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GO@ZrO2 NC for adsorption of dye from aqueous background 

 

This chapter is mainly focused on covalent functionalization of GO@ZrO2 through surfactants 

and DES. The modified NCs is characterized using FTIR, XRD, TEM, SEM-EDX and TGA. The 

dye adsorption study of the prepared NCs is also discussed in this chapter. The modified NCs is 

a suitable material for waste water treatment. 

 

 

3.1 Introduction 

As previously discussed, carbon allotropes have gained significant attention over the last 

few decades for their unique properties and diverse applications  [1–11]. Graphene, a uni-layer bi-

dimensional surface of carbon atoms in sp2 configuration, is widely used in pure form or as 

composites in various scientific and engineering applications [4,12–15]. Despite graphene's 

exceptional mechanical, electrical, and thermal properties  [16], graphene oxide (GO) is preferred 

due to its functional groups. GO exhibits spontaneous distribution in aqueous media, making it 

useful for polluted water treatment [17,18]. However, challenges arise from its high surface energy 

leading to agglomeration and lower dispersibility [19]. To address these issues, GO is often fused 

with metallic oxides, forming nanocomposite (NC) that modify its properties [20–24]. NCs, 

characterized by multicomponent materials with different phase nano-domains, exhibit specific 

architectural morphology and photochemical characteristics beneficial for water treatment 

technologies [25]. 
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ZrO2, among various metal oxides used for composite formation, attracts researchers due 

to its passive nature, lower reductive potential, and lower processing cost [26]. GO-based metal 

composites are effective for removing cationic pollutants but less so for anionic moieties  [27]. To 

enhance the efficiency of NCs, they are modified with a variety of compounds, including synthetic 

and natural polymers, and surfactants [27–34]. 

As discussed in previous chapters, surfactants serve as preferred modification agents, 

simplifying the synthesis process and improving crystallinity/thermal stability, preventing 

agglomeration, and increasing surface area and controlled porosity [35–40]. Cationic surfactants, 

especially cationic gemini surfactant (CGS), have shown promise as modifiers, displaying improved 

structural and surface/solution properties over conventional cationic surfactants [41–46]. CGS-

modified NCs, involving metal oxides and GO, have demonstrated effectiveness in 

adsorption/degradation phenomena [33,47]. Deep eutectic solvents (DESs) are gaining 

momentum as modifiers in nanomaterial synthesis, processing, and functionalization of NCs [48–

51]. DES, known for being safe, accessible, green, and environmentally friendly, exhibits increased 

affinity towards materials of interest [52,53].  

In this chapter, our primary focus has been on tackling the formidable challenge of 

preserving pure water bodies for the next generation on Earth an issue recognized as the most 

significant facing the research community [54–58]. World Bank data underscores the critical role 

of textile waste, contributing approximately 20% to total industrial water pollution, particularly 

through color or color-causing materials [59]. Consequently, the elimination of color and coloring 

compounds from industrial effluents stands out as the foremost requirement encountered by 

industries worldwide. This imperative has driven the search for an optimized treatment method to 

mitigate coloring pollutants from effluents before their integration into regular potable water 

streams. NCs have emerged as a potential solution to this challenge, leveraging various 

modifications  [20,60–64]. Capitalizing on the economic and synthetic characteristics of ZrO2 and 

DES, both were strategically chosen for NC synthesis with GO and subsequent functionalization, 

leading to the creation of DES-GO@ZrO2. Furthermore, another analogous composite was 

synthesized and modified with CGS using a method reported elsewhere  [33]. In this study, 

butanediyl-1,4, bis (N, N-hexadecyl ammonium) dibromide (16-4-16) and reline were employed as 

CGS and DES, respectively [65]. The modified NCs underwent comprehensive characterization 

through various instrumental methods. To optimize their performance, various experimental 

conditions were systematically adjusted. Notably, this chapter presents, a comparative study on 

CGS/DES modified NCs, offering valuable insights into their effectiveness. The strategies and 

methodologies detailed in this chapter hold promising applications in addressing water pollution 
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and contributing to environmental cleanup efforts. By effectively reducing dye content in aqueous 

media, these approaches offer a meaningful contribution towards ensuring a cleaner and more 

sustainable environment. 

3.2 Experimental section 

The materials and methods used are discussed in chapter 2. 

3.3 Result and discussion 

3.3.1 XRD 

 Crystallinity of the NCs were analyzed using XRD. The XRD spectra of all the NCs are 

shown in Figure 3.1. The broadness of NC spectra indicates poor crystallinity (amorphousness) 

of all NCs. When XRD data were compared with pure GO and pure ZrO2, the composite material 

has been found more amorphous than individual components. Similar types of signals were 

observed for the controlled deposition of ZrO2 on graphene nanosheets in earlier studies [66,67]. 

Data shows that amorphousness more or less remained similar even after modification with CGS 

or DES. In an earlier study, it has been shown that surfactant modified NC-material shows 

amorphousness more than pure GO and corroborates the present data [68].  

  

Figure 3.1: XRD spectra of modified nanocomposite(s) and its precursor. 

3.3.2 FTIR 

 FTIR spectra for GO@ZrO2, CGS-GO@ZrO2, and DES-GO@ZrO2 are compiled in 

Figure 3.2.  The appearance of peaks with CGS-GO@ZrO2 around 2923 and 2847 cm-1 indicates 

the existence of C-H stretching vibration bands and confirms the presence of CGS alkyl group 
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and hence the modification of GO@ZrO2 by CGS. Similarly, in the case of DES-GO@ZrO2, 

peaks are appearing at 3019 and 3261 cm-1 which are expected from the vibrations of H-bonds in 

O-H and/or N-H, as reported earlier [69]. Further, Zr-O bands are appeared at 635 cm-1 and 762 

cm-1. The absorption band appeared at 2900 cm-1 indicating a small alkyl chain of choline part of 

reline present at the surface of DES-GO@ZrO2. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: FT-IR spectra of GO@ZrO2 and its modified forms with CGS and DES 

nanocomposites. 

3.3.3 TEM 

TEM images of pure GO@ZrO2 and modified NCs are shown in Figure 3.3 (a-c). 

Modified composite images (Figure 3.3 (b & c)) show wrinkles and folding on the outer part of 

the original composite. The sheets are comparatively well separated for DES-GO@ZrO2 than 

CGS-GO@ZrO2 (for the same magnification). 

3.3.4 SEM-EDX 

SEM-EDX data are given in Figure 3.4 (a-c) to further ensure the modification of 

GO@ZrO2.  The elemental analysis data are summarized in the supplementary information (Table 

3.1). The presence of nitrogen and chlorine atoms in the modified composites shows the 

functionalization of GO@ZrO2 with CGS or DES (as the case may be).  The data are indicative 

of the successful functionalization of the GO@ZrO2 NC. 
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Figure 3.3: TEM images of a) GO@ZrO2 b) CGS-GO@ZrO2, and c) DES-GO@ZrO2. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: SEM-EDX images of a) GO@ZrO2, b) DES-GO@ZrO2 and c) CGS-GO@ZrO2. 
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Table 3.1: EDX elemental data of modified GO@ZrO2 with CGS and DES. 

 

3.3.5 TGA 

TGA thermograms and derivative thermograms for pure and functionalized NCs are 

provided in Figure 3.5 (a) and (b), respectively. Thermal stability of GO@ZrO2 increases with 

both CGS/DES modified NCs. This additional thermal stability in the presence of both DES and 

CGS indicates that the decomposition of labile surface oxygens is restricted. This surface stability 

can be further utilized for higher temperature adsorption if needed. 

 

Figure 3.5: a) Thermograms and b) derivative thermograms of GO@ZrO2 and CGS/DES 

modified nanocomposites. 

3.3.6 Influence of [MB] 

Removal of MB (by adsorption process) from aqueous dye solution (without agitation) was 

studied in the presence of a fixed dose of composite (GO@ZrO2 (2 mg/ml), CGS-GO@ZrO2 

(10 mg/ml) or DES-GO@ZrO2 (2 mg/ml)). The percentage of MB removal (P) in all the cases 

(after 60 m, followed by centrifugation) has been plotted against different fixed [MB] (20-100 mg 

Elements 
GO@ZrO2 CGS-GO@ZrO2 DES-GO@ZrO2 

Weight % Atomic % Weight % Atomic % Weight % Atomic % 

C 42.43 60.75 50.76 69.58 52.48 68.22 

O 30.22 33.94 25.58 25.75 23.52 26.30 

Zr 27.35 5.31 23.66 4.67 22.75 4.48 

N - - - - 0.96 0.58 

Cl - - - - 0.29 0.42 
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L-1), and data are depicted in Figure 3.6. The perusal of data suggests that modification improves 

P value than observed with GO@ZrO2. It may be mentioned that DES-GO@ZrO2, even having 

5 times lower quantity, competes well for initial lower [MB] (~40 mg L-1). However, at further 

higher [MB], the P values show distinct differences for the above two modified NCs. Preliminary 

adsorption data show the competitiveness of DES modified NC with CGS one. In this experiment, 

the best performances of MB adsorption were found at 20 mg L-1 and 50 mg L-1 for DES-

GO@ZrO2 and CGS-GO@ZrO2, respectively. Therefore, these concentrations were taken to 

optimize the composite dosages. 

 

 

 

 

 

 

 

 

 

Figure 3.6: Variation of % MB removal from background solution (20 ml, after 60 m) with 

different initial concentrations of MB (20-100 mg L-1) at 30±0.1°C: GO@ZrO2 (2 mg/ml); 

DES-GO@ZrO2 (2 mg/ml) and CGS-GO@ZrO2 (10 mg/ml). 

3.3.7 Influence of Composite Load 

Above fixed MB concentrations were used to study the influence of composite load on 

the absorbability of MB from an aqueous solution. NC load has been varied to determine the 

appropriate content of the adsorbent in the removal of MB (after 60 m) together with Q. Data for 

DES-GO@ZrO2 and CGS-GO@ZrO2 are shown in Figure 3.7. A perusal of the data indicates 

that a near complete MB adsorption has been observed at/above 2 mg/ml with the former NC 

while similar MB adsorption was observed at/above 10 mg/ml for the latter NC (CGS-

GO@ZrO2). Therefore, 2 mg/ml composite load and 20 mg L-1 MB concentration have been 

fixed for DES-GO@ZrO2 while 10 mg/ml composite load and 50 mg L-1 MB concentration were 

fixed with CGS-GO@ZrO2 for pH effect. 



 

 

Ph.D. Thesis of Vishwajit R. Chavda 64 | P a g e  

 

Chapter 3: Synthesis and characterization of surfactant/DES modified 

GO@ZrO2 NC for adsorption of dye from aqueous background 

 

Figure 3.7: Optimisation of composite dosages for MB adsorption (20 ml solution, after 60 m): 

DES-GO@ZrO2 (with 20 mg L-1 MB) and CGS-GO@ZrO2 (with 50 mg L-1 MB) at 30±0.1°C.    

3.3.8 Influence of pH 

pH variation has been accomplished by varying the concentration of NaOH/HCl 

depending upon the pH range (basic or acidic). With an increase in pH, MB molecules will exist 

in both charged and uncharged forms. The variation of P vs pH for the above-mentioned systems 

(after 60 m) has been shown in Figure 3.8. P has been found lower in a higher acidic range which 

increases with an increase in pH and shows distinctly higher MB adsorption (or P) at pH 10 for 

DES-GO@ZrO2. This may be interpreted in terms of the conversion of cationic MB form into 

neutral MB form. The latter form may be driven towards NC surface due to the hydrophobic 

attraction of the dye towards modified NC surfaces. Figure 3.9 shows the variation of ΔpH vs 

pHinitial and resulted in pHpzc zero between pH 7 to 8. After this pH range the NC surface will 

behave negatively charge and start attracting the cationic form of the dye and responsible for a 

sudden increase in the P value from pH 8-10.  This could also be understood in light of the fact 

that the pKa value of MB is 3.8 [70]. The increase in P value with pH finds support from an earlier 

study in which MB adsorption has been made on a GO-based composite [71].  However, the 

amount of MB adsorbed from pH 4-8 for CGS-GO@ZrO2 is nearly constant. The former form 

will interact electrostatically with the CGS-GO@ZrO2 surface while the latter one will interact 

hydrophobically. The overall adsorption might be the result of the above two interactions and 

works oppositely for CGS-GO@ZrO2 and is responsible for a level-off in the P value. This is 

indeed observed in Figure 3.8. 



 

 

Ph.D. Thesis of Vishwajit R. Chavda 65 | P a g e  

 

Chapter 3: Synthesis and characterization of surfactant/DES modified 

GO@ZrO2 NC for adsorption of dye from aqueous background 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Influence of pH (2-10) on MB adsorption (20 ml solution, after 60 m) by DES-

GO@ZrO2 (2 mg/ml dosage, with 20 mg L-1 MB) and b) CGS-GO@ZrO2 (10 mg/ml dosage, 

with 50 mg L-1 MB) at 30±0.1°C. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Variation of ΔpH vs pHintial for DES-GO@ZrO2 (50 mg/20 ml KNO3 solution) and 

CGS-GO@ZrO2 (50 mg/20 ml KNO3 solution) at 30±0.1°C. 
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3.3.9 Influence of Contact Time: Adsorption Kinetics 

In order to understand the kinetics of the adsorption process, influences of contact time 

and [MB] have been seen at a fixed concentration of composite (2 or 10 mg/ml) and pH (=10). Q 

values at different time intervals (Qt) are plotted against time (t) and such profiles are shown in 

Figure 3.10 (a & b). The data have been used to obtain Qe (amount of MB adsorbed per gram of 

composite after attaining equilibrium). Various kinetic models (pseudo-first order, pseudo-second 

order, and intraparticle diffusion model) have been applied to reveal adsorption kinetics. Following 

the well-known Lagergren equation is widely used for liquids and solid systems to deal with 

pseudo-first order kinetics [72]. 

 Figure 3.10: Variation of adsorption capacity (Qt) with Contact time (t) for various starting MB 

concentrations (10-1000 mg L-1):  a) DES-GO@ZrO2 (2 mg/ml dosage, 20 ml solution of MB), 

and b) CGS-GO@ZrO2 (10 mg/ml dosage, 20 ml solution of MB) at 30±0.1°C. 

3.3.9.1 Pseudo-first order kinetic model 

ln(𝑄𝑒 − 𝑄𝑡) = ln 𝑄𝑒 − 𝑘1𝑡            (1) 

where k1 (min−1) represents the pseudo-first order rate constant for the MB adsorption. Qe 

and k1 can be obtained from the slope and intercept of log (Qe-Qt) vs t plots (Figure 3.11 (a & 

b)). The computed data related to this model are compiled in Table 3.2. A perusal of Figure 3.10 

clearly depicts that kinetic data cannot be fitted in the present model (with both the NCs, Table 

3.2) and hence other models are also checked. The square of the correlation coefficient (R2) values, 

for different initial MB concentrations, are much lower than one and hence denies the 

appropriateness of the pseudo-first order kinetic model. This is also confirmed due to distinct 

variations in the value of experimentally obtained Qe and theoretically obtained Qe (Table 3.2). 
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Figure 3.11: Variation of log (Qe-Qt) vs t and fitted data of Pseudo-first order kinetic model: a) 

DES-GO@ZrO2 (2 mg/ml dosage, 20 ml solution of MB), and b) CGS-GO@ZrO2 (10 mg/ml 

dosage, 20 ml solution of MB) at 30±0.1°C. 

Table 3.2: Fitted kinetic data in different models for DES-GO@ZrO2 and CGS-GO@ZrO2 

3.3.9.2 Pseudo-second order kinetic model 

In the process of finding the correctness of the kinetic model the data of MB adsorption, 

with both NCs, were fitted in pseudo-second order kinetic equation [73], 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒
2 +  

𝑡

𝑄𝑒
             (2) 
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where k2 (g mg−1 min−1), the second order rate constant, and Qe have been computed from 

a straight-line plot (Figure 3.12 (a & b)) of t/Qt vs t (using slope and intercept). When t→0, the 

adsorption rate becomes the initial adsorption speed. The data computed for this model are 

compiled in Table 3.2. Better R2 values (~1) indicate the suitability of the pseudo-second order 

kinetic model to understand the adsorption kinetics of MB on both modified NCs (CGS-

GO@ZrO2 and DES-GO@ZrO2). 

Figure 3.12: Variation of t/Qt vs t and fitted data of Pseudo-second order kinetic model: a) 

DES-GO@ZrO2 (2 mg/ml dosage, 20 ml solution of MB), and b) CGS-GO@ZrO2 (10 mg/ml 

dosage, 20 ml solution of MB) at 30±0.1°C. 

3.3.9.3 Intraparticle diffusion kinetic model 

Another kinetic model has also been used to interpret adsorption behaviour. This model 

also considers the diffusion process of adsorbate in addition to concentration variation. The well-

known expression [74] of the present model is as follows, 

𝑄𝑡 =  𝑘𝑖𝑡1/2 + 𝐶𝑖             (3) 

ki is the intraparticle velocity constant (mg g−1 min1/2) and Ci is a constant that is related to 

boundary layer thickness/diffusion. If Qt vs t½ provides a linear plot (Figure 3.13 (a & b)) whose 

slope and intercept can be used to obtain ki and Ci. The computed values of ki, Ci, and R2 are 

summarized in Table 3.2.  Looking at the fitted data and R2 values (far less than 1), one can be 

observed that pore/surface diffusion is not the only factor but other routes such as film diffusion 

may also involve.  
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From a perusal of all the fitted data in different kinetic models with both the NCs (Table 

3.2), it can be seen that better fitting (Figure 3.13) and acceptable R2 values are produced with 

Pseudo-second order kinetic model and hint that this model is probably followed in the present 

adsorption of MB on both the modified NCs surfaces. 

Figure 3.13: Variation of Qt vs t1/2 and fitted data of Intraparticle diffusion kinetic model: a) 

DES-GO@ZrO2 (2 mg/ml dosage, 20 ml solution of MB), and b) CGS-GO@ZrO2 (10 mg/ml 

dosage, 20 ml solution of MB) at 30±0.1°C. 

3.3.10 Adsorption isotherm 

The applicability of different adsorption isotherm models (at 30±0.1oC) has been checked 

by considering Freundlich, Langmuir, and Temkin. 

3.3.10.1 Freundlich isotherm 

According to this adsorption model, the surface of the composite is heterogeneous and 

assists in multilayer adsorption. Mathematically, Freundlich isotherm model can be expressed [75] 

as under, 

𝑙𝑜𝑔𝑄𝑒 = 𝑙𝑜𝑔𝐾𝐹𝐼 +
1

𝑛
log 𝐶𝑒          (5) 

where KFI (mg/g) and n are the Freundlich adsorption constant and adsorption potency, 

respectively. n decides the spontaneity and reversibility of the process (0 < 1/n < 1, spontaneous; 

1/n > 1, non-spontaneous; 1/n = 1, non-reversible). KFI and n can be computed from the 

intercept and slope of the plots of log Qe vs log Ce (Figure 3.14) where Ce is the equilibrium [MB]. 

The related data are summarized in Table 3.3. The poor R2 values clearly indicate the non-

applicability of Freundlich adsorption model and deny the multilayer adsorption. 
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Figure 3.14: Variation of log Qe vs log Ce and fitted Freundlich isotherm model for DES-

GO@ZrO2 (2 mg/ml dosage, 20 ml solution of MB), and CGS-GO@ZrO2 (10 mg/ml dosage, 

20 ml solution of MB) at 30±0.1°C. 

Table 3.3: Fitted adsorption data of MB on DES-GO@ZrO2 and CGS-GO@ZrO2 using 

various models. 

 

 

 

 

 

 

 

 

 

 

 

Isotherms Parameters DES-GO@ZrO2 CGS-GO@ZrO2 

Freundlich 

 

 

KFI (mg/g) 

n 

R2 

14.24 

0.15 

0.936 

1.51 

0.73 

0.885 

Langmuir 

 

 

 

Qm (mg/g) 

b (L/mg) 

R2 

REP 

22.94 

4.731 

0.971 

0.0104-0.0021 

15.91 

0.127 

0.995 

0.4405-0.0078 

Temkin 

 

 

KT (L/g) 

2.303 RT/b 

R2 

359.50 

2.595 

0.979 

3.50 

2.251 

0.816 
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3.3.10.2 Langmuir isotherm 

Since Freundlich adsorption isotherm model fails to fit the present adsorption data of MB 

and, therefore, other models were tried to know the exact mechanism of MB adsorption. Another 

well-known adsorption model namely, Langmuir isotherm [76], has been considered to fit. The 

Langmuir isotherm is represented by, 

1

𝑄𝑒
=

1

𝑄𝑚
×

1

𝑏
×

1

𝐶𝑒
+

1

𝑄𝑚
          (8) 

where Qm is the content of MB to form uni-layer (mg/g) and b (L/mg) constant which 

represents adsorption energy. A plot of 1/Qe vs 1/Ce results straight line with slope (gives 1/b. 

Qm) and intercept (1/Qm) (Figure 3.15). The values of R2 were found reasonably good and 

compiled with other adsorption constants of this model in Table 3.3. These data indicate the 

suitability of Langmuir model for the MB adsorption on modified NCs. This was further 

confirmed by the determination of the equilibrium adsorption parameter (REP) which is related to 

b and Ci by the following mathematical expression, 

𝑅𝐸𝑃=
1

1+𝑏𝐶𝑖
              (9) 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Variation of 1/Qe vs 1/Ce and fitted Langmuir isotherm model for DES-

GO@ZrO2 (2 mg/ml dosage, 20 ml solution of MB), and CGS-GO@ZrO2 (10 mg/ml dosage, 

20 ml solution of MB) at 30±0.1°C. 
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REP gives an idea about the favorability of adsorption equilibrium. The ranges of REP for 

different initial [MB] are also tabulated in Table 3.3. REP varies between 0.01 to 0.0021 (for DES-

GO@ZrO2) and 0.4405-0.0078 (for CGS-GO@ZrO2) which proves that monolayer adsorption 

is taking place spontaneously. Further, NCs provide nearly homogeneous surfaces. 

3.3.10.3 Temkin isotherm 

To ensure the applicability of Langmuir model, the adsorption data were also fitted into 

another well-known model, known as Temkin isotherm [77]. This model asserts that the heat of 

adsorption lowers linearly during the transfer of adsorbate toward the adsorbent surface.  the 

model can be expressed mathematically as, 

𝑄𝑒 = 2.303
𝑅𝑇

𝑏
(log 𝐾𝑇 + log 𝐶𝑒)                        (10) 

The term KT (L/g) is the Temkin constant related to the energy involved in the binding of 

MB to modified NC. The value of RT/b gives insight into the nature of the adsorption process. 

These values were obtained from the slope and intercept of the plot of Qe vs log Ce (Figure 3.16). 

If RT/b>0, the process can be said exothermic and vice versa while RT/b<0, which means that 

heat is absorbed during adsorption, i.e., an endothermic process. The values of RT/b, KT, and R2 

are also included in Table 3.3.  

 

 

 

 

 

 

 

 

 

Figure 3.16: Variation of Qe vs log Ce and fitted Temkin isotherm model for DES-GO@ZrO2 

(2 mg/ml dosage, 20 ml solution of MB), and CGS-GO@ZrO2 (10 mg/ml dosage, 20 ml 

solution of MB) at 30±0.1°C. 
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 A perusal of isotherm parameters (Table 3.3) of different adsorption models (mentioned 

above) indicates that both Langmuir (monolayer adsorption) and Temkin (exothermic) models are 

equally followed by the MB adsorption data obtained with CGS-GO@ZrO2 and DES-GO@ZrO2 

as adsorbents. This indicates that monolayer adsorption of MB is taking place together with a heat 

release. Therefore, the binding strength of MB to DES-GO@ZrO2 seems higher than CGS-

GO@ZrO2. 

3.3.11 Comparison of MB adsorption with similar composite material 

Table 3.4 shows the compilation of the adsorption/removal data of MB with similar 

composites [78–81]. Among two modified composites (for faster removal), DES-GO@ZrO2 has 

been found superior to CGS-GO@ZrO2. A perusal of comparative data shows that DES-

GO@ZrO2 shows good adsorption efficiency (close to 100 %) within a short time (5 m) through 

the DES-GO@ZrO2 dose was slightly towards the higher side. However, the adsorption time 

column of Table 3.4 clearly depicts that the DES-GO@ZrO2 can be a preferred candidate for the 

faster removal of MB or similar material (yet to be checked). Based on this observation, DES-

GO@ZrO2 has been chosen for the recyclability study.    

Table 3.4: Comparison of removal efficiency of DES-GO@ZrO2 and CGS-GO@ZrO2 with 

similar materials reported in the literature. 

 

3.3.12 Recyclability/Reusability Study 

For an adsorbent, the potential is not only counted by its adsorption/removal efficiency 

but also by reusability (to control the economy of the process) one after another cycle [82–84]. 

Here, MB adsorbed DES-GO@ZrO2 has been recycled by washing it with various solvents (water, 

0.1M HCl, 0.1M NaOH, methanol, and ethanol). The washing ability of adsorbed MB has been 

shown in Figure 3.18. Ethanol has been found better solvent to desorb MB from the said 

composite (Re~86%). Figure 3.17 shows the adsorption-desorption efficacy of the MB adsorbed 

DES-GO@ZrO2. It can be noticed that the composite can be efficiently recycled/reused for at 

Nanocomposite 

Names 

Adsorbent 

Dosage 

(mg/mL) 

Initial MB 

Concentration 

(ppm) 

Adsorption 

Time (min) 

Removal 

Efficiency 

(%) 

References 

DES-GO@ZrO2 

CGS-GO@ZrO2 

2 

10 

20 

10 

5 

5 

~100 % 

82 % 
This work 

Fe3O4-xGO 0.28 150 180 97.5 %  [78] 

CS/Fe3O4/GO 0.4 5 1200 ~25 %  [80] 

MGC/GO 1 30 840 96.7 %  [79] 

GO/Fe3O4/SiO2 0.25 3.2 10 ~65 %  [81] 
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least 5 successive cycles with ethanol as the recharging solvent. The efficiency of the process 

corroborates the physical interaction involved in the adsorption process of MB. Better adsorption 

capabilities even after 5 cycles suggest that the DES-GO@ZrO2 can perform as a potential 

adsorbent for MB or MB derivatives [85]. 

 

 

 

 

 

 

 

 

 

Figure 3.17: Desorption study of MB from DES-GO@ZrO2 using 50 ml of various solvents. 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Recyclability study of DES-GO@ZrO2 using 50 ml of ethanol for each cycle (up to 

5 cycles). 
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3.3.13 Mechanism of MB adsorption 

Preliminary TEM data (Figure 3.3) show that ZrO2 sits on the surface of GO sheets with 

a homogenous distribution. CGS and DES contain certain groups which can interact with 

GO@ZrO2 composite via electrostatic and hydrophobic interaction. MB will be adsorbed on the 

modified surface of the composite via various interactions represented in Scheme 3.1. Various 

active groups are available on the modified NCs which perform an important role in the MB 

adsorption process. The nature of the NCs is shifted towards hydrophobic (due to hydrocarbon 

chains available on CGS or DES) which consequently contributes to attracting MB molecules 

towards the adsorbent surface. 
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Scheme 3.1: Depiction of MB adsorption on modified NCs via different modes of interactions. 

3.4 Conclusion 

In conclusion, DES-GO@ZrO2 has been found distinctly better than CGS-GO@ZrO2 

for the adsorption/removal from an aqueous solution of MB. The adsorption process has been 

found to be driven by electrostatic/hydrophobic interactions of MB with NC surfaces. Results of 

the adsorption process follow Langmuir adsorption isotherm indicating the homogeneity of the 

NC surfaces. DES-GO@ZrO2 shows complete adsorption (within 5 m) for MB when compared 

with other similar adsorbents (Table 3.4). Kinetic study showed that adsorption-time data follow 

pseudo-second order kinetics. The recyclability experiment showed that DES-GO@ZrO2 performs 

well even after the 5th cycle. Ethanol has been found good recharging solvent for the said 

composite. Further, the information can be used to produce potential commercial filters involving 

DES-GO@ZrO2 for the faster/effective removal of coloured dyes or colouring material before 

discarding into running streams (control of water pollution to make it potable for humans, aquatic 

habitats together with irrigation). The spectrum of application can be enlarged by performing 

similar studies with other industrial effluents e.g., paint, textile, leather, or paper.   
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