CHAPTER 4

Aluminum montmorillonite/polyaniline hybrid composite-
based PVA organogel for removal of carcinogenic
chlorophenols and congo red dye from contaminated water
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This chapter describes the formation of hybrid organogel from clay molecules in association with
polyaniline to form organogels followed by its application in the removal of phenolic pollutants and
selective removal of anionic dye particles.
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Chapter 4

4.1 INTRODUCTION

With every positive aspect, inevitably comes a negative one. Industrialization has
undoubtedly led to significant advancements in human development, but it has also
posed serious threats to our environment, particularly concerning water resources.
Various industries, such as those involved in manufacturing paints, fabrics, cosmetics,
leather, and printing, heavily rely on colorants (dyes) for marketing and merchandising
purposes [1]. However, the increased use of colorants has resulted in the release of toxic
byproducts into aquatic ecosystems, thereby endangering the environment. These highly
carcinogenic colorants disrupt the ecological balance of aquatic systems by depleting the
dissolved oxygen levels in water reservoirs, thus hindering photosynthesis. Furthermore,
their synthetic forms are non-biodegradable and solubility, meaning that they persist in
the environment for extended periods, resulting in contamination of the aquatic systems
[2,3]. In addition to colorants, industrial plants also release harmful phenols during the
production of petroleum refining, plastics, resins, and solvents [4]. The ingestion of
phenols is particularly dangerous, as they are mutagenic and teratogenic. Their
accumulation in the environment over time has detrimental effects on both aquatic and

terrestrial organisms [5].

In order to prevent industrial effluents from further polluting the environment,
various remediation methods have been implemented. These methods include biological
remedies, membrane filtration, advanced oxidative processes, ion exchange methods,
coagulation followed by flocculation, photochemical processes, o0zonation,
electrochemical destruction, and absorption. However, it is worth noting that the
effectiveness of these methods varies. Biological remedies, for example, have been used
for a long time but are insufficient in removing complex pollutants that have emerged in
recent years [6]. Advanced oxidative processes, electrochemical destruction, and ion
exchange methods require the use of chemicals and continuous electricity [8,9].
Membrane filtration is prone to issues such as fouling, clogging, and the formation of
sludge, all of which can impede the purification process [10]. Additionally, maintaining
and repairing filtration systems can be costly and time-consuming [11]. While the
photochemical process is highly efficient in degrading organic dyes [12,13], it is not
suitable for treating persistent pollutants due to the presence of hydroxyl and superoxide

scavenging radicals, which could pose a threat to aquatic species.
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Avoiding such limitations can be achieved through a straightforward and efficient
preparation method that utilizes non-toxic and cost-effective materials with high
efficiency, easy productibility, and adaptiveness [14]. Adsorbents have emerged as a
preferred choice for removing organic pollutants from waste resources, with various
options such as polymers [17-19], graphene [20], activated carbon [21,22], MOF [23],
and metal oxide-based adsorbents [24,25] being widely favored. In this work, the focus
IS on a non-conventional material consisting of a polymer combined with clay to form an

effective adsorbent for the removal of organic dye molecules and toxic phenols.

The use of clay as a non-conventional material is advantageous due to its
naturally processed nature, abundance, environmental benignity, and cost-effectiveness
[26,27]. Its practical applications as catalysts, photochemical reagents, nanocomposites,
and adsorbents are attributed to its large surface area, exchangeable ions, and swelling
properties [28]. Among the clay minerals, Montmorillonite, which has a double-layered
structure composed of a central octahedral sheet (On) sandwiched between two
tetrahedral (Tq) silicate sheets connected by oxygen atoms, is widely used. These sheets
are linked to create interlamellar spaces that can accommodate molecules [29].
Modifying the structure through size exchange with larger cations increases the
interlamellar distance and basal spacing, resulting in larger pores, enhanced catalytic
efficiency, exceptional surface performance, and effective ion exchange properties. The
presence of metallic centers and improved thermal stability further contribute to the
effective absorption of substrates [30,31]. However, the hydrolyzable nature of the

cations makes the clay hydrophilic, which limits its use in large-scale manufacturing.

The significance of this work lies in its ability to address the limitations of
conventional methods used to eliminate toxic organic contaminants from polluted water.
The proposed method involves intercalating inorganic cations with organic cations to
form hydrophobic organoclays, which have proven to be effective in removing such
contaminants. Polymer materials play a crucial role in the process, providing abundant
adsorbent sites [32]. To maximize efficiency, a polyaromatic compound called
polyaniline (PAni) has been used. PAni is an easily synthesizable conductive polymer
that offers adequate stability, environmental friendliness, and cost-effectiveness. In its
polymerized state, PAni contains amine and imine groups that act as chelating agents,

providing sites for adsorption from polluted sources [19-25]. The protonated amino
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group of PAni interacts electrostatically with the m bonds present in dye molecules

through n-7 stacking.

The modification of clay minerals through the incorporation of polymeric
materials between their layers leads to an enhancement in adsorption performance. This
is achieved by providing additional surface area, thus increasing the availability of
adsorption sites. The interaction between the intercalated polyaniline (PAni) and the
lamella of the clay surface creates a synergistic effect, resulting in improved thermal
stability, as well as enhanced electrical and mechanical properties [33]. Previous studies
have reported on the combination of PAni with clay particles to observe mechanisms
related to electrical conductivity [34,35]. However, the significance of increased surface

area as an effective property for adsorption has received little attention.

In this study, a composite material based on aluminum montmorillonite and PAnI,
which was intercalated through in situ polymerization, was developed. The lamella
structure of the clay material allows for the binding of the organic polymeric chain,
resulting in a beneficial composite material with respect to the monomer used. Various
compositions of clay were used to prepare the composite. Characterization of the
composite was conducted using HR-XRD, FT-IR, BET, SAXS, SEM, and TGA
techniques, along with rheology tests. The prepared composite was then cast to form an
organogel by infusing it into polyvinyl alcohol in an organic solvent. Subsequently, the
gel was employed for the absorption of organic contaminants, specifically phenolic
compounds and toxic dyes. The adsorption Kinetics, isothermal response, and diffusion
mechanism were analyzed and investigated. The dye adsorption capacity was assessed by
examining the effects of adsorbent dosage, dye concentration, and contact time.
Furthermore, the removal efficiency, reusability, and separation from a mixture of dye

solutions were studied.
4.2 EXPERIMENTAL SECTION

4.2.1 Materials

Aniline, Hydrochloric Acid (37%), and Dimethylsulfoxide (DMSO) were
purchased from Merck. Aluminum pillared Montmorillionite (AI-MMT), and Congo Red
(CR) were received from Sigma-Aldrich and Loba Chemie while
Ammoniumperoxydisulphate (APS). Polyvinyl Alcohol (PVA) and p-toluenesulfonic
acid (p-TSA) (98%) were procured from SRL, Otto, and BDH laboratory respectively.
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Deionized water was used throughout the experiment. The reagents used were of

analytical grade and used without further purification.
4.2.2 Preparation of organogel

(1) Synthesis of hybrid Clay-PAni composite

Different dosage (Table 4.1) of AI-MMT clay compound was dissolved in 100ml
of water and sonicated for 8 hours to allow inflation of the clay compound.
Subsequently, for in situ polymerization 0.2 M aniline was added to each solution
followed by pre-cooled 1M HCL solution with additional stirring for intercalation of
aniline onto the clay. An aqueous solution of 0.05 M APS was added to the mixture in
drops. With an instant color change, the mixture was allowed to stand at 0 °C with
continuous stirring throughout the night. The attained deep green precipitate was filtered
and washed with deionized water followed by methanol numerous times to wash away /
discard removal of unreacted monomers from the mixture. The obtained product was
finally dried under vacuum at 60 °C to get the hybrid clay-PAni composite (MCP) as

shown in scheme 4.1.

AI-MMT

STEP -1 Continuous stirring for 8hour

STEP-11

-

0.2 M Aniline
IMHCI
E—
! ; 0.05MAPS

Scheme 4.1 Schematic illustration of the formation of MMT-PAni composite

&
i 60 °C, 24hour

Overnight stirring \ Vacuum dried M A
Modified Clay-Pani (MCP)

composite

(i) Preparation of PVA-hybrid composite organogels

2.5g of PVA was dissolved in 15 mL of DMSO with the addition of p-TSA under
continuous stirring at 80 °C. After the dissolution of PVA molecules, prepared Clay-PAni
composites of different dosages was added separately and left to stir until they
completely formed a slurry compound. The formed mixture was poured onto a Petri dish
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and kept under reduced pressure at 60 °C to form gels. The gels obtained were termed
PMCP (PVA-modified Clay-PAni) gels.

Table 4.1 Composition chart of prepared clay-PAni composites with peak position and d-spacing

SAMPLE CLAY PANI Peak position d-spacing
LOADING (M) 20 (degree) A
(mg)

Al-MMT - - 5.52 8.01
MCP 0.125 125 0.2 5.46 8.09
MCP 0.175 175 0.2 5.29 8.36
MCP 0.200 200 0.2 5.27 8.38
MCP 0.250 250 0.2 5.20 8.49
MCP 0.500 500 0.2 5.11 8.65
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Interaction of MCP with PVA
forming PMCP gel

J

Scheme 4.2 Mechanism route to formation of MCP composite and PMCP organogel

4.2.3 Characterization

The instruments used for characterization including FT-IR, SEM, NMR, TGA,
DSC and rheology tests as mentioned in section 2.2.3 of Chapter 2. The structure of the
hybrid composite was investigated using a Rigaku High Resolution X-ray diffractometer,
and the detection of functional groups was recorded by Nicolet Impact-410 IR (Matison,
UK) spectrometer. Surface area and pore size were determined by Autosorb iQ Station 1
BET instrument. UV-Vis spectrophotometer SHIMADZU UV-26001 was used for the
quantitative investigation of analytes.

4.3 RESULTS AND DISCUSSION

4.3.1 Characterization Investigation

4.3.1.1 HR-XRD analysis
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Figure 4.1 HR-XRD data of (a) prepared MCP compositions from Table 1 (b) Clay and modified
composite using Ni filter

The intercalation of the PAni into the clay matrix has been distinguished by the
decrease in interlayer spacing. The clay compound observed a basal spacing of 26 value
5.52° (Figure 4.1a). The interaction of N* ions of PAni with the negatively charged clay
surface resulted in ionic interaction causing delamination of the clay layers leading to the

formation of exfoliated nanocomposite. This can be evicted from the changes visible in
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the shifting of peaks. The ‘abcdef” in Figure (4.1a) refers to the d-spacing of AI-MMT
and clay composites. Inset captions have been added to Figure 4.1a. The d-spacing of Al-
MMT increased from 8.01A to 8.65A with the intercalation of PAni molecules between
silicate layers of clay. The HRXRD peaks for the synthesized composites are shown in
Figure 4.1(b).

4.3.1.2 FT-IR analysis
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Figure 4.2 FT-IR spectra of (a) Clay, PAni, composite (b) prepared MCP composites

Figure shows the FT-IR spectra of AI-MMT, PAni, and PMCP composite. Broad
bands observed in Figure 4.2(a) with 3627, 3445, and 1638 cm ! depict the stretching and
bending vibration of the —OH group of the lattice hydroxyl. While the 1043 cm* was
observed due to the Si—O stretching present in the AI-MMT clay. 796 cm ! indicates the
presence of Al in the clay. In Figure 4.2(b) peaks at 1567, and 1492 cm! represent the
quinoid and benzenoid rings of PAni. The vibration of the N*H structure formed between
benzenoid and quinoid structure throughout the protonation process occurs at 1107 cm*
[35]. However, Figure 4.2(a) ascribes to the peaks at 1027 cm*® occurred due to the
intercalation of PAni between the layers of clay. The Si—O bond was affected by the
intercalant and changes in shape were evident. However, the broadening of peaks at
1611, 1027 and 794 cm! owes to the occurrence of interaction between the clay and
PAnNiI leading to the overlapping and broadening of the peaks. Figure 4.2b depicts the FT-

IR bands for all the composites formed.

4.3.1.3 Morphological study
Panels a, and b from Figure 4.3 illustrate the SEM micrographs of the clay as
well as of the composite. From SEM micrograph depicted in Figure 4.3a, it is evident
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that the surface of the clay consists of irregularly shaped plate-like structures of varying
sizes. These structures are present in different orientations and display a more curved
topography. It was observed that with the in-situ polymerization of polyaniline, the clay
resulted in the emergence of granular-like particles on the surface. These particles
covered the plate-like structure, concealing their presence by causing aggregation of the
particles. The granular particles displayed a range of sizes and shapes, with some
appearing to be more spherical in nature and others being more elongated. This confirms
the change in surface morphology with the intercalation of PAni between the layers of
MMT.

Figure 4.3 SEM micrographs of (a) AI-MMT clay (b) MCP composite

4.3.1.4 BET analysis
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Figure 4.4 Nitrogen adsorption-desorption isotherms of (a) raw clay (b) prepared MCP
composite (inset is the pore distribution graph)

The N2 adsorption-desorption isotherm of both AI-MMT clay and the PMCP
composite exhibit mesoporous characteristics resulting in Type Il isotherm with

monolayer adsorption. Deposition of PAni molecules on the active surface of the clay
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leads to a significant reduction in its surface area from 193.78 m?/g to 27.09 m?/g.
Simultaneously, the pore volume observed a decrease from 0.102cc/g to 0.062cc/g while
the value for pore radius remained the same around 3.8nm. This decrease in surface area
indicated the successful intercalation of PAni with the silicate-forming hybrid composite.
Despite the changes observed in pore volume and surface area, the addition of external
particles onto the clay surface kept the structure of the pore constant in both AI-MMT
clay and composite. As a result, the composite retains its original pore size gained from
clay with characteristics of PAni following usage in practical applications. The N2
hysteresis loop of the clay and PMCP composite has been provided in Figure 4.4(a,b)
with characteristics value in Table 4.2.

Table 4.2 Surface area, pore volume and pore size of clay and composite

SAMPLES Surface area Pore surface  Pore size (nm)  Pore Volume
(m?/g) area (m?/g) (cc/g)
AlI-MMT Clay 193.78 47.43 3.88 0.102
MCP 27.09 20.95 3.86 0.062
composite

4.3.1.5 Thermogravimetric study
The inclusion of PAni particles onto the clay matrix greatly enhanced the
properties of the composite [36]. Figure 4.5a depicts the thermogravimetric curve of the

clay and PAni along with the composite formed.
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Figure 4.5 TGA curves of (a) clay, PAni, composite (b) MCP composites up to 600 °C
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The preliminary weight loss observed around 100 °C is due to the loss of water
molecules present in the composite. With 8% weight loss, the composite was stable up to

around 400 °C before the onset of degradation whereas 14% of weight loss was observed
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for clay up to 400 °C. Further, the breakage of the PAni chain was seen at 285 °C with the
complete breakdown at 550 °C while the composite witnessed a moderate rate of
degradation with only 30% of weight loss at the temperature where PAni chains ceased
completely. This indicates that the PAni chains were successfully intercalated within the
lamella structure of the clay nanosheets preventing degradation as well as enhancing
thermal stability of the composites. The thermal degradation curve with varying

compositions of the composites can be observed in Figure 4.5b.

4.3.1.6 Mechanical study

Compression tests were performed to determine the rheological properties of the
prepared gel. Storage modulus indicates the ability to deform against external
disturbances while loss modulus determines the flow behavior under stress. The
frequency sweep experiment was carried out at room temperature at 1-10 Hz at 2% strain

with a Imm distance.
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Figure 4.6 Graph of (a) Storage-Loss modulus from frequency sweep (b) Stress-strain curve of
the PMCP gel with varying amount

From Figure 4.6a it can be perceived that initially there was an increase in flow
behavior (G”">G’) indicating viscous property. However, at a certain frequency around
4.5Hz elastic property tends to surpass the viscous nature (G'>G") which is termed as the
cross-over frequency, also known as the Gel point. Thus, confirming the viscoelastic
nature of the gel. The storage modulus was found to be 888Pa for the gel with MCP
(500mg) composite. The tensile strength of the gel obtained from the stress-strain curve
was found to be 20.8 Pa (Figure 4.6b). Rheological properties of other composites can be

found in Figure 4.6 (a,b) respectively. The gel observed excellent stress relaxable
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properties which can be observed in Figure 4.7 due to hydrogen bonding between PVA

A,

Figure 4.7 The PMCP gel exhibiting excellent foldable properties and reverts back to its original
shape

and PAni molecules within the gel structure.

4.3.2 Solvent Uptake

A wide range of solvents was evaluated for the analysis of solvent uptake.
Measured gravimetrically, the percent of solvent absorption was calculated using
equation (i). To comprehend that the composite-based gel is highly efficient in intaking
solvents: separate gels based on Aluminum montmorillonite (Al-MMT) and pure
polyaniline (PAni) were prepared as described in the synthesis section. Following PVA-
composite(0.5PMCP), PVA-clay and PVA-PAni gels were also prepared and their

swelling properties were evaluated.
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Figure 4.8 Swelling properties observed in PVA-clay, PMCP, PVA-PAniI gels

The study of solvent absorption proceeded by using different solvents of raw
concentration with the adsorbent. The swelling performance of the solvents were
repeated thrice (where the average data has been considered for plotting of data).
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Solvents used were Ethanol, Butanediol, Diethylene glycol (DEG), Ethylene glycol
(EG), Chloroethanol, Acetic acid and Chlorophenol respectively.

Swelling (%) = (Ws ~ Wp) x 100 % ()

where Ws is the weight of the adsorbed sorbent and Wp is the weight of the dried/raw
sorbent.

The composite-based gel was seen with high absorbable properties compared to
the other two with absorbency of 1411% by p-chlorophenol, 958% by Acetic acid, 416%
by chloroethanol, 361%, 330% and 325% by dimethylformamide, ethylene glycol,
diethylene glycol respectively along with intake of 150% and 121% by butanediol and
ethanol (Figure 4.8). The significant intermolecular hydrogen bonding phenomenon can
be correlated with p-chlorophenol and acetic acid results in the expansion of the network,
thereby increasing its capacity to absorb solvent. This swelling effect leads to an
augmented volume of the gel and enhances its ability to intake solvent. Among the range
of solvents, the composite was able to absorb around 14 times its weight of solvent p-
chlorophenol. The porous structure and N* group obtained from the clay and PAni help
the composite swell excessively and bind with the solvent, increasing its uptake percent
[37-38]. The swelling analysis of the gels is shown in Table 4.3.

Table 4.3 Solvent absorption capacity by the prepared gels

SOLVENTS PVA-Clay PVA-Modified PVA-PAnNI
% Clay-Pani % %
Ethanol 121.73 200
Butanediol 150 128.57
DEG 325.64 118.18
EG 330 144.44
DMF 361.53 157.14
Chloroethanol 416.66 166.66
Acetic acid 282.62 958.06 194.11
p-Chlorophenol 533.33 1411.11

Since the adsorbent was able to successfully absorb phenolic compound, different
dosages of the adsorbent with varying weight percent were prepared to investigate
several liquid and solid phenols including p-chlorophenol, m-Cresol, Pyrocatechol,

Bisphenol A, p-Nitrophenol, p-Aminophenol. Of the mentioned solvents, the adsorbent
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was able to intake only liquid phenols as the solid particles provided hindrance in
entering the pores of the organogel. With 0.25 weight percent of the 0.5PMCP gel, p-
chlorophenol exhibited swelling up to 2028%, 20 times while 839%, 8 times by m-
Cresol. Thus, a conclusion can be drawn from the evidence that the adsorbent has
impressive capability for the removal of liquid phenols from polluted sources. The
absorbance percentage of chlorophenol has been shown in Figure 4.9. The swelling

percent of the phenols is charted in Table 4.4.
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Figure 4.9 Swelling behavior of Chlorophenol in PMCP gels

Table 4.4 Absorption of phenols by PMCP gels
Absorbance % PMCP (0.1) PMCP (0.25) PMCP (0.5) PMCP (1.0)

> % % % %
p-Chlorophenol 1411.11 2028.98 1579.18 1569.36
m-Cresol 135 839 257.69 182.05
Pyrocatechol - - - -
Bisphenol A - - - -

p-Nitrophenol - - - -

p-Aminophenol - - - -

4.3.2.1 Kinetics of swelling

Absorption efficiency of the solvent (p-chlorophenol) was investigated using
Kinetic study using equations (iii) and (v) from section 2.2.5 of Chapter 2. The fitted
linear curves were plotted in In(ge — qt) versus time and t/q: versus time for both pseudo-
first and second-order kinetics. However, linear plots were obtained for both the fitted
curves with a higher regression value (R?) of 0.97 from time versus t/q plot which
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indicated that the absorption followed pseudo-second-order kinetics. The kinetic graph

and table with values of k1 and k> for absorption can be viewed in Figure 4.10 and Table
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Figure 4.10 (a) The plot of In(ge-qt) vs time for first order kinetics and (b) plot of t/gt vs time
graph for second order Kinetics involved in solvent absorption

Table 4.5 Parameters for kinetic models of solvent absorption

pseudo-first-order kinetics model pseudo-second-order Kinetics model
ki(min™) Qmax(99™) R? Ka(gg'min™) Qmax(99™) R?
0.535 x 10 1.41 0.955 0.597 x 10* 15 0.978

4.3.3 Dye adsorption

Complications with aquatic sources have arisen to a peak with the discarding of
organic and synthetic dyes as they are soluble in water and persist for a longer period. To
avoid further intricacy and to maximize the usage of composite particles, organogel
prepared has been used as a sorbent for the removal of dye-contaminated sources. As
observed from HR-XRD, PMCP (0.5) has been modified to form a gel. Congo Red (CR)
has been chosen as the anionic dye. The adsorption of dye molecules has been
determined using maximum peak absorbance of Congo red at approximately 498nm. The
sorption process was carried out at room temperature while the analytes were measured
using UV-Vis spectroscopy.

Anionic dye, Congo Red was used to observe the dye removal performance by
the adsorbent. 10mg (0.1g) of the sorbent was added to 100 mL of the dye solution. The

experiment was carried out at 30 °C. Aliquots were collected at certain time intervals
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until dye molecules get completely adsorbed. The experiment was repeated 5times to
obtain accuracy. Similar process in different batches were carried out to study varying
parameters such as dosage, concentrations, contact time, effect of pH. Absorbance
spectra of the supernatant solutions were recorded using a UV-Vis spectrometer.
Reusability along with the study of mixed dyes was also conducted to observe the
selectivity of the adsorbent. Adsorption kinetics, as well as isothermal studies, were also
conducted to obtain the mechanistic behavior of adsorption. The amount of dye adsorbed
and removal efficiency of the dye was obtained using equation (ii) and (iii)
gqe = Co-Cc/W XV

% Removal = C, — C,/C, X 100

where C, and Ce represents the initial and equilibrium dye concentration, W and

V is the weight of adsorbent along with volume of solution used respectively.

4.3.3.1 Effect of adsorbent dosage

The efficiency of the material to adsorb can be diagnosed by varying the dosage
of the adsorbent. MCP (0.5) was modified into gel PMCP with 0.1, 0.25, 0.5, and 1 of its
weight percent. 100 mL of 10ppm solution of the Congo Red (CR) dye was used as a dye
pollutant. It was observed that 1% PMCP was able to adsorb around 99.44% followed by
90.80, 76.94, and 76.81 % of 0.5, 0.25, and 0.1 respectively. The high percent removal
can be attributed to the increase in surface functionalities of the composite enhancing the
adsorption property for the removal of pollutants. Figure 4.11 shows the change in

removal efficiency with an increase in adsorbent dosage.

= 0.1 MCTPC, ge = 284.03mg/g ; Removal = 76.81%
—0.25 MCPC, qe=284.58mg/g; Removal = 76.94%
— 0.5 MCPC, qe=325.86mg/g; Removal= 90.80%
=1 MCPC, qe=349.72mg/g; Removal= 99.44%
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Figure 4.11 UV-Visible spectrum depicting the effect of adsorbent dosage at 30 °C
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4.3.3.2 Effect of dye concentration

An increase in the concentration of dye results in the determination of maximum
adsorbency by the adsorbent. Figure 4.12 shows varying dye concentrations from 10ppm
to 50ppm with their removal percentage. Owing to the presence of adsorption sites, the
adsorbent was able to remove 99 % of Congo red (CR) maintaining its consistency up to
50ppm. This constant trend suggests that the adsorbent is capable of removing dye

molecules from polluted sources with increased concentration.

= 10 ppm, qe =369.16mg/g; Removal= 99.79%

— 20 ppm, qe = 369.09mg/g; Removal=99.47%
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Figure 4.12 UV-Visible spectrum depicting the effect of dye concentrations at 30 °C

4.3.3.3 Effect of pH

pH 7; ge = 349.72mg/g; Removal= 99.44%
pH 9, ge = 13.86mg/g; Removal= 3.48%

‘ — pH 4, qe = 334.60myg/g; Removal=9%0.45%
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\/
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Figure 4.13 UV-Visible spectrum depicting the effect of pH at 30 °C

The adsorbent’s efficiency at different pH was studied to observe the adsorption
behavior. With the decrease in pH medium (pH=3), the PAni in the composite transforms

to emeraldine salt form with an increase in protonation of the sulfonate group present.
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This results in an increase in dye adsorption due to electrostatic interaction. With an
increase in pH medium (pH=9), the PAni changes to an emeraldine base. This base form
and the negatively charged sulfonate group of the CR dye repel each other lowering the
adsorption efficiency. At neutral pH=7, dye molecules remain in a deprotonated state
which results in strong interaction between PAni and SOz group increasing the
adsorption capacity at a neutral medium. Hence all the required analyses for the
adsorption were carried out at pH=7. The study of different pH was observed in Figure
4.13.

4.3.3.4 Effect of Contact Time

The adsorbency of the sorbate on the sorbent was determined by investigating the
effect of time at different intervals. 0.1gm of the sorbent was used in 20ppm of 100mL
dye solution. A removal percentage of 51.18% was observed in the first 5Smin of contact.
With the increase in the effect of time, removal efficiency increases up to 76.74% in 120
min, 83.91% in 180min, and 92.06% in 240min finally attaining equilibrium at 300 min
with 99.44% removal as the active sites were completely adsorbed by the dye molecules
(Figure 4.14). The rate of adsorption accelerated as soon as it came into contact with

sorbent within the first 5 minutes due to the presence of convenient sites.

— Raw

=5 min, ge = 189.49mg/z; Removal= 51.18%
— 10 min, qe= 272.39mg/g; Removal= 73.53%
=15 min, qe= 273.78mg/g; Removal= 73.95%

=30 min, ge= 276.57mg/g; Removal= 74.72%
’S: — 45 min, ge= 278.60mg/g; Removal= 75.20%
E, =60 min, q¢= 280.75mg/g; Removal= 75.83%
8 =120 min, ge=284.23mg/g; Removal=76,74%
= — 180 min, ge= 310.71mg/g; Removal= 83.91%
_g =240 min, ge=340.66mg/g; Removal= 92.06%
; \/ w300 min, qe= 349.72mg/g; Removal= 99.44%
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Figure 4.14 UV-Visible spectrum depicting the effect of contact time at 30 °C

4.3.3.5 Selective mixture of dyes

Discharge of textile effluents includes the presence of both cationic as well as
anionic dyes. To observe the selectivity of the adsorbent for use in practical applications,
the sorbent was exposed to a mixture of dyes. Three cationic dyes Crystal violet (CV),

Acridine orange (AO), and Malachite green (MG) were prepared and mixed with CR in a
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1:1 ratio to form a binary solution. From the UV spectra in Figure 4.15(a-c). the sorbent
was able to effectively remove CR dye from the mixture of three separate dye solutions
with around adsorption of 94.80, 91.79, and 96.73% from CR-CV, CR-AO, and CR-MG
mixture solutions. Further, the sorbent even observed complete and partial removal of
AO (99%) and CV (72.10%) dye from the mixture within 5 hours. Thus, the adsorbent
can be utilized as an effective material for the adsorption and removal of a mixture of

dyes from polluted water sources.
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Figure 4.15 UV-Visible spectral evolution of dye mixture (a) CR-CV (b) CR-AO (¢) CR-MG
and their removal at 30 °C for 300min

4.3.3.6 Adsorbent reusability

For use in large-scale industrial applications, the reduction of waste remnants
holds significant importance. Here, 0.1gm of the sorbent was dipped in 100mL of 20ppm
CR solution. After adsorption, the analyte was analyzed via UV-Vis spectroscopy while
the same sorbent was used to adsorb another 100mL of dye solution. A total of 5
consecutive cycles was observed as shown in Figure 4.16(a). With each cycle, a slight

decrease in adsorption percent was evident with 99.86% in 1st cycle to 82.93% in 5th
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cycle. The decrease in percent absorbance is apparently due to the precedent dye
molecules on the sorbent surface. Thus, the results convey the effectual dye removal up
to nearly 83% even in the 5th cycle proving advantageous for use in the industrial sector
(Figure 4.16b).
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Figure 4.16 (a) UV-Visible spectral evolution of recyclability study of CR dye, (b) Reusability
bar graph of CR dye

4.3.3.7 Adsorption Kinetics

To interpret the mechanism of dye adsorption, kinetic plots were studied
concerning time concerning adsorption by the sorbent. The plot of t/q: vs. time for
pseudo-second-order kinetic observed a linear fit curve for kinetic models. While the
correlation coefficient perceived an R? value of 0.99 providing a better fit than that of the

first-order kinetic model acting as the limiting step between sorbent and CR molecules.
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Figure 4.17 (a) The plot of In(ge-q:) vs time for first order kinetics and (b) plot of t/g: vs time
graph for second order kinetics involved in dye adsorption
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Thus, the dye adsorption mechanism was found to follow the chemisorption process
behavior. The fitting curve and all the data values for ki and k2 are shown in Figure 4.17
and Table 4.6.

Table 4.6 Kinetic model parameters from dye adsorption

pseudo-first-order kinetics model pseudo-second-order kinetics model
ky(min) R2 k2(ggtmin') Qmax(99™) R’
0.301 x 10 0.76 0.289 x 103 0.86 0.99

4.3.3.8 Adsorption Isotherm

An Isotherm study was carried out to determine the interacting nature between
sorbent and adsorbate at equilibrium. Two well-known isotherm models, Langmuir and
Freundlich were used to analyze the adsorption studies. The linear fit curves for both

models have been shown in Figure 4.18 and Table 4.7.
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Figure 4.18 Adsorption isotherm of (a) plot Ce/ge vs Ce (Langmuir), (b) plot of log ge vs log Ce
(Freundlich) for adsorbed dye

it can be seen that both the curves obtained were linearly fitted however the
regression coefficient observed by the Langmuir model has a value of 0.997 which is
higher than the Freundlich model (0.991). Langmuir model also observed a separation
factor (R.) around 0.76 which confirms the favorable adsorption process. The maximum
adsorption capacity was found to be 349.72mg/g. Thus, from the above results, it can be
concluded that adsorption between dye and sorbent follows chemisorption behavior with

monolayer deposition on the sorbent’s homogeneous surface.
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Table 4.7 Parameters for adsorption isotherm from CR dye adsorption

Langmuir Isotherm Freundlich Isotherm
Qe KL RL R? 1/n Kk R?
ISOTHERMS (mgg?)  (L/mg) (mgg
& 1

PARAMETERS

349.72 0.103 0.76 0.997  2.26 0.529 0.991

4.3.3.9 Intra-particle diffusion study

The mass transfer or diffusion model by Weber and Morris was followed to
understand the mechanism of adsorption of dyes from the aqueous phase to the
adsorbent. As observed from the qt vs t¥2 graph in Figure 4.19, the diffusion plot staged a
three-step sorption process. A steady rise observed in the first step signifies the diffusion
process by CR molecules from the solution to the external surface of the sorbent. The
second step denotes the infusion of dye molecules to the interior area of the sorbent until
it attains maximum adsorption in the third step where the pores are accumulated by dye
molecules as it reaches the equilibrium position. The rate of diffusion along with the
thickness of the layer was found to be 0.355 and 262.11mg/g (Table 4.8).
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Figure 4.19 Intra-particle diffusion plot of gt vs t¥2 for CR dye

Table 4.8 Parameters for Weber-Morris model of dye adsorption

INTRA- PARAMETERS
PARTICLE
DIFFUSION Kig C R?
CR dye 0.355 262.11 0.57
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4.3.3.10 Mechanism of adsorption

The mechanism of dye adsorption involves physical and chemical interactions
due to the presence of functional groups or the surface structure. MMT was used as one
of the raw materials due to the presence of its large surface area and mesoporous
structure. The possible mechanisms occurring during interaction of dye molecules and
adsorbent may involve the following routes: With the addition of PAni chains in between
the silicate ions, the sulfonic group of the dye interacts with N*H electrostatically. a—=
interaction occur between the double bonds of the aromatic rings present in the dye as

well as PAni (Scheme 4.3) Formation of H-bonding between NH2 group of Congo red

and hydroxyl group of Polyvinyl alcohol is another possible mechanism.

Scheme 4.3 Mechanistic pathway of the interaction between PMCP organogel and congo red dye

The physicochemical properties of the gel influence the behavioral aspect of
interaction with the dye solution and retaining molecules. Inclusion of clay material
provides surface area in addition to providing active sites with pore sizes which
immensely enhances the rate of adsorption. The presence of functional groups as amine,
imine with hydroxyl groups binds with the dye molecules through electrostatic
interaction as well as H-bonding. Further, the charges present in amine, and imine groups
help highly in the effective removal of negatively charged dyes. The stability of the gel
to perform under different pH along with regeneration ability for multiple adsorption
cycles are a few of the physicochemical characteristics increasing the performance of the

adsorption.

140



Chapter 4

.

ol RN - z ' y. 4 oy ’2. &
e by 2 4 T ‘ ¥ D
2bkv X850 100pm 0000 10 36 SEI A7020KkV 5+ X200 ¢ 100um _ GD00 1036 SEY fm

Figure 4.20 SEM micrographs of PMCP gel (a) before dye adsorption (b) after dye adsorption
The presence of micropores (obtained from the BET study) helps in filling up
pores by diffusing the dye molecules on the surface of the adsorbent. This can be evident
from SEM morphological study (Figure 4.20a-b) where a rough surface with an
accumulation of certain pores was seen visible before the adsorption. After the
adsorption of the dye, it was observed that the dye particles deposited all over the surface

area of the gel.

The removal of CR dye by the present study, prepared organogel (PMCP) was
compared with that of other adsorbents concerning time, removal percentage, and

adsorption capacity which has been charted in Table 4.9.

Table 4.9 Adsorptive study on Congo Red removal by different adsorbents

Type of adsorbent Adsorption % Reference
capacity  Removal
(mg/g)
Chitosan/MMT nanocomposite 54.52 (3]
pTSA doped PAni@GO-MWCNT composite 56.7 [40]
Poly(AA-co-hydroxyethyl methacrylate) and 90 97.6% (41]
Na alginate

Metal organic gels of catechol based ligands 86.43% [24]

- MOG1 95.20%

MOG2

Nano zerovalent Mn/biochar composite 117.64 7% 42]
PPy multiwalled nanocomposite 147 98% 431
Amine functionalized magnetic iron oxide 183.15 99% 441

nanoparticles

PANI-NT 194 98% (32]
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MgO-GO composite microspheres 237 [45]
Super magnetic graphene/PAni/Fe;04 248.76 92.4% [46]
nanocomposite
Insitu chemical polymerization of Aniline 250.01 471
Pyrrole 66.66

Ferrocene based mesoporous material 3125 48]
PVA (MMT/PAni composite) organogels 349.72 99.44%  This work

Porous NiO-Al,Os; nanocomposite 357 [49]

Porous ZnO-Al,O3 microspheres 397 [50]

4.4 CONCLUSION

Through this work, the preparation and characterization of an organogel that
employs a hybrid composite consisting of MMT and PAni have been examined. The gel
has been designed to effectively absorb the pores from the MMT and utilize surface
enhancement by PAni to remove highly toxic carcinogenic pollutant Chloroform as well
as organic dyes from polluted water sources. Our results indicated that the gel-based
sorbent was capable of absorbing chloroform up to 20 times its weight while removing
up to 99% of CR dye with maximum adsorption of 349.72 mg/g. Our study revealed that
the sorbent followed monolayer adsorption by Langmuir isotherm, accompanied by a
pseudo-second-order kinetics mechanism, with the diffusion model serving as one of the
rate-determining processes. The mechanism of the dye adsorption involved key
interactions including electrostatic, - as well as H-bonding. Moreover, the organogel
displayed selectivity among a mixture of dyes with excellent reusability properties
retaining up to 83% even in the 5th cycle. The current work involves the preparation of
organogel from economic materials found conveniently proved to be useful for industrial
usage with satisfactory results thus holding as a promising material for the removal of

organic pollutants from wastewater.
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