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This chapter is mainly focused on covalent functionalization of GO@TiO; through surfactants
and DES. The modified NCs is characterized using FTIR, XRD, FESEM-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.

DES-GO@TiO,
nanocomposite QR
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removal

y y
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Industrial
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4.1 Introduction

Extensive industrialization and urban development are the main factors behind wastewater
discharge, leading to significant water pollution. One significant issue is the release of dyes into
water bodies, posing threats to tetrestrial/aquatic life alike. The disposal of effluents containing
used dyes into water bodies is a significant contributor to water pollution. Treatment is crucial to
mitigate the harmful impacts of discharged dyes in wastewater before disposal. However, dye
removal remains a challenging problem, as even a small amount can lead to health issues such as
allergic reactions, skin irritation, and cancer. Various techniques, including physical, photocatalysis,
electrochemical, chemical, adsorption, and biological treatment, have been employed to address
this issue. Among these, adsorption stands out as the most effective method due to its simplicity,
cost-effectiveness, and versatility in selecting and modifying adsorbent material. Moreover, it
generates no harmful by-products and can be applied effectively to treat large volumes of water [1].

Various analytical instruments, including GC-MS [2], LC-MS [3],and HPLC-DAD [4], have been
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established for dye detection. While these hyphenated techniques offer rapid and precise
results [5], they pose drawbacks like high costs, complex instrumentation, and the use of organic
reagents. Therefore, sustainability demands a method that delivers fast, accurate, and cost-effective
analysis. UV-visible spectroscopy stands out as an alternative detection technique that is user-

friendly, provides quick and accurate results, and imparts economy to the entire process [6].

As established in earlier discussions, GO is chosen over pure graphene for its functional
groups and exceptional properties. Challenges include surface energy-induced agglomeration and
higher costs. These are addressed by incorporating metallic oxides through NC formation [7-9].
Among the metal oxides employed in the formation of composite, titanium (IV) oxide (TiO») has
drawn special attention from the research community. This is due to its easy availability, long-term
stability, cost-effectiveness, non-toxic nature, biocompatibility, environmental friendliness, and
high chemical stability [10-13], making it a promising precursor of nanomaterial for large-scale
industrial wastewater treatment [14]. NCs are currently being modified/functionalized with a range
of compounds/mixtures, like polymers (synthetic/natural), surfactants, or ionic liquids among

others [15-20].

Surfactants are preferred as modification agents as discussed in previous chapters [21-25].
Among various charge types, cationic surfactants have demonstrated superiority as modifiers,
outperforming other classes of materials [22,26,27]. Cationic surfactants effectively adsorb onto
the carboxyl groups of GO through electrostatic attraction, leading to the formation of insoluble
complex salts [28,29]. The use of cationic surfactant-modified NCs based on metal oxides and

GO has been documented in several scholatly publications [19,30].

As previously discussed, DESs have diverse applications in nanomaterial synthesis,
processing, and functionalization [31-33]. Their adaptability allows for the efficient exfoliation of
2D nanosheets and the functionalization of carbon-metallic nanomaterials [34—38]. Notably, while
surface-functionalized pre-synthesized graphene-iron nanohybrids using DESs have been
explored for analytical purposes [39], there is a gap in studies examining the potential of DESs as
coupling agents for linking GO and TiO,. Therefore, it is essential to compare the roles of DES
and surfactants as modifiers. In this context, the challenge of eliminating MB, a synthetic dye

extensively used in various industries [40], remains a formidable task for present-day researchers.

In this chapter, our primary objective was to utilize DES and cationic surfactant to facilitate
the coupling of GO nanosheets with TiO, nanoparticles. Our objective was to experimentally
verify the theory that the amine functionalization of GO surfaces using re/ine as a DES would allow

us to attach TiO, nanoparticles without the need for initial functionalization of TiO,. The basis of
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the hypothesis lies in the intrinsic affinity of TiO, nanoparticles for amine functional groups, and
the surfactant/DES functionalized GO sutfaces can provide such a situation [14]. Furthermore,
GO functionalized with DES would offer favourable chemistry for H-bond formation between
GO and TiO; (DES-GO@TiO,). Our secondary objective involved the intercalation of GO-TiO,
with DTAB through non-covalent interactions (DT-GO@TiO,) [19,41]. To compare adsorption
and its kinetics, MB has been taken as a model dye. DTAB and reline are well-known cationic
surfactant and DES, respectively. In the present study, modified NCs through various
physicochemical methods. Various experimental conditions were optimized to maximize dye
removal from the aqueous medium. To address the economic part of the procedure, the adsorbent
has been used for a number of repeat cycles, and their performances are scrutinized. The rate of
MB content adsorbed per gram of adsorbent per second has also been computed to single out the
best material among similar classes. The strategies presented here hold the potential to contribute

to the mitigation of water pollution and the overall environmental cleanup efforts.
4.2 Experimental section
The materials and methods used are discussed in chapter 2.

4.3 Results and Discussion
4.3.1 XRD

XRD spectra of TiO,, GO@TiO,, DT-GO@TiO,, and DES-GO@TiO, NCs ate shown
in Figure 4.1. The characteristic peaks were found at 20.8°, 25.82°, 28.79°, 30.84°, 36.05°, 41.07°,
50.92°, and 54.27° corresponds to crystal plane (101), (004), (200), (105), (211), (204), (116) and
(002) for the TiO, nanoparticle sample [42]. In the XRD pattern of GO/TiO, NC, all diffraction
peaks are similar to TiO, nanoparticles [43,44]. However, the main diffraction peak of GO has
disappeared due to the coating TiO; on it. The intensity of the peak’s characteristic of the TiO»
anatase phase in the DT-GO@TiO, and DES-GO@TiO, NC was significantly reduced compared
to that of pure TiO, nanoparticles. This reduction suggests that the TiO, nanoparticles were well
coated between the GO sheets. Furthermore, the characteristic peaks of the TiO, phase in the
DT-GO@TiO; and DES-GO@TiO, NC shifted to smaller angles. This shift is attributed to the
formation of metal oxides on the GO surfaces. Additionally, no characteristic peaks of GO, DES,
and DTAB were observed in the NCs, indicating the successful integration of TiO, nanoparticles

onto the GO surfaces.
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Figure 4.1: XRD spectra of TiO2, GO@TiO,, DT-GO@TiO: and DES-GO@TiO, NCs.

4.3.2 FTIR

FT-IR spectra for GO@TiO,, DT-GO@TiO,, and DES-GO@TiO; are shown in Figure
4.2. The band observed at 3256 cm™ in all spectra can be attributed to O-H stretching vibrations,
which are a result of the presence of hydroxyl groups [45]. The spectra also indicated the presence
of various other chemical groups, such as C=0 (1708 cm™), C-O-C (1075 cm™, 1082 cm ™, and
1086 cm™), C=C (1567 cm™"), and C-OH (1530 cm™") [43,44]. The absorption peak observed at
603 cm™" is assigned to the stretching vibration of Ti-O-Ti, and it is noteworthy that the Ti-O-Ti
absorption peak is reduced in the modified NCs. This observation suggests the possible existence

of interaction between GO and TiO,. 1561 cm™ and 1082 cm™ peaks are sharpened in the case of
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modified NCsbecause of C=C and C-O stretching, respectively. The data suggests the successful
functionalization of the GO@TiO, NC by coupling through DES and DTAB.
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Figure 4.2: FTIR spectra of TiO,, GO@TiO,, DT-GO@TiO; and DES-GO@TiO, NCs.

4.3.3 FESEM-EDX

FESEM-EDX data is presented in Figure 4.3 (I to III) to provide additional confirmation
of the modification of the GO@TiO, NC. The EDX elemental maps show the presence of carbon
(©), oxygen (O), nitrogen (N), titanium (T1), bromine (Br), and chlorine (Cl) in the modified NCs.
This demonstrates the effective bonding of GO nanosheets and TiO, nanoparticles through
surface modification with DES and DTAB. Furthermore, the elemental maps validated the
uniform dispersion of TiO, nanoparticles on the graphene nanosheets. The FESEM image of
DES/GO-TiO; NC reveals a higher degree of aggregation in the graphene structures, with TiO,
nanoparticles uniformly distributed all over and covering a substantial portion of the surface. Upon
enlarging the FESEM image of DT-GO@TiO, NC, certain wrinkles become apparent in these
sheets. These wrinkles are likely a consequence of the repulsive negative charges from the
deprotonated carboxylic acid groups present on the GO sheets [19]. The lamellar structure
contributes to a substantial surface area in the composite, and this feature is vital for its potential
applications in the adsorption of dye molecules. The EDX spectra with mapping show the
presence of C, N, O, and Ti atoms for GO@TiO, NC (Figure 4.3 (I)), the presence of C, N, O,
Ti and Br atoms for DT-GO@TiO, NC (Figure 4.3 (II)), and the presence of C, N, O, Ti and
Cl atoms for DES-GO@TiO, NC (Figure 4.3 (III)) indicating the successful functionalization
of NCs.
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Figure 4.3: FESEM/EDX analysis of (I) GO@TiO,, (II) DT-GO@TiO, and (I1I) DES-
GO@TiO, NC’s (a) FESEM image, (b) EDX elemental mapping showing different elements, (c)

spot EDX spectra showing various elements in terms of percentage.

4.3.4 TGA

Figure 4.4 (I) and (IT) display TGA thermograms and derivative thermograms for both
the pure and modified NCs. GO@TiO, displays enhanced thermal stability, attributed to the
strong interaction between TiO, and GO sheets [46,47]. The DES-GO@TiO, NC exhibited
weight loss within the temperature range of 300-550 °C, likely attributed to the decomposition of
nitrogen and chloride groups found on the surface. Moreover, the increased weight loss observed
in DT-GO@TiO2 NC is due to the decomposition of quaternary ammonium moieties. Following
the decomposition of thermally sensitive oxygen functionalities and other functional groups, there

was no significant mass loss observed up to 700 °C (Figure 4.4).
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Figure 4.4: (I) TGA (II) derivative thermograms of GO@TiO,, DT-GO@TiO, and DES-
GO@TiO; NCs.

4.3.5 Effect of [MB]

The adsorption process was utilized to investigate the removal of MB from an aqueous
dye solution under static conditions. A consistent composite dose (0.5 mg/mL for each
GO@TiO,, DT-GO@TiO,, and DES-GO@TiO,) was present during the experiments. The
percentage of MB removal (P) was plotted against various fixed concentrations of MB (20-100 mg
L") for all conditions after a duration of 60 m, followed by centrifugation. The results are illustrated
in Figure 4.5. An examination of the data from Figure 4.5 indicates that the modification
enhances the P value match to what was observed with GO@TiO.. The P value decreased as the

[MB] increased. With the increase in [MB], the available adsorption sites became limited, resulting
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in a decrease in dye removal before reaching equilibrium. In this experimental setup, the optimal
performance in terms of MB adsorption was observed at a concentration of 20 mg L' for DES-
GO@TiO; and DT-GO@TiO.. Hence, these concentrations were selected for optimizing the

composite dosages.
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Figure 4.5: The effect of the initial dye concertation on the percentage removal of MB for

GO@TiO,, DT-GO@TiO, and DES-GO@TiO, NCs.

4.3.6 Effect of Composite Load

Fixed concentrations of MB were employed to examine how the composite loading affects
the absorption capacity of MB from an aqueous solution. The load of NC was varied from 3-40
mg (0.15 to 2 mg/mlL) to establish the optimal adsorbent content for MB removal (after 60 m).
Data for DES-GO@TiO, and DT-GO@TiO: are depicted in Figure 4.6. The results show a
swift increase in the efficiency of dye removal, i.e., from 83.4 to 99.9%, as the amount of the DES-
GO@TiOzincreases from 5 to 10 mg, which then becomes constant. Similarly, rapid increase in
the efficiency of dye removal, i.e., from 85.75 to 99.9%, as the amount of the DT-GO@TiO;
increases from 10 to 20 mg, which then becomes constant. Subsequent increments in the

composite load did not impact the efficiency of dye removal, as the maximum amount of dye had
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already been adsorbed, and no additional dye molecules were available for adsorption. Therefore,

a 10 mg (0.5 mg/mL) composite load was taken to optimize for the pH effect.
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Figure 4.6: The effect of the composite load on the percentage removal of MB for DT-
GO@TiO; and DES-GO@TiO, NCs.

4.3.7 Effect of pH

The initial pH of the dye solution is considered crucial as it often affects dye adsorption.
The pH adjustments were achieved by adjusting the concentrations of NaOH or HCI, depending
on the targeted pH range (basic/acidic). As the pH increases, MB molecules will be present in
either charged or uncharged forms. The changes in P vs. pH for the systems introduced in section
2.6 (after 60 m) are depicted in Figure 4.7. It was obsetved that for DES-GO@TiO, the P
increased rapidly from pH 2 (64.70%) to pH 7 (78.4%) and reached the highest P value at pH 10
(~99%). Similatly, for DT-GO@TiO; the P increased from pH 2 (57.35%) to pH 7 (69.4%) and
reached the highest P value at pH 10 (~95%). The MB adsorption is increased with an increase in
pH for both NCs, attributed to the surface charge of the composite adsorbent and the charge of
MB. Figure 4.8 illustrates the variation of ApH vs. pHinisa, revealing a pHy,. close to zero within
the pH range of 7 to 8. Above this pH range, the surface of the NC will carry a negative charge,
which promotes the attraction of the cationic form of the dye. This leads to a significant rise in
the P value from pH 8 to 10. This observation aligns with the pKa value of MB, which is 3.8 [48].

The increase in the P value with pH is consistent with a previous study that investigated MB
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adsorption on a GO-based composite [49]. When the pH exceeds the pKa, MB dye molecules are
present in their cationic form [50]. Therefore, raising the pH of the dye solutions led to an
augmentation in the electrostatic attraction between the positively charged MB molecules and the

negatively charged NCs surface. Therefore, a pH of 10 was selected as the optimal condition for

further MB adsorption studies.
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Figure 4.7: The effect of the pH on the percentage removal of MB for DT-GO@TiO; and
DES-GO@TiO, NCs.
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Figure 4.8: Point of zero chatge (pH,.) of DT-GO@TIO, and DES-GO@TiO; NCs.
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4.3.8 Effect of Contact Time: Adsorption Kinetics

To comprehend the kinetics of the adsorption process, the effects of contact time and the
[MB] were examined while keeping the composite concentration fixed at 0.15-2 mg/mlL and the
pH at 10. The adsorption data at various time intervals (QQ;) were graphed against time (7), and
these profiles are depicted in Figure 4.9 (I & II). This data was utilized for determining Qe,
representing the quantity of MB adsorbed per gram of composite upon reaching equilibrium. To
analyze adsorption kinetics, diverse kinetic models (pseudo-first order, pseudo-second order, and
intraparticle diffusion models) were applied. The Lagergren equation, a commonly adopted model

for both liquid and solid systems, was employed to assess psexdo-first order kinetics [51].
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Figure 4.9: Variation of adsorption capacity (Q) with time (% m) for MB dye on (I) DT-
GO@TiO; and (II) DES-GO@TiO, NCs.

4.3.8.1 Pseudo-first order kinetic model

ln(Qe - Qt) =In Qe - klt (4)

In this equation, ki (min™") denotes the rate constant for the pseudo-first order kinetics of
MB adsorption. The values of Q. and ki can be ascertained from the slope and intercept of log
(Qc - Q) vs. plots (as shown in Figure 4.10 (a & b)). The calculated data relevant to this model
can be found in Table 4.1. An examination of Figure 4.10 clearly indicates that the kinetic data
cannot be fitted to the current model (for both NCs, as shown in Figure 4.10 (a & b), Table 4.1).
Hence, alternative models have been examined. The square of the correlation coefficient (R?)

values for different MB concentrations is consistently below one, suggesting that the pseudo-first
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order kinetic model is not appropriate. This is further substantiated by substantial disparities

between the experimentally observed Q. and the theoretically calculated Q. (Table 4.1).
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Figure 4.10: Variation of log (Q.-Q) vs. #and fitted data of pseudo-first order kinetic model: a)
DT-GO@TiO,, and b) DES-GO@TiO- at 30°C.

Table 4.1: Fitted kinetic data in different models for DES-GO@TiO: and DT-GO@TiO,

DES-GO@TiO:

Pseudo-first order Pseudo-second order Intra-particle diffusion
A(dnsl(;;)—t;nt Qulexp)  Ofcal) ]fj R Q.fcal) k . R k C. R
(mgg')  (mgg') (mim') (mgg')  (gmg'min’)
20 39.68 25.65 0.0835 0.856 35.44 0.3572 0998 | 1956 2.658 0.964
40 75.06 50.49  0.0841 0.326 69.35 0.1475 0.999 | 2.654 5964 0.976
60 95.1 80.21  0.0772 0.489 91.34 0.0228 0.999 | 2.341 6.219 0.856
80 99.48 8594 0.0778 0.374 95.67 0.0036 0.998 | 2.333 3452 0.921
100 100.74 95.47  0.0575 0.659 98.66 0.0025 0.997 | 2981 8.277 0.946
Pseudo-first order Pseudo-second order Intra-particle diffusion
Adsorbent
(mg/L) Q@(exf’) Q@(C({]) ]ff 7 R Q@(C({]) {Q » R . G R
(mgg') (mgg') (min') (mgg’) (gmg'min’)
20 37.61 2236 0.0689 0.885 30.64 0.2494 0.999 | 2.659 6.512 0.958
40 69.54 45.86  0.0981 0.239 51.29 0.0865 0.997 | 2.551 5.882 0.913
60 72.70 62.37 0.0845 0.113 53.24 0.0516 0.995 | 3.264 6.641 0.862
80 80.94 69.55 0.0653 0.387 65.98 0.0021 0999 | L.189 4.437 0.756
100 86.80 72.41  0.0042  0.209 68.79 0.0013 0998 | 1.112  3.219 0.877

4.3.8.2 Pseudo-second order kinetic model

The pseudo-second-order kinetic equation has been determined using the data for MB

adsorption with both NCs in order to validate the kinetic model [52]
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The rate constant for the second order reaction, denoted as ks (g mg™ min™"), and Q. was
derived from the slope and intercept of the linear plot of #/Q. vs. # as illustrated in Figure 4.11 (a
& b). It's important to remember that the adsorption rate and initial adsorption speed are equal
when t—0. Table 4.1 provides a summary of the model's data. The pseudo-second order kinetic
model appears to be a good fit for interpreting the MB adsorption kinetics on either modified NCs

(DT-GO@TiO; and DES-GO@TiIOy), based on the increased R* values (~1).
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Figure 4.11: Variation of t/Q. vs. #and fitted data of psendo-second order kinetic model: a) DT-
GO@TiO,, and b) DES-GO@TiO: at 30°C.

4.3.8.3 Intraparticle diffusion kinetic model
Another kinetic model that considers both the diffusion process of the adsorbate and
concentration variation has been used to interpret the adsorption behaviour. The expression for

this model is as follows [53],
Qc = kit"? + ¢ 6)

ki is the intraparticle velocity constant (mg g ' min'/?), and C; is a constant related to the
boundary layer thickness/diffusion. If the plot of Q. vs. t” results in a linear relationship (Figure
4.12 (a & b)), the slope and intercept can be employed to determine the values of k; and C;. Table
4.1 displays the computed values of ki, C;, and R*. By examining the fitted data and R? values (which
are much less than 1), it is possible to conclude that mechanisms other than pore/sutface diffusion

are also in effect. One such mechanism may be film diffusion.
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in Table 4.1), it becomes evident that the better fitting (Figure 4.11 (a & b)) and acceptable R
values are achieved with the pseudo-second order kinetic model. This means that the best possible
model to explain MB's adsorption on the surfaces of both modified NCs is probably the pseudo-

second order model.

30 30
| (@) {® >
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20 20
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15 o 151
E
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Figure 4.12: Variation of Q, vs. t"/? and fitted data of Intraparticle diffusion kinetic model: a)

DT-GO@TiOs, and b) DES-GO@TiO; at 30°C.

4.3.9 Adsorption isotherm

This study has assessed the efficacy of several adsorption isotherm models (at 30 °C),

including the Freundlich, Langmuir, and Temkin models.

4.3.9.1 Freundlich isotherm

According to the Freundlich adsorption model, the surface of the composite is
heterogeneous and capable of supporting multilayered adsorption. The following is a

representation of the Freundlich isotherm model,
logQ, = logKp,; +%10g Ce @

In the formula, n denotes the adsorption potency and K (mg/g) is the Freundlich
adsorption constant. The parameter n determines the spontaneity and reversibility of the process,
with 0 < 1/n < 1 indicating spontaneity, 1/n > 1 indicating non-spontaneity, and 1/n = 1
indicating non-reversibility. Analyzing the intercept and slope of the log Q. vs. log C. plots will

yield the values of n and K (Figure 4.13), where C. represents the equilibrium concentration of
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MB. The data given in Table 4.2, along with the low R® values, suggest that the Freundlich
adsorption model is not applicable to express the adsorption of MB on the modified NCs. This

implies that multilayer adsorption is not occurring in this system.

[ * DES-GO@TiO,
* DT-GO@TiO,

1.4
1.2;
1.o-q
0.8-‘

0.6

log Q,

0.4
0.2

0.0

'0.2 T T T T L T T T M T T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Figure 4.13: Variation of log Q. vs. log C. and fitted Freundlich isotherm model for DT-
GO@TiO,, and DES-GO@TiO, at 30°C.

Table 4.2: Fitted adsorption data of MB on DES-GO@TiO; and DT-GO@TiO: using vatious

models.

Isotherms Parameters DES-GO@TiO; DT-GO@TiO,
Freundlich K (mg/g) 15.64 11.98
n 0.329 0.684
R? 0.846 0.912
Langmuir Qm (mg/g) 110.64 97.64
b (L/mg) 2.864 3.251
R? 0.998 0.996
Temkin Kr (L/g) 53.58 23.69
2.303 RT/b 0.864 0.947
R? 0.784 0.885
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4.3.9.2 Langmuir isotherm

Given that the Freundlich adsorption model does not adequately describe MB adsorption,
the Langmuir isotherm model was used to elucidate the precise mechanism of MB adsorption.

The Langmuir isotherm [54] is represented as follows:
—=—X=-X—+— ®)

Qu represents the amount of MB required to create a monolayer (mg/g), and b is a
constant (L./mg) that signifies the energy of adsorption. Plotting 1/Q. vs.1/C. yields a straight line
with an intercept of 1/Qm and a slope of 1/b. Qm (Figure 4.14). The model's other adsorption
constants are shown in Table 4.2 along with the R values, which were determined to be quite
adequate. These findings imply that the Langmuir model can accurately represent the adsorption

of MB onto modified NCs.

0.8
* DES-GO@TiO,
® DT-GO@TIO,

0.6

‘Tm

(=]

Eo4

Q
g
° L )
0.2 /
] e
0.0 T ¥ T T T v T T T : T v T v
0 1 2 3 4 5 6 7

1/Ce/mgL"
Figure 4.14: Variation of 1/Q. vs. 1/C. and fitted Langmuir isotherm model for DT-
GO@TiO;, and DES-GO@TiO; at 30°C.

4.3.9.3 Temkin isotherm

The Temkin isotherm was one additional well-known model to which the adsorption data
were examined in order to confirm the validity of the Langmuir model [55]. According to this
model, when the adsorbate reaches the adsorbent surface, the heat of adsorption linearly decreases.

The mathematical representation of this model is as follows,

Qe = 2.303 " (log Ky +log C,) (10)
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The term Ky (L/g) represents the Temkin constant, which is associated with the energy
requited for the MB binding to the modified NC. The value of RT/b, obtained from the slope and
intercept of the Q. vs. log C. plot (Figure 4.15), provides insights into the nature of the adsorption
process. If RT/b>0, the operation can be characterized as exothermic; conversely, if RT/b<0, it

indicates an endothermic process where heat is absorbed during adsorption. Table 4.2 lists the

values of RT/b, Ky, and R? in detail.

Reviewing the isotherm parameters presented in Table 4.2, it is evident that the Langmuir
model, representing monolayer adsorption, provides the best fit for the MB adsorption data when
utilizing DT-GO@TiO: and DES-GO@TiO: as adsotbents. This suggests that monolayer
adsorption of MB is occurring, accompanied by heat release. Consequently, it can be inferred that

the binding affinity of MB to DES-GO@TiO:; is stronger compated to DT-GO@TiO..

1a0] * DEs-Go@Tio,
® DT-GO@TiO,

T v T

log C,

Figure 4.15: Variation of Q. vs. log C. and fitted Temkin isotherm model for DT-GO@TiO»,
and DES-GO@TiO; at 30°C.

4.3.10 Investigation of MB adsorption with comparable composite material

Table 4.3 compiles data of MB adsorption/removal for DES/sutfactant modified
NCs [56—60]. When comparing the two modified NCs for rapid removal, DES-GO@TiO; has
demonstrated superior performance over DT-GO@TiO,. An examination of the comparative
data reveals that DES-GO@TiO: exhibits excellent adsorption efficiency, achieving 100%
removal within a short time (3 m). This ultrafast removal has been found even better from the

recently reported data in the current literature [61]. The adsorption data has been used to compute
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NC per second). This rate data (R) has also been compiled in Table 4.3. A perusal of the overall
data of Table 4.3 allows us to state that DES modified adsorbents are distinctly superior to

surfactant modified material.

Table 4.3: Compatison of removal efficiency of DES-GO@TiO, and DT-GO@TiO, with

similar materials reported in the literature.

Adsorbent Initial P Removal  Rate of MB
Name of NCs dosage [MB] e () efficiency removal (ng/g References
(g/L) (g/L) (%) of NC/s)

DES-GO@TiO; 0.5 0.02 180 ~100 % 222 .
DT-GO@@;@TiOZ 0.5 0.02 900 ~100 % 44 This Work
DES-GO@ZrO» 2 0.02 300 ~100 % 33 [60]
CGS-GO@ZrO, 10 0.04 1200 ~100 % 1.1

DES/GO-Fe304 0.3 0.025 300 ~100 % 277 [61]

PVA/HNT 3 0.04 2400 ~100 % 5.5 [62]

4.3.11 Recyclability and reusability Study

The assessment of an adsorbent is based on both its efficiency in adsorption/removal as
well as its reusability, which is an important consideration in ensuring the process remains
economically viable across several cycles [63—65]. In this investigation, MB adsorbed on both
types of NCs has been recycled through washing with different solvents, including water,
methanol, ethanol, 0.1M HCI, and 0.1M NaOH. The desorption capability of the adsorbed MB is
illustrated in Figure 4.17, highlighting ethanol as the most effective solvent for desorbing MB
from DES-GO@TiO2 (Re~90%) and DT-GO@TiO, (Rc~86%). Figure 4.16 illustrates the
adsorption-desorption efficiency of MB adsorbed on the NCs. Using ethanol as the recharging
solvent, it is effective to recycle and reuse the NCs for up to seven consecutive cycles. The
effectiveness of recycling indicates that the MB adsorption process involves physical interaction.
The sustained adsorption capacity even after seven cycles indicates that these NCs have the

potential to serve as efficient adsorbents for MB or its derivatives [60].
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Figure 4.16: Desorption study of MB from DT-GO@TiO,, and DES-GO@TiO,NCs using 50

ml of various solvents.
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Figure 4.17: Recyclability study of NCs using 50 ml of ethanol for each cycle (up to 7 cycles).
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4.3.12 MB adsorption mechanism

The adsorption mechanism of MB on the NCs can be elucidated through various potential
interactions [60]. Four primary types of interactions, including electrostatic, hydrogen bonding,
Yoshida hydrogen bonding, and n-n interaction, may occur between MB and the NCs, as illustrated
in Scheme 4.1. Initial FESEM data (Figure 4.3) indicate that TiO, nanoparticles are evenly
distributed on the surface of GO sheets. The dominant factor in the adsorption process appears
to be electrostatic attraction, which is notably influenced by the pH of the reaction. MB adsorption
was more favourable at higher pH values, particularly at pH 10. At the given reaction pH, the MB
dye molecules carried a positive charge, whereas the NCs' surface bore a negative charge. Positively
charged MB molecules were able to bind quickly because of the abundance of negatively charged
oxygen groups. Furthermore, the MB molecules and NCs' hydrogen bonding facilitated and
enhanced the cationic dye's adsorption process. Therefore, increasing the MB solutions' pH
resulted in an increase in the electrostatic attraction between the negatively charged surface of both
modified NCs and the positively charged MB molecules. Furthermore, the nature of the NCs
shifted toward hydrophobicity (attributed to the presence of hydrocarbon chains from DTAB or

DES), which further facilitated the attraction of MB molecules to the adsorbent surface.

Electrostatic interaction
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Scheme 4.1: Schematic representation of MB adsorption on DES-GO@TiO, and DT-
GO@TiO; NCs via different modes of interactions.

4.4 Conclusion

In conclusion of this chapter, the work relates the synergy of modifier (DES or DTAB)
and NC (GO@TiO;) to improve the adsorption of a hazardous dye (MB) from aqueous bodies.
The material and process have been characterized physiochemically and optimized with respect to
adsorbent dose, initial MB content, pH, and contact time, respectively. The adsorption process
adheres pseudo-second order kinetics and Langmuir adsorption isotherm. The efficiency of the
adsorbent follows the order: DES-GO@TiO, > DT-GO@TiO, > GO@TiOs.. The rate of MB
adsorption with DES-GO@TiO: has been found 222 pg per gram of adsorbent in one second
which shows ultrafast adsorption with this advanced novel material. The perusal of data compiled
in Table 4.3 dictates that DES could be a preferred choice over other classes of material. The
sustainability and economy of the process have also been established by repeat adsorption cycles
(seven times) without showing any distinct deterioration. The strategy reported here can be used
to develop advanced materials (by coupling GO with other metal oxides) for the treatment of

industrial effluent where dyes or colouring materials are used. There is a need to perform such
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deep eutectic solvents as they are versatile coupling agents for the members of the graphene family

with metal oxide NCs [67—09].
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