ma, Q., Li, J. & Zhu, M. Preparation, characterization, and application of mesoporous silica-grafted graphene 
oxide for highly selective lead adsorption. Chem. Eng. J. 273, 630–637. https:// doi. org/ 10. 1016/j. cej. 2015. 03. 104 (2015).

 39. Subramanian, S., Noh, J. S. & Schwarz, J. A. Determination of the point of zero charge of composite oxides. J. Catal. 114(2), 433–439. 
https:// doi. org/ 10. 1016/ 0021- 9517(88) 90046-2 (1988).

 40. Liu, Q. et al. Graphene and graphene oxide sheets supported on silica as versatile and high-performance adsorbents for solid-phase 
extraction. Angew. Chem. 123, 6035–6039. https:// doi. org/ 10. 1002/ ange. 20100 7138 (2011).

 41. Asadi, E. et al. Synthesis, recognition and evaluation of molecularly imprinted polymer nanoparticle using miniemulsion polym-
erization for controlled release and analysis of risperidone in human plasma samples. Korean. J. Chem. Eng. 31, 1028–1035. https:// 
doi. org/ 10. 1007/ s11814- 013- 0287-1 (2014).

 42. Song, R. et al. Synthesis of porous molecularly imprinted polymers for selective adsorption of glutathione. Appl. Surf. Sci. 332, 
159–166. https:// doi. org/ 10. 1016/j. apsusc. 2015. 01. 165 (2015).

 43. Krishnamoorthy, K., Veerapandian, M., Yun, K. & Kim, S. J. The chemical and structural analysis of graphene oxide with different 
degrees of oxidation. Carbon 53, 38–49. https:// doi. org/ 10. 1016/j. carbon. 2012. 10. 013 (2013).

 44. Tang, H. et al. Theoretical insight into the adsorption of aromatic compounds on graphene oxide. Environ. Sci. Nano. 5, 2357–2367. 
https:// doi. org/ 10. 1039/ C8EN0 0384J (2018).

 45. Huo, M. X. et al. Facile synthesis of chitosan-based acid-resistant composite films for efficient selective adsorption properties 
towards anionic dyes. Carbohydrate. Polym. 254, 117473. https:// doi. org/ 10. 1016/j. carbp ol. 2020. 117473 (2021).

 46. Yang, Y. et al. Eco-friendly and acid-resistant magnetic porous carbon derived from ZIF-67 and corn stalk waste for effective 
removal of imidacloprid and thiamethoxam from water. Chem. Eng. J. 430, 132999. https:// doi. org/ 10. 1016/j. cej. 2021. 132999 
(2021).

 47. Tanhaei, B., Ayati, A., Lahtinen, M. & Sillanpa, M. Preparation and characterization of a novel chitosan/Al2O3/magnetite nano-
particles composite adsorbent for kinetic, thermodynamic and isotherm studies of Methyl Orange adsorption. Chemical. Eng. J. 
259, 1–10. https:// doi. org/ 10. 1016/j. cej. 2014. 07. 109 (2015).

 48. An, Y. et al. Functioned hollow glass microsphere as a self-floating adsorbent: Rapid and high-efficient removal of anionic dye. J. 
Hazard. Mater. 381, 120971. https:// doi. org/ 10. 1016/j. jhazm at. 2019. 120971 (2020).

 49. Ain, Q. U. et al. Fabrication of magnetically separable 3-acrylamidopropyltrimethylammonium chloride intercalated bentonite 
composite for the efficient adsorption of cationic and anionic dyes. Appl. Surf. Sci. 514, 145929. https:// doi. org/ 10. 1016/j. apsusc. 
2020. 145929 (2020).

 50. Cormack, P. A. G. & Elorza, A. Z. Molecularly imprinted polymers: synthesis and characterization. J. Chromatogr. B 804, 173–182. 
https:// doi. org/ 10. 1016/j. jchro mb. 2004. 02. 013 (2004).

 51. Wei, C. C. et al. Removal of acid yellow 25 from aqueous solution by chitin prepared from waste snow crab legs. J. Encapsul. Adsorpt. 
Sci. https:// doi. org/ 10. 4236/ jeas. 2018. 83007 (2018).

 52. Zheng, Y. et al. Influence of temperature on adsorption selectivity: Coal-based activated carbon for CH4 enrichment from coal 
mine methane. Powder Technol 347, 42–49. https:// doi. org/ 10. 1016/j. powtec. 2019. 02. 042 (2019).

 53. Baral, S. S., Das, S. N. & Rath, P. Hexavalent chromium removal from aqueous solution by adsorption on treated sawdust. Biochem. 
Eng. J. 3, 216–222. https:// doi. org/ 10. 1016/j. bej. 2006. 08. 003 (2006).

 54. Barik, B. et al. Ionic liquid assisted mesoporous silica-graphene oxide nanocomposite synthesis and its application for removal of 
heavy metal ions from water. Mater. Chem. Phys. 239, 122028. https:// doi. org/ 10. 1016/j. match emphys. 2019. 122028 (2020).

 55. Saadi, R., Saadi, Z., Fazaeli, R. & Fard, N. E. Monolayer and multilayer adsorption isotherm models for sorption from aqueous 
media. Korean. J. Chemical. Eng. 32, 787–799. https:// doi. org/ 10. 1007/ s11814- 015- 0053-7 (2015).

 56. Ammendola, P., Raganati, F. & Chirone, R.  CO2 adsorption on a fine activated carbon in a sound assisted fluidized bed: Thermo-
dynamics and kinetics. Chem. Eng. J. 322, 302–313. https:// doi. org/ 10. 1016/j. cej. 2017. 04. 037 (2017).

 57. Monsef Khoshhesab, Z. & Modaresnia, N. Adsorption of acid black 210 and remazol brilliant blue R onto magnetite nanoparticles. 
Inorg. Nano-Metal. Chem. 49(8), 231–239. https:// doi. org/ 10. 1080/ 24701 556. 2019. 16598 20 (2019).

 58. Umpleby, R. J. et al. Application of the Freundlich adsorption isotherm in the characterization of molecularly imprinted polymers. 
Anal. Chim. Acta. 435, 35–42. https:// doi. org/ 10. 1080/ 24701 556. 2019. 16598 20 (2001).

 59. Banerjee, S. & Chattopadhyaya, M. C. Adsorption characteristics for the removal of a toxic dye, tartrazine from aqueous solutions 
by a low cost agricultural by-product. Arab. J. Chem. 10, S1629–S1638. https:// doi. org/ 10. 1016/j. arabjc. 2013. 06. 005 (2017).

 60. Wu, C., Zhang, S., Nie, G., Zhang, Z. & Wang, J. Adsorption and desorption of herbicide monosulfuron-ester in Chinese soils. J. 
Environ. Sci. 23, 1524–1532. https:// doi. org/ 10. 1016/ S1001- 0742(10) 60583-9 (2011).

 61. Kumar, P. S. & Kirthika, K. Equilibrium and kinetic study of adsorption of nickel from aqueous solution onto bael tree leaf powder. 
J. Eng. Sci. Technol. 4, 351–363 (2009).

 62. Astuti, W. et al. Application of kepok banana peel activated carbon prepared by conventional and microwave heating for malachite 
green adsorption. Mater. Sci. Eng. 625, 012025. https:// doi. org/ 10. 1088/ 1757- 899X/ 625/1/ 012025 (2019).

 63. Karaca, S., Gürses, A., Ejder, M. & Açıkyıldız, M. Kinetic modeling of liquid-phase adsorption of phosphate on dolomite. J. Colloid. 
Interface. Sci. 277, 257–263. https:// doi. org/ 10. 1016/j. jcis. 2004. 04. 042 (2004).

 64. Salam, M. A., Kosa, S. A. & Al-Beladi, A. A. Application of nanoclay for the adsorptive removal of Orange G dye from aqueous 
solution. J. Mol. Liquids. 241, 469–477. https:// doi. org/ 10. 1016/j. molliq. 2017. 06. 055 (2017).

 65. Crini, G. et al. The removal of basic blue 3 from aqueous solutions by chitosan-based adsorbent: Batch studies. J. Hazard. Mater. 
153, 96–106. https:// doi. org/ 10. 1016/j. jhazm at. 2007. 08. 025 (2008).

 66. Ong, T., Tan, S. Y., Khoo, E. C., Lee, S. L. & Ha, S. T. Equilibrium studies for Basic blue 3 adsorption onto durian peel (Durio 
zibethinus Murray). Desalin. Water. Treat. 45, 161–169. https:// doi. org/ 10. 1080/ 19443 994. 2012. 692037 (2012).

 67. Kodali, J., Talasila, S., Arunraj, B. & Nagarathnam, R. Activated Coconut Charcoal as a super adsorbent for the removal of organo-
phosphorous pesticide monocrotophos from water. Chem. Environ. Eng. 3, 100099. https:// doi. org/ 10. 1016/j. cscee. 2021. 100099 
(2021).

 68. Mohammad, A. H. & Kijevčanin, M. Synthesis of activated carbons from water hyacinth biomass and its application as adsorbents 
in water pollution control. J. Serb. Chem. Soc. https:// doi. org/ 10. 2298/ JSC21 21210 06M (2022).

 69. Sharma, G. et al. Atrazine removal using chitin-cl-poly (acrylamide-co-itaconic acid) nanohydrogel: Isotherms and pH responsive 
nature. Carbohydr. Polym. 241, 116258. https:// doi. org/ 10. 1016/j. carbp ol. 2020. 116258 (2020).

 70. Barsanescu, A., Buhaceanu, R. & Dulman, V. Removal of Basic Blue 3 by sorption onto a weak acid acrylic resin. J. Appl. Polym. 
Sci. 113(1), 607–614. https:// doi. org/ 10. 1002/ app. 29594 (2009).

https://doi.org/10.1007/s12034-014-0661-6
https://doi.org/10.1016/j.cej.2020.127018
https://doi.org/10.1080/10667857.2021.1972689
https://doi.org/10.1080/10667857.2021.1972689
https://doi.org/10.1016/j.biomaterials.2009.07.003
https://doi.org/10.1016/j.cej.2015.03.104
https://doi.org/10.1016/0021-9517(88)90046-2
https://doi.org/10.1002/ange.201007138
https://doi.org/10.1007/s11814-013-0287-1
https://doi.org/10.1007/s11814-013-0287-1
https://doi.org/10.1016/j.apsusc.2015.01.165
https://doi.org/10.1016/j.carbon.2012.10.013
https://doi.org/10.1039/C8EN00384J
https://doi.org/10.1016/j.carbpol.2020.117473
https://doi.org/10.1016/j.cej.2021.132999
https://doi.org/10.1016/j.cej.2014.07.109
https://doi.org/10.1016/j.jhazmat.2019.120971
https://doi.org/10.1016/j.apsusc.2020.145929
https://doi.org/10.1016/j.apsusc.2020.145929
https://doi.org/10.1016/j.jchromb.2004.02.013
https://doi.org/10.4236/jeas.2018.83007
https://doi.org/10.1016/j.powtec.2019.02.042
https://doi.org/10.1016/j.bej.2006.08.003
https://doi.org/10.1016/j.matchemphys.2019.122028
https://doi.org/10.1007/s11814-015-0053-7
https://doi.org/10.1016/j.cej.2017.04.037
https://doi.org/10.1080/24701556.2019.1659820
https://doi.org/10.1080/24701556.2019.1659820
https://doi.org/10.1016/j.arabjc.2013.06.005
https://doi.org/10.1016/S1001-0742(10)60583-9
https://doi.org/10.1088/1757-899X/625/1/012025
https://doi.org/10.1016/j.jcis.2004.04.042
https://doi.org/10.1016/j.molliq.2017.06.055
https://doi.org/10.1016/j.jhazmat.2007.08.025
https://doi.org/10.1080/19443994.2012.692037
https://doi.org/10.1016/j.cscee.2021.100099
https://doi.org/10.2298/JSC212121006M
https://doi.org/10.1016/j.carbpol.2020.116258
https://doi.org/10.1002/app.29594


17

Vol.:(0123456789)

Scientific Reports |        (2022) 12:21027  | https://doi.org/10.1038/s41598-022-25528-0

www.nature.com/scientificreports/

 71. Contreras, E. G., Martinez, B. E., Sepúlveda, L. A. & Palma, C. L. Kinetics of basic dye adsorption onto sphagnum magellanicum 
peat. Adsorpt. Sci. Technol. 25(9), 637–646. https:// doi. org/ 10. 1260/ 2F026 36170 77850 82396 (2007).

Acknowledgements
This research was supported by the University of Malakand through Higher Education Commission (HEC) of 
Pakistan. The authors are grateful to the Researchers supporting Project No. (RSP-2021/1), King Saud University, 
Riyadh, Saudi Arabia.

Author contributions
M.K. and F.A. Conducted the research. F.A. Wrote the manuscript while M.M. helped in configurations of the 
figures, Z.A. provided funding for the purchase of some of the chemicals. W.J.C. revised the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 25528-0.

Correspondence and requests for materials should be addressed to F.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1260/2F026361707785082396
https://doi.org/10.1038/s41598-022-25528-0
https://doi.org/10.1038/s41598-022-25528-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synthesis of monolith silica anchored graphene oxide composite with enhanced adsorption capacities for carbofuran and imidacloprid
	Materials and methods
	Chemicals and reagents. 
	Instrumentation. 
	Characterization techniques. 
	Synthesis of monolith silica particles. 
	Synthesis of graphene oxide sheets. 
	Synthesis of Silica monolith-graphene oxide composite. 
	Batch adsorption studies. 
	Isotherm and kinetic studies. 

	Results and discussion
	Fourier transform infra-red spectroscopy. 
	XRD analysis. 
	Analysis by Brunauer, Emmett and Teller (BETBJH). 
	Zeta potential. 
	Fourier transform scanning electron microscopy. 
	Batch adsorption. 
	pH effect. 
	Effect of adsorbent dose. 
	Effect of adsorbate. 
	Shaking time. 
	Effect of temperature. 
	Isotherm study . 
	Kinetic adsorption studies. 
	Equilibrium and thermodynamic studies. 
	Application in real water sample. 

	Conclusions
	References
	Acknowledgements


