
 

 

 

CHAPTER 3 
SECTION  (A) 

 

Grafted polymeric organogel as an effective medium for 

removal of cationic dyes and organic pollutants from 

contaminated water 

 

 

This chapter describes the preparation procedure of the organogel followed by its application in dye 

removal and absorption of organic solvent.  

 

 

This part of the thesis is published in 

Baruah, K., Dutta, R., Doley, S., and Dolui, S.K. Grafted polymeric organogel using low molecular weight gelator 

as an effective medium for expulsion and purification of cationic dyes and organic pollutants from contaminated 

surface water. European Polymer Journal, 195, 112213, 2023 
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3.1 INTRODUCTION 

With the advancement of technology and the growth of industries, contamination 

of water resources has become a significant issue in nearby areas. This is mainly due to 

the release of pollutants and toxic chemicals into water bodies as residual waste. The 

untreated wastewater, which contains a high concentration of organic and inorganic 

materials, poses a threat to the entire ecosystem [1,2]. The textile and paper industry, in 

particular, heavily relies on dyes to impart colors, resulting in more than 80% of effluents 

being discharged into water bodies [4]. These dyes are highly soluble in water and 

difficult to separate, leading to severe pollution of the environment and the emergence of 

carcinogenic issues [5,6]. The complex structure of the dyes, with multiple aromatic 

rings, makes them resistant to biodegradation. In addition to dyes, industrial waste also 

includes the release of organic solvents [9–11], hazardous heavy metals [12,13], and 

hydrocarbons [14,15], which pose a challenge for the removal of these toxic pollutants 

[16]. These pollutants persist in the environment for a long time, affecting the aquatic 

and terrestrial ecosystems [17,18]. 

Various methods have been proposed for the removal of these pollutants, 

including membrane filtration, coagulation and flocculation, ion exchange, advanced 

oxidation processes, electrochemical oxidation, and microbial technologies [19–23]. 

However, each method has its limitations. For example, membrane filtration requires 

high differential pressure and costly repairs. Coagulation, both chemical and 

electrochemical, requires the addition of chemicals, resulting in sludge formation that 

poses disposal concerns. The ion exchange method has limitations in terms of 

reducibility and the regenerated fluid containing harmful ions. 

Among the aforementioned processes, adsorption and photocatalytic degradation 

have shown promise in the removal of toxic dyes [24-27]. However, photocatalytic 

processes often leave behind scavenging materials in the treated water, which can pose 

threats to aquatic species and serious health issues for humans [28,29]. To address these 

challenges and provide effective treatment of the generated waste products, adsorbent-

based systems offer a safer and more environmentally friendly approach. These systems 

are widely used due to their selectivity, high efficiency, adaptability, ease of production, 

and cost-effectiveness [30–33]. In this study, an organogel has been employed as an 

adsorbent for the selective absorption of organic solvents [34] and the adsorption of 
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discharged dyes (specifically cationic dyes) from contaminated water sources resulting 

from industrial waste. 

Polymers in the form of composites [35–38], activated carbon [39,40], and 

polymer hybrids [41,42] are widely used for the removal of dye molecules. A soft form 

of polymer, hydrogel has also been used for removal purpose however cases with 

organogel has been rarely reported [43,44]. A solvent-based gel, when dipped in water 

will infuse less amount of water and bind with the dye molecules through electrostatic 

attraction and surface adsorption thereby will adsorb more of the toxic pollutants mixed 

with water rather than hydrogel which might infuse a heavy amount of water, chances of 

leaving behind toxic molecules. Hence an organogel has been preferred for use in 

wastewater treatment.  With this content, a modification of our previous work, the 

synthesis of organogel used for the removal of organic solvents from contaminated water 

sources [45] has further been modified to adsorb dye molecules for the remedial 

treatment of water resources. 

The current study focuses on the application of adsorbents as promising materials 

for the removal of effluents from untreated wastes. This is achieved by modifying 

previous research and incorporating acrylamide-methylpropane sulfonic acid as a co-

monomer with methylene-bis-acrylamide as a crosslinker. This modification allows for 

selective adsorption of cationic species due to the presence of the negatively charged 

sulfonic group. Experimental results show that in addition to effectively absorbing 

solvents, the organogel is also able to selectively adsorb cationic dyes (such as crystal 

violet, gentian violet, and ethyl purple) from aqueous solutions. This is attributed to the 

interaction between the sulfonic group and positively charged species, making the 

organogel an effective sorbent for water purification. However, the primary focus of this 

study is on the absorption of solvents as well as the adsorption of cationic dyes from 

contaminated water sources. In addition to examining kinetic equations, isothermic and 

diffusion models were also studied to elucidate the mechanism of the adsorption process. 

This study aims to employ LMWGs for the purification of contaminated sources. 

Specifically, octadecanoic acid (also known as stearic acid) is used as LMWG. It is 

further grafted and modified to effectively remove contaminants from water bodies, such 

as toxic dyes or harmful organic pollutants. The use of simple and cost-effective 

materials, namely fatty acid and polyvinyl alcohol (PVA) grafted with AMPS-based 
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organogel, is advantageous for sustainable development. Furthermore, the biodegradable 

and recyclable nature of the materials adds to their environmental benefits. 

3.2 EXPERIMENTAL SECTION 

 3.2.1 Materials 

Acrylamidomethylpropanesulfonic acid (AMPS), Methylene bisacrylamide 

(MBA), and Crystal violet were purchased from Sigma Aldrich. Rankem chemicals 

provided Methyl violet (Gentian violet B), chloroform, and tetrahydrofuran. Dimethyl 

sulfoxide (DMSO), methanol, benzene, ethylene glycol, acetic acid, dichloromethane, 

toluene, and carbon tetrachloride were procured from Merck. Ammonium persulfate 

(APS) and dimethylformamide (DMF) were brought from SRL while stearic acid (SA) 

from Loba Chemie Pvt. Ltd. Polyvinyl Alcohol (PVA) (MW:14000) was obtained from 

Otto (Chemika-biochemika reagents) while p-toluenesulfonic acid (98%) from BDH 

laboratory supplies and Ethyl violet (ethyl purple) from Himedia. Absolute alcohol was 

purchased from Helix India. All the chemicals received were of analytical grade and 

were used as received. 

 3.2.2 Preparation of the organogel: 

The organogel was prepared by a reaction between PVA, Stearic acid, AMPS 

along with MBA and oxidant APS. Herein, 0.214mmol of PVA was stirred with 15mL of 

DMSO in a round bottom flask equipped with a thermometer placed over a magnetic 

stirrer at a temperature of about 80-85 ⁰C. p-TSA was added to the RB along with stearic 

acid (Table 3.1) of different concentrations and the mixture was allowed for continuous 

stirring for 1 hour. To the dissolved mixture, subsequently, AMPS (0.34 mM) in 

correspond to PVA was added. It was proceeded by further addition of a solution of 

initiator APS(2.8 µM) and cross-linker MBA (0.202 mM) while the reaction was stirred 

for another 6 hours until the formation of a ‘gel-like substance appears. The product was 

washed several times with sodium bicarbonate solution followed by ethanol for 

neutralization and removal of unreacted components. The obtained gel was dried in a 

vacuum oven for 72 hours at 40⁰C. 
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Scheme 3.1 Schematic illustration of the network of cross-linked organogel PACSG formed 

 

PACSG gel 
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Figure 3.1 Step wise reactions involved during formation of PACSG organogel 

 

      Table 3.1 Composition chart of the prepared PACSG gels 

SAMPLE PVA 

(mM) 

AMPS 

(mM) 

Stearic 

Acid 

(mM) 

Nature of 

material 

WCA  

(⁰) 

PACSG-26 0.214 0.34 26.01 Gel 85.2 

PACSG-39 0.214 0.34 39.02 Gel 103.2 

PACSG-52 0.214 0.34 52.03 Gel 104.6 

 
 

3.2.3 Characterization: 

The instruments used for characterization including WCA, FT-IR, SEM, TGA, 

DSC, XRD and rheology tests as mentioned in section 2.2.3 of Chapter 2. Quantitative 

determination of the analytes was performed using UV-Vis spectrophotometer 

SHIMADZU UV-2600I. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Preparation and Characterization of the organogel 

    PVA reacts with stearic acid through an esterification reaction. With the 

addition of AMPS and MBA, it forms a cross-linked structure. The nature of part of the 

gel is hydrophobic due to stearic acid however, the other part is hydrophilic with the 

addition of ionizable AMPS, along with MBA as a crosslinker. This cross-linked inter-

penetrating network of the gel gets enlarged, opening pores inside the gel matrix and 

making space available for entrapping solvents. The interweaving of the sulphonic 

groups also creates hydrophilic centers inside the matrix of the gel along with anionic 
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sites capable of adsorbing cationic species resulting in the increase of swelling as well as 

adsorption ability. The gel thus consists of balanced nature of both hydrophobic as well 

as hydrophilic character. The presence of the sulphonic group greatly enhances the 

adsorption ability of the adsorbent. It was also observed that while increasing the stearic 

acid content in the organogel, the water contact angle (WCA) seemed to increase 

drastically from a hydrophilic PVA chain to a hydrophobic state of gel formation (Images 

can be viewed below).     

                             

                    PACSG 26                             PACSG 39                            PACSG 52 

                   WCA = 85.2⁰                         WCA = 103.2⁰                      WCA = 104.6⁰ 

                    Hydrophilic                           Hydrophobic                        Hydrophobic 

Figure 3.2 Hydrophobicity data obtained from water contact angle analysis for the prepared 

organogels 
 

3.3.1.1 FT-IR analysis 

The synthesis of the prepared organogel was verified by FT-IR spectra 

determination as shown in Figure 3.3. The characteristics peak assigned at 1639.11cm⁻1 

is due to the C=O vibrational stretching of MBA and AMPS grafting onto the PVA 

backbone while 1502.84cm⁻1 refers to the N‒H bending of the amine. The absorption 

peak at 1242.63cm⁻1 refers to the C‒N group while frequencies at 1180.65cm⁻1 and 

1041.73cm⁻1 are due to the asymmetric and symmetric group of the SO3H group. 

1382.25cm⁻1 and 1026.84cm⁻1 refers to the S=O and S‒O stretching of the sulfonic group 

[47]. Peaks at 1742.89cm⁻1 and 1119.42cm⁻1 contributed to the C=O stretching and C‒O 

stretching of the formed ester group. The broad peaks at 3436.85cm⁻1 are due to the 

overlapping of the O‒H and N‒H groups with strong hydrogen bonding. Obtained peaks 

at 2925.89cm⁻1, 2854.23cm⁻1, and 1457.02cm⁻1 prefers the stretching of CH3 and CH2 

groups along with bending vibration of C‒H thus confirming the structural formation. 

Fingerprint region peaks at 721.45cm⁻1 and 625.88cm⁻1 are attributed to the cis and trans 

bending of C‒H.      
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Figure 3.3 FT-IR spectra of (a) the prepared PACSGs, (b) PACSG-26, (c) PACSG-39, (d)  

PACSG-52    

                                                                                       

3.3.1.2 Morphological analysis       

Corresponding images for the morphological structure were investigated using 

SEM. As shown in Figure 3.4a, the pristine PVA indicated an unvarying structural feature 

while that of AMPS (Figure 3.4b) consisted of some bristle-like arrangement which 

however on reaction with MBA transformed into a rough framework with further 

deposition of stearic acid. Grafting of AMPS led to an accumulation of sulfonic groups 

on the surface which was not observed in our previous work. However, the opening of 

porous surface and cross-linking sites were observed on the insertion of MBA as a cross-

linker conferring an insight into the morphological study of organogel. EDX spectra of 

the organogel with elemental percentage are described in Figure 3.5.     

(a) (b) 

(c) (d) 
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Figure 3.4 SEM micrographs of (a) PVA, (b) AMPS, (c) PACSG, (d) cross-linked pores of 

PACSG 

 

 

Figure 3.5 EDX spectra and elemental determination of the organogel PACSG-52 

 

3.3.1.3 Thermal analysis 

The thermal stability was characterized using TGA (Figure 3.6a). Pristine PVA 

observed degradation around 320⁰C which can be perceived from a PVA-based 

organogel [45] however PVA-SA was seen around 220 ⁰C. Although on further addition 

Element Weight % 

 

  

C K 40.89 

N K 9.10 

O K 34.20 

S K 15.81 

Totals 100.00 

(a) (b) 

(c) (d) 

s 
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of AMPS to the PVA chain, the degradation rate increased due to lower blending stability 

between PVA and bulky AMPS group. However, the first degradation was seen around 

167 ⁰C which further decreased down to 273 ⁰C due to evaporation or decomposition of 

SO2 and SO3 groups [49]. The next degradation around 328 ⁰C was due to the breaking 

of the PVA chain. 

   

                                   
Figure 3.6 (a)TGA thermogram, (b) DTG curve, (c) DSC plot of PACSG-52 

 

From, the DTG curve (Figure 3.6b), it can be perceived that dual-step weight loss was 

attained. The first melting temperature was observed around 182 ⁰C which however 

observed an early degradation due to the decomposition of functional groups present. A 

slight decrease around 254 ⁰C was due to the breakage of cross-linking bonds. 

Nonetheless, the second weight loss of around 304 ⁰C was due to the splitting of PVA 

bonds. 

Figure 3.6c demonstrates the DSC curves which indicated the Tmax temperature 

at 184 ⁰C due to the onset of thermal degradation of PVA-AMPS while a lower drop 

around 127⁰C was observed due to loss of water molecules. Deterioration of cross-

(a) (b) 

(c) 
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linking bonds was observed around 258 ⁰C which further correlates with TG and DTG 

curves. 

3.3.1.4 XRD & Rheological analysis 

   
Figure 3.7 (a) XRD spectra of PACSG-52 gel, (b) data of storage and loss modulus from 

frequency sweep of PACSG-52 

 

 XRD data (Figure 3.7a) of PVA shows the peak of 2θ degrees at 19.5⁰, 22.7⁰, and 

40.7⁰ with planes corresponding to (101), (200), and (102) [48]. On further insertion of 

AMPS, the crystalline nature of PVA diminished to a greater extent. The peaks 

associated with PVA can be attained from the modified composite based on PVA and 

magnetite prepared by Modrogan et al [48]. The broad peak with the plane (102) 

observed around 40.7 ⁰C in PVA-SA interaction was seen to diminish indicating an 

extreme amorphous nature of the gel. Data obtained from the frequency sweep 

experiment in Figure 3.7b, denotes the elastic behaviour (G′>G″) of the gel as the 

deforming ability was found to be increase in comparison to flow behaviour.  

3.3.2 Swelling Analysis 

The structure demonstrated in Figure (3.4) obtained from SEM images alluded to 

the entrapment of organic solvents inside the gel matrix. The uptake of different organic 

solvents with varying polarities such as acetic acid, carbon tetrachloride, toluene, 

ethylene glycol, ethanol, dimethylformamide, benzene, tetrahydrofuran, diethylene 

glycol, chlorobenzene, dimethylaniline, chloroform along with methanol was 

investigated by the prepared cross-linked gels PACSG (26,39,52) as shown in Figure 3.8. 

However, among the three, PACSG-52 displayed excellent swelling behavior of organic 

solvents. The results of which are displayed in Figure 3.9. 

(a) (b) 
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 The gels can absorb both polar and non-polar solvents as the gel possess dual 

functional groups of being hydrophobic for the stearic group and hydrophilic for the 

sulfonated group. It was ascertained from the swelling studies that the organogel swelled 

maximal in acetic acid for all the sets.  

  

Figure 3.8 Swelling analysis of the prepared PACSG-26,39,52 gels in different solvents 

 

The highest absorbance was exhibited by set PACSG-52 with swelling of more 

than 900% for acetic acid. The observed phenomenon can be attributed to intermolecular 

hydrogen bonding between solvent molecules and the gelator, resulting in an enhanced 

uptake of solvents. Carbon tetrachloride, toluene, ethylene glycol, and dimethyl 

formamide exhibited swelling in the range of 500-300% whereas ethanol, benzene, 

tetrahydrofuran, diethylene glycol, chlorobenzene, dimethyl aniline, dichloromethane, 

chloroform, and methanol lies in the range 250-150%. The absorption values of solvents 

can be correlated with both the dielectric constant values as well as the polarity of the 

organic solvents as they can simultaneously absorb both polar as well as non-polar 

solvents. Lower dielectric values denote a lesser ability to stabilize the charges present 

resulting in the probability of dipole-dipole interaction between sorbent and acetic acid 

being observed to be higher than those of dipole-induced dipole interaction in non-polar 

solvents or the involvement of hydrogen bonding in polar protic solvents. 
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Figure 3.9 Swelling behavior observed by PACSG-52 gel 

 3.3.2.1 Swelling Kinetics of solvent 

The solvent absorption efficiency of organic solvents onto the sorbent was 

investigated by a kinetic study using equations (iii) and (v) from section 2.2.5 of Chapter 

2. The swelling kinetics of the prepared set of gels were evaluated considering the 

solvent of high absorbance, Acetic acid. Figure 3.10 displays the linear fitted curves for 

pseudo-first order and pseudo-second order kinetics models. However, the curves 

obtained a suitable linear correlation regression value(R2) from a pseudo-second-order 

kinetics graph (Figure 3.11b) in which the plot of t/Q against time confirmed the 

absorption of solvents to the sorbent following the second-order model. The correlation 

coefficient value of 0.98 suggested a similar concordance between actual and 

experimented values. Values of k1, and k2 along with Qmax and R2 for both models can be 

procured from Table 3.2.  

      

Figure 3.10 Plot for (a)first order, (b)second order kinetics graph of PACSG-52 gel 
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Table 3.2 Parameters for first and second-order kinetic models 

 

SAMPLE 

pseudo-first-order kinetics model pseudo-second-order kinetics 

model 

k1(min-1) Qmax(gg-1) R2 k2(gg-1min-

1) 

Qmax(gg-1) R2 

PACSG-26 4.479 × 10-4 0.275 0.88 0.238 × 10-4 2.796 0.96 

PACSG-39 2.833 × 10-4 0.823 0.83 2.89 × 10-4 0.767 0.98 

PACSG-52 3.819 × 10-4 0.631 0.92 1.96 × 10-4 0.852 0.97 

 

3.3.2.2 Reusability of solvent 

The reusability (absorption and desorption) of the sorbent for solvent was 

examined using chloroform as the solvent. A certain weight of the sorbent was immersed 

in the solvent for a period of 24 hours. After the completion of 24 hours, the swollen gel 

was allowed to release the solvent from the gel-matrix structure by letting it dry at room 

temperature. The process was continued for 10 repetitive cycles to study the absorbance 

efficiency. Figure 3.11a depicts the percentage of solvent absorbance with each cycle. 

The study of recyclability was reported under the absorption and desorption cycle 

(Figure 3.11b) and with each cycle, the absorbed solvent was completely able to desorb 

and thus regain back its original shape to absorb solvent. Thus, it can be concluded that 

the sorbent can be re-generated multiple times after the desorption of solvent absorbed 

by the sorbent which suggests the use of sorbent for further removal of solvent from 

polluted water sources.   

 

      

Figure 3.11 Recyclability data: (a) Solvent absorbance percentage with each cycle, (b) 

Absorption-desorption cycle of the solvent 

 

 

(a) (b) 



Chapter 3(A) 

73 

 

3.3.3 Dye Adsorption 

Of the prepared organogels, the one with excessive swelling PACSG-52 was 

chosen as sorbent for adsorption of cationic dyes CV, EV, and MV. The adsorption of 

dyes concerning time was recorded via UV-Vis spectroscopy, where it was seen that after 

the insertion of sorbent into the dye solution, the concentration of dyes gradually 

decreases with an increase in time. 

The dye adsorption capability was investigated by dissolving water-soluble dyes 

(Crystal violet, Ethyl violet, and Methyl violet) prepared in distilled water with an initial 

concentration of 3 × 10-5 M for each of the respective dye solutions. After the preparation 

of dye solutions, an adsorbent of weight 0.2 gm was immersed in 200mL of previously 

prepared stock solution of dyes. At a certain time interval, the dye was extracted from the 

sample solution and the decrease in the concentration of dyes was measured along with 

the measurement of absorbance maxima (λmax) in the UV-Vis spectrophotometer. The 

adsorption capacity of dyes and their removal efficiency by the adsorbent were evaluated 

according to the equation: 

                                    𝒒𝒆  =  𝑪𝒐−𝑪𝒆/𝑾  ×  𝑽                                           (i)            

                      % 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 =  𝑪𝒐 −  𝑪𝒆/𝑪𝒐   ×  𝟏𝟎𝟎                              (ii) 

where, qe (mg/g) is the amount of dye absorbed at equilibrium by the adsorbent 

            Co(mg/L) and Ce(mg/L) is the initial and equilibrium concentration 

            V(L) is the volume of the solution used 

            W(g) is the mass of the adsorbent used. 

From the UV plot (Figure 3.12), it can be perceived that the sorbent/organogel 

can adsorb EV dye and the change of color can be noticed within 60 minutes while that 

of CV in 150 minutes and MV in 300 minutes respectively. The removal efficiency 

includes 99.35% for EV dye, 95.06% for CV, and 92.71% for MV dye (Table 3.3). The 

quicker removal can be explained due to the involvement of the easily ionizable sulfonic 

group in abundance as active sites reacting with imine groups present in the dyes 

interacting electrostatically along with the involvement of hydrogen bonding. 
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Figure 3.12 UV-Vis spectra of the adsorbent with time along with digital images of dyes before 

and after removal by the adsorbent for (a) CV dye, (b) EV dye, and (c) MV dye 

 

Table 3.3 Removal efficiency of dyes with concentration before and after removal 

Adsorbate Concentration 

before adsorption 

(M) 

Concentration after 

adsorption (M) 

Removal Efficiency 

(%) 

Crystal Violet 3.24 × 10-5 0.16 × 10-5 95.06 

Ethyl Violet 3.10 × 10-5 0.02 × 10-5 99.35 

Methyl Violet 3.32 × 10-5 0.24 × 10-5 92.71 

(a) 

(b) 

(c) 



Chapter 3(A) 

75 

 

It can be concluded from Table 3.3 that the uptake of Ethyl violet was the 

maximum out of the three selected cationic dyes. The presence of negatively charged 

sulfonic groups present in the gel-matrix acts as an active site for interaction with 

cationic polluted dyes speeding up the adsorption rate. 

       

       

      

Figure 3.13 SEM images of the adsorbent after removal of (a)CV, (c)EV, (e) MV dye, FT-IR 

spectra of the adsorbent after dye removal for (b)CV, (d) EV, and (f) MV dye           

 

(a) 

(c) 

(e) 

(b) 

(d) 

(f) 
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As can be perceived from the morphological data, the initial structure of the 

organogel varied from the dye-absorbed SEM images (Figure 3.13 a,c,e). It can be 

vividly seen that a thick layer has been deposited over the initial surface which is due to 

the accumulation of dye molecules on the surface of the sorbent. The presence of porous 

sites acts as an addendum for the entrapment of dye molecules within the sorbent matrix. 

Significant changes were also observed from the dye-adsorbed FT-IR spectrum (Figure 

3.13 b,d,f). Due to the formation of the N‒O bond as a result of the interaction between 

the SO3
‒ and N+(R2) group of the dye molecules, stretching vibrations occurs around 

1550-1540cm⁻1. The stretching frequency of the S=O and S‒O bond also shifts to a lower 

wavenumber around 1050-850cm⁻1 (based on the three dyes) due to the reaction between 

the dye and the sorbent. 

3.3.3.1 Study of mixed dyes 

Dye industrial effluents contain both cationic as well as anionic dyes as their 

discharge components. Since the prepared sorbent has responded to the adsorption of 

cationic dyes as per experimental results, an attempt has been made to explore its 

efficacy in the presence of mixed dyes. Three anionic dyes Congo Red, Eriochrome 

Black T, and Methyl Orange were used to prepare a binary solution with the most 

efficient Ethyl Violet dye with a concentration of 10mg/L each mixed in a 1:1 ratio.  

Figure 3.14 shows the UV-Vis spectrum of the three different mixed dyes. From 

the spectra, it can be interpreted that in each of the three cases, the sorbent was 

completely able to remove cationic dye with partial removal of the anionic species. This 

can be predicted from the Ethyl Violet – Methyl Orange solution (Figure 3.14c) where 

the EV was adsorbed up to 97.29% while MO received a removal percentage of 48.64%. 

While in the case of EV-CR and EV-EBT solutions (Figure 3.14a-b), the removal was not 

distinguished due to the shifting and merging of the peaks of the mixed dyes. Thus, the 

sorbent can be termed as a compelling one for the removal of dye effluents from 

wastewater with an advanced affinity towards cationic dyes. 
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Figure 3.14 UV-Vis spectrum and optical images of the mixed dyes (a) Ethyl Violet-Congo Red, 

(b) Ethyl Violet-Eriochrome Black T, (c) Ethyl Violet-Methyl Orange before and after adsorption 

 

3.3.3.2 Kinetics of adsorption 

The adsorption efficiencies and time dependence of the adsorption process of the 

respective dyes obtained from the experimental data were evaluated using kinetics 

models (iii) and (v) of section 2.2.5 in Chapter 2 to study the interaction between sorbent 

and the dye molecules. Rate constants were studied using plots ln(qe – qt) vs time and 

t/Qt vs time, where it was observed that the adsorption of the dyes(CV, EV, MV) in plot 

t/Qt vs time provided a linear fitted relation.  

 

(a) 

(c) 

(b) 
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Figure 3.15 First-order kinetics graph (a,c,e) and second-order kinetics graph (b.d.f) for CV, EV, 

and MV dyes 

Thus, it can be conferred that the kinetic and correlation coefficient (R2) is best 

suited to the pseudo-second-order model for the adsorption of the dyes onto the sorbent, 

acting as a rate-limiting step between the sorbent and the dye molecules. The value for 

regression coefficient (R2) was seen to be the highest (0.99) for all the three 

experimented dyes. Hence, kinetic adsorption of cationic dyes was better presaged using 

second order kinetics model. Attainment of equilibrium sites however proved that all of 

(a) (b) 

(c) (d) 

(e) (f) 
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the active sites had been fully employed for adsorption by cationic dyes. Fitted kinetics 

plots for the dyes were displayed in Figure 3.15 while the respective kinetic parameters 

can be obtained from Table 3.4. 

Table 3.4 Kinetic parameters for first and second-order kinetics plot for adsorbed dye 

  

3.3.3.3 Adsorption Isotherm 

 The interaction action between equilibrium adsorption capacity and equilibrium 

concentration was evaluated using Langmuir Isotherm, Freundlich Isotherm, and Temkin 

Isotherm models in their non-linear forms as it furnishes a complicated procedure for 

determination of kinetic parameters circumventing the complications of linearization 

(Figure 3.16). The experimental data was plotted using Langmuir, Freundlich, and 

Temkin isotherms as described in equations (iv),(v) & (vi).  

                                  𝑪𝒆/𝒒𝒆  =  𝑪𝒆/𝒒𝒎𝒂𝒙  +  𝟏/𝑲𝑳 × 𝒒𝒎𝒂𝒙                                 (iv) 

                                           𝒍𝒏𝒒𝒆  =  𝒍𝒏𝑲𝑭  + (𝟏
𝒏⁄ )𝒍𝒏𝑪𝒆                                      (v) 

                                                𝒒𝒆  =  𝑩𝒍𝒏𝑲𝑻  +  𝑩𝒍𝒏𝑪𝒆                                         (vi) 

where, qe(mg/g) is the amount of dye adsorbed at equilibrium, 

            qmax is the theoretical maximum adsorbed dye  

            Ce(mg/L) is the equilibrium concentration of dye solution 

            KL(L/mg) is the Langmuir isotherm constant 

            KF {mg/g.L/mg(1/n)} is the term for Freundlich isotherm where KF is the 

adsorption capacity and n is the adsorption intensity. 

           KT is the Temkin constant related to the maximum binding energy whereas B is 

the heat adsorption constant. 

The formation of a monolayer on the surface of the adsorbent for maximum 

adsorption was suggested by Langmuir while Freundlich suggests non-linearity between 

 

SAMPLE 

pseudo-first order-kinetics 

 model 

pseudo-second-order-kinetics 

model 

k1(min-1) R2  k2(gg-1min-

1) 

qe(gg-1) R2 

CV 4.63 × 10-3 0.80  8.52 × 10-2 11.67 0.99 

EV 2.22 × 10-3 0.96  8.61 × 10-2 12.38 0.99 

MV 3.92 × 10-3 0.69  9.79 × 10-2 9.68 0.99 
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adsorbate and concentration of the solution used. The interaction between adsorbate and 

adsorbent has however been suggested by Temkin. 

 

 

 
Figure 3.16 The plot of Ce/qe vs Ce (Langmuir) for CV, EV, and MV dyes (a,d,g), the plot of ln 

qe vs ln Ce (Freundlich) for CV, EV, and MV dyes (b,e,h), the plot of qe vs ln Ce (Temkin) for 

CV, EV, and MV dyes (c,f, i) 

 

The correlation coefficients (R2) along with their respective parameters of the 

proposed isothermic models were obtained from Table 3.5 which, however, suggested 

that the regression coefficient for the Langmuir model was founded to be close to 1 in 

comparison to Freundlich and Temkin models in addition to the remarkable fitting of the 

curve with the experimental data. The results of R2 and the lower separation factor (RL) 

values from Langmuir isotherm suggest that the process of adsorption between sorbent 

(a) (b) (c) 

(d) 
(e) (f) 

(g) (h) (i) 



Chapter 3(A) 

81 

 

and dye molecule involves a chemisorption process since the value of RL≤1 which 

effectively describes the better affinity between adsorbate and the sorbent leading to 

deposition of a monolayer on the surface of the sorbent revealing the presence of strong 

electrostatic attraction between adsorbent and adsorbate 

Table 3.5 Parameters for adsorption isotherms of the respective dyes 

 

ISOTHERMS 

 

PARAMETERS 

ADSORBATE 

CV EV MV 

 

 

 

LANGMUIR 

qe(mg.g-1) 11.67 12.38 9.68 

KL × 103 (L.mg) 3.59 4.05 7.74 

R2 0.992 0.969 1 

RL 0.5 0.15 0.56 

 

 

FREUNDLICH 

1/n 0.05 0.04 0.24 

KF(mg(1-1/n).L1/n.g-1) 228.3 224.7 200.38 

R2 0.85 0.66 0.72 

 

 

TEMKIN 

A(L.g-1) 1.727 6.46E43 2.25E43 

B 0.127 0.10 0.07 

bT(J mol-1) 17.75 22.63 29.66 

R2 0.40 0.74 0.82 

 

 3.3.3.4 Mass transfer model 

The uptake of dyes can be transported from the aqueous phase to the sorbent 

through the intra-particle diffusion model (viii) of Weber and Morris which is the 

limiting step for multi-adsorption procedures. The equation can be explained as: 

                                      𝒒𝒕  =  𝒌𝒊𝒅 𝒕𝟏/𝟐  +  𝒄                                        (vii) 

where, kid (mg/g.min -1/2) is the rate constant for intraparticle diffusion 

c is the intraparticle diffusion constant depicting the boundary layer thickness 

t1/2 is the time when adsorption of dyes occurs at half equilibrium (obtained from 

the second-order model 

                                          𝒕𝟏/𝟐  =  𝟏/𝒌𝟐𝒒𝒆                                          (viii) 
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Figure 3.17 The plot of qt vs t1/2 for intra-particle diffusion of (a)CV, (b)EV, and (c)MV dyes 

The intake of dyes on the surface of the sorbent was executed using the model as 

shown in Figure 3.17. It can be interpreted from the diffusion plot of qt vs t1/2 that it 

exhibited a multi-stage sorption process. In the very first step, a rapid increase has been 

detected due to the diffusion of the cationic dye molecules from the solution to the 

external boundary of the sorbent and then to the interior surface through boundary 

thickness. Meanwhile, the second step denotes the incremental stage of adsorption 

followed by the third step where with the increase in time, accumulation of molecules 

occurs at sites lowering the diffusion process until it attains an equilibrium position. As 

obtained from the three graphs in Figure 3.17, the value for EV was seen to be highest at 

equilibrium with 12.64mg/g, while 10.71mg/g for CV and 9.1 mg/g for that of MV 

(which correlates with the value obtained from Table 3.4 for qe). Parameter C relates to 

the thickness of the boundary layer; as with the increase in intercept, the boundary layer 

increases (Table 3.6). The diffusion rate follows the order Kid (EV > CV > MV) 

accordingly with the fast absorbance of the dye onto the sorbent. 

 

(a) (b) 

(c) 
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                  Table 3.6 Parameters for diffusion model of the dyes 

 

 

 

 

 

Since cationic dyes are conventionally basic dyes, consequently after adsorption 

of the respective dyes, the adsorbent will be able to emancipate the adsorbed dye on 

treatment with an acidic solution. Ensuring the drying of the sorbent, it can be again re-

used for further adsorption of dyes demonstrating its reusable properties. 

3.3.3.5 Mechanism of adsorption 

The mechanism for dye adsorption, observed in the experiment is greatly carried 

out through the chemisorption process as the deposition of monolayer surface can be 

observed. As observed from Figure 3.18, along with the chemical interactions, there 

prevails hydrogen bonding between Nitrogen and Hydrogen, Oxygen and Hydrogen, 

between the aromatic ring of the dye and methyl groups present in the adsorbent which 

further helps in the swelling/adsorption process.  

The most important antecedent for the occurrence of adsorption is the 

electrostatic interaction between the negatively charged groups of the sorbent with the 

cationic dye molecule. The mechanism has been discussed in detail for further analysis- 

The adsorption process of the sorbent includes three stages for the dyes. 

(i) At first, the movement of dyes in the aqueous phase occurs toward the sorbent 

surface. 

(ii) Secondly, the diffusion of dyes from the outer surface through the pores to the 

inner surface  

(iii) Thirdly, the adsorption of dye ensues at the active sites of the sorbent via 

electrostatic interaction until the attainment of the equilibrium position. 

 

INTRA-

PARTICLE 

DIFFUSION 

PARAMETERS 

kid C 

CV 0.157 10.05 

EV 1.067 8.84 

MV 0.119 6.47 
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Figure 3.18 Schematic representation for the mechanism of adsorption of dyes CV, EV, MV by 

the organogel 

 3.3.3.6 Reusability of organogel 

 For reasonable claims to be used for industrial purposes, the recyclability and 

stability of the adsorbent are observed as a substantial factor. Here, a dye solution of 

20ppm was prepared and 0.5gm of the sorbent was added to 100 mL of the prepared dye 

solution of Ethyl Violet. After the adsorption of the dye, the clear solution was analyzed 

using UV-Vis spectroscopy. The clear solution obtained was decanted while the same 

sorbent was again used in another 100mL of the dye solution. The cycle was repeated 

with the same adsorbent about 10 times. From the results obtained in Figure 3.20, it can 

be observed that the same sorbent was able to clear dye solutions besides the removal 

percentage was almost the same for around 4 cycles after which a slight decrease was 

detected which was obvious since the sorbent was used repeatedly for 10 cycles without 

desorption. However, after the 4th cycle, the duration of adsorption slightly increased 

between 2-5 hours due to the presence of pre-existed dye molecules. From the attained 
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results, it can be proven that the solvent can act as a prudent and effectual material for 

the removal of accumulated cationic dyes and is exceedingly beneficial for its use in 

industrial sectors. 

 

          
Figure 3.19 (a) UV-Vis spectra and (b) bar plot for the recyclability study of the Ethyl Violet 

dye 

 
Table 3.7 A comparative study of the dyes using different gel-based adsorbents 

Gel adsorbents Dye 

used 

Contact 

time 

Removal 

% 

Reference 

Glutamic acid-derived organogel CV 24hr 99 [50] 

Low Molecular Weight amphiphilic dipeptides CV 24hr 97% [51] 

Acrylic acid-hydroxyethyl acrylate polymer 

Sodium acrylate-hydroxyethyl methacrylate polymer 

Acrylic acid-hydroxyethyl methacrylate-Na alginate 

Sodium acrylate-hydroxyethyl methacrylate-Na 

alginate 

MV 

 

30hr 

 

67 

80 

 

90 

 

95 

[52] 

Terpyridine-based smart hybrid gel CV 30hr 94.2 [53] 

Catechol-based metal-organic gels MV 3hr 93.99 [54] 

Bidirectionally zwitterionic polymer hydrogel MV 24hr 10 [55] 

Pectin-based ZnO-g-copolymer hybrid 

nanocomposite 

CV 2hr 95.7 [38] 

Low molecular weight gelator grafted polymeric 

organogel 

EV 

CV 

MV 

1hr 

2.5hr 

5hr 

99.35 

95.06 

92.71 

This 

work 

 

(a) (b) 
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3.4 CONCLUSION 

The current study focuses on the synthesis of an organogel with excellent 

absorption and adsorption properties. The incorporation of AMPS into the gel structure 

created active sites, which not only facilitated cross-linking but also resulted in the 

formation of pores, thereby enhancing the adsorption capacity. The gel exhibited an 

impressive solvent absorption capacity, reaching nearly 10 times its initial weight, and 

demonstrated efficient solvent reusability for up to 10 cycles. In terms of adsorption, the 

gel selectively adsorbed cationic dyes from polluted water sources, achieving maximum 

adsorption capacities of 12.38 mg/g, 11.67 mg/g, and 9.68 mg/g for ethyl violet dye, 

crystal violet, and methyl violet dyes, respectively. Moreover, the gel displayed 

remarkable removal efficiencies of 99.35%, 95.06%, and 92.71% for ethyl violet dye, 

crystal violet, and methyl violet dyes, respectively, within different time intervals of 60 

minutes, 150 minutes, and 300 minutes.  

The sorption process followed the kinetic behavior described by the pseudo-

second-order model, while the Langmuir adsorption isotherm was applicable, indicating 

the formation of a monolayer of adsorbate particles through chemisorption. Additionally, 

the sorption process was influenced by time-dependent intra-particle diffusion, which 

was identified as one of the rate-determining steps. The primary mechanism of 

adsorption involved electrostatic interactions between the adsorbent and adsorbate 

molecules, as well as dipole-induced dipole interactions. The sorbent exhibited effective 

removal of 97.29% of Ethyl Violet and 48.64% of Methyl Orange from a mixed dye 

solution. Furthermore, the sorbent displayed the potential for repeated use without 

undergoing a desorption procedure, allowing for its application in solvent removal and 

the effective removal of harmful dyes from contaminated water sources. 
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Polymeric organogel as an effecƟve approach for removal of 
heavy metal ions from water through adsorpƟon stratagem 

          

 
This chapter describes the eradication of heavy metal ions present in polluted sources through surface 

assimilation.  
 

 

 

 

This part of the thesis is published in 

Baruah, K., Dutta, R., Doley, S., Sarma, B., and Dolui, S.K. Polymeric organogel as an effective approach for 

eradication of heavy metal ions As, Pb, Cd, and Cr from the surface of groundwater through adsorption stratagem. 

Journal of Applied Polymer Science, 141 (2), 2024



. Chapter 3(B) 

93 

3.6 INTRODUCTION 

  Water is a crucial resource for all life forms on Earth, with its primary sources 

being surface water and underground water. Surface water, which includes sea, river, and 

rainwater, mainly contains sulphates and bicarbonates. On the other hand, underground 

water sources such as spring and well water mostly contain salts in their dissolved state. 

The increase in industrialization has led to serious environmental concerns regarding the 

discharge of water containing heavy metal ions by heavy industries [1–3]. This water is 

unsuitable for drinking or agricultural purposes. When these metal ions come into 

contact with the water surface, they are converted into sulphates and carbonates and 

eventually get adsorbed by organic sediments [4]. 

The discharge of metal ions can occur through direct pollution, such as soil 

contamination, or indirect pollution through water or air. The major sources of metal ion 

release include natural occurrences like volcanic eruptions and aerosols, agricultural 

activities involving the use of fertilizers, pesticides, and sewage sludges, industrial 

processes such as mining, refineries, and ores, as well as domestic activities like e-waste 

disposal and biomass burning. Medical disposables also contribute to the release of metal 

ions. Heavy metals commonly found in water include Arsenic, Cadmium, Lead, 

Chromium, Tin, and Mercury. Arsenic, particularly in the form of arsenite As(III), is 

highly toxic as it inhibits enzymatic action in the body [5]. Metallic lead readily oxidizes 

when in contact with water and transforms into trialkyl lead upon absorption by the body, 

leading to chronic immune diseases, metabolic disorders, and severe organ damage [6]. 

Lead can also replace zinc and calcium in the body, causing harmful consequences. 

Chromium [7] and cadmium [8] exposure can result in cardiovascular and hematological 

effects, as well as immunological disorders. Mercury and tin compounds undergo active 

methylation processes, further complicating the deteriorating biological systems of living 

organisms. 

Attempts have been made using conventional methods such as membrane 

filtration [9], ion exchange method [10], Fenton reagent method [11], coagulation [12], 

and chemical precipitation [13] for metal ion removal; yet, there seem to be certain 

disadvantages in the existing methods due to which adsorption method [14–17] has 

proved to be one of the most effective yet productive techniques with easy preparation 

procedure for removal of heavy metal ions from aquatic sources while providing sites for 

binding metallic ions.  
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Studies on the removal of heavy metal have been carried out using membrane 

[18], hydrogel [19–21], through green synthesis [22], aerogel [23], metal-organic 

frameworks (MOF) [24], double network gels [25,26], coagulation [27], fixed bed 

process [28], carbon-based material [8]. Jing Chen and group reported an adsorbent 

based on hydrogel capable of adsorbing Pb2+ ions through polymerization using acrylic 

acid and 2-hydroxyethylmethacrylate [19]. Lau Kia Kian et.al. through vapour-induced 

phase inversion method prepared membrane composed of poly(butylene succinate) and 

poly(butylene adipate-co-terepthalate) with nanocrystalline cellulose for removal of 

Cr(III) and Mn(II) ions[18]. M’hamed and co prepared a pyrimidine derived adsorbent 

using planetary ball mill method for adsorption of Cu(II) ions from aqueous system [22]. 

Removal of uranium was carried out using different metal oxide aerogels developed by 

Jun Liao and group using chitosan and some rare earth elements [23]. Lin Chu et.al. 

reported a double network gel composed of polyvinyl alcohol and polyacrylic acid for 

removal of Pb(II) and Cd(II) from wastewater resources [25]. Kobielska and group 

reported metal-organic frameworks as effective material for removal of metallic 

pollutants from water surfaces [24]. Lerthai.C. studied the removal of certain transition 

metals using coagulation and precipitation procedure [27]. W.Kong and co reported a 

graft polymerization between carbon based material graphene oxide and polyacrylic acid 

for effective adsorption of Cd(II) from wastewater also utilized as photocatalyst [8]. 

Zhou and group prepared a porous double network jute-polyacrylic acid based gel for 

removing industrial effluents using fixed bed process [28]. Godiya et.al. reported a bio-

based bilateral hydrogel with affinity for Cu(II), Pb(II), and Cd(II) ions for treatment of 

wastewater using CMC and polyacrylamide [21]. The use of δ-radiation has been carried 

out for removal of metal ions Cr(III) and Pb(II) by Hong group[20]. J.Ma and co utilized 

a humic substance based hydrogel by radical polymerization for removal of Pb, Cu, Cd 

ions in individual as well as multicomponent system for treatment of metal polluted 

water system [26].   

The utilization of polymer materials in the form of organogels for the removal or 

adsorption of metal ions from metal-contaminated surfaces has been sparsely 

documented in the literature. The significance of this research lies in the application of 

gelators. Our efforts aim to contribute to the promotion of a sustainable environment 

through the adsorption of heavy metals in groundwater, achieved by the interaction 

between the active sites of the organogel and the metal ions. The choice of a gel as an 
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adsorbent is based on its recyclability, quick synthesis, biodegradability, and non-toxic 

nature, which make it a promising candidate for the removal of metallic pollutants from 

water. Previous studies have already demonstrated the effectiveness of the organogel as 

an adsorbent by successfully removing cationic dyes and solvents [29]. In this study, the 

focus is solely on the removal of heavy metals from aqueous solutions, without 

generating any secondary pollutants. This demonstrates the efficacy of the adsorbent in 

creating a cleaner and sustainable environment by establishing a strong interactive force 

between the active sites of the adsorbent and the metal ions. The presence of functional 

sites is of paramount importance, as they provide the necessary binding sites for the 

removal of the target species. 

The prepared sorbent possesses sulfonic acid groups at its active sites, which, 

upon neutralization, form sulfonate groups responsible for the successful binding and 

adsorption of toxic heavy metal ions found in groundwater, such as Arsenite, Lead, 

Cadmium, and Chromium. The presence of these metal ions was confirmed through 

SEM images of the adsorbent, along with the identification of the respective metals using 

SEM-EDX analysis. Additionally, stearic acid enhances the hydrophobic characteristics 

of the sorbent, enabling its application in aqueous solutions with high adsorption 

capacity, facilitated by a cross-linking group. To accurately depict the adsorption 

mechanism of the sorbent, the order of kinetics, adsorption isotherms, and the diffusion 

model of mass transfer were investigated. 

3.7 EXPERIMENTAL SECTION: 

3.7.1 Materials: 

 Materials used for organogel preparation were similar to those mentioned in 

Section 3.2.1. Copper oxide and Chromium nitrate nonahydrate were purchased from 

Sigma-Aldrich. Dimethyl sulfoxide (DMSO), Cadmium chloride, Cobalt chloride, and 

Nickel sulphate were procured from Merck while SDS chemicals provided Lead oxide 

respectively. The reagents and chemicals used were all of the analytical grades and used 

as received.   

3.7.2 Preparation of the organogel: 

 Preparation of the organogel was similar as mentioned in Section 3.2.2 
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3.7.3 Characterization: 

Characterization of the formed organogel has been discussed in Section 3.2.3 The 

determination of metal adsorbed by the sorbent was investigated using an iCE 3500 

Thermoscientific Atomic Absorption Spectrophotometer. To detect the presence of 

elements after adsorption by the gel, XPS analysis was performed. 

The organogel was used for the removal of groundwater heavy metal pollutants. 

For this purpose, Arsenic trioxide, Lead oxide, Cadmium chloride monohydrate, and 

Chromium nitrate nonahydrate have been prepared in a water solution separately for 

each of the metals. The percentage of removal efficiency Re (%) for the adsorbed metal 

ions was determined by the equation 

                                 Re (%)= 𝟏 − 𝑪𝒇 𝑪𝒊⁄  × 𝟏𝟎𝟎                                              (i) 

where Ci is the initial and Cf is the final concentration respectively 

The capacity of adsorption (Qe) of the metal ions from metal-contaminated water 

surface was calculated using 

                                 Qe(mg/g) =  𝑪𝒊 −  𝑪𝒇 ×   𝑽 𝑾⁄                                           (ii) 

W(g) is the weight of the used adsorbent and V(L) is the amount of solution used 

The kinetic study for the removal of each of the heavy metals was carried out to 

determine the adsorption rate every 60 minutes for 5 hours. Accordingly, isothermal 

studies with a mass transfer diffusion model were also carried out to accurately 

determine the adsorption mechanism.                                    

3.8 RESULTS & DISCUSSION 

3.8.1 Morphological and EDX analysis 

The bare surface of the organogel prepared has active sites that possess the ability 

to adsorb metal ions effectively from contaminated water sources. The adsorption 

process results in the deposition of metal ions over the entire surface of the adsorbent. 

SEM images (Figure 3.20) obtained after the adsorption procedure are indicative of the 

highly efficient adsorption capacity of the organogel. Moreover, EDX data (Figure 3.21) 

further validate the successful adsorption of metal ions onto the sorbent. This indicates 

that the prepared organogel can be utilized as an effective sorbent for the removal of 

metal ions from contaminated water sources.  
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Figure 3.20 Morphological images of the bare organogel surface (a-b), surface after adsorption 

by metal ions Arsenic(c), Lead(d), Cadmium (e) and Chromium (f) from aqueous surfaces 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.21 SEM-EDX analysis of the adsorbed metal ions onto the organogel 

 

3.8.2 FT-IR analysis 
 

 FT-IR spectra (Figure 3.22) denote the attachment/presence of arsenic with the 

increase in shifting of peaks around 797.89cm⁻1 [39,40], of lead around 682.4cm⁻1 [41], 

cadmium around 531.94cm⁻1 [42], 944.60cm⁻1 [43] and chromium around 642.87cm⁻1 

[44] thus providing evidence to our work. 

 

      

(a) (b) 
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Figure 3.22 FT-IR spectra after adsorption of metal ions (a)Arsenic, (b)Lead, (c)Cadmium, and 

(d)Chromium from aqueous surface 

 

From the data attained through SEM, SEM-EDX, and FT-IR after the adsorption 

of ionic species, it can be apprehended that the active sites of the gel got incorporated 

with the adsorbed species and the presence of the same can be perceived from EDX 

spectra.  

 

3.8.3 Adsorption of metal ions 
 

The metal adsorption capacity of the organogel increases rapidly with the 

increase in the time of adsorption by the sorbent. The adsorbent can reduce the 

concentration of certain heavy metals ranging from 954 ppm to 194ppm for As3+ ion, 

27.8 ppm to 8.2ppm for Pb2+, 7.85 ppm to 3.08ppm for Cd2+, 190.66ppm to 55.82ppm 

for Cr3+ with a removal efficiency of 79.68%, 70.50%, 60.76%, and 70.72% (Table 3.8 

and Figure 3.24). This efficiency rate for the removal of ionic species can be speculated 

due to the presence of negatively charged sulfonic groups acting as an active site for the 

adsorption of ionic species interconnecting electrostatically. The adsorption capacity 

(Qe) and percent removal were determined using equations (i) and (ii). The adsorption 

capacity was seen to be highest in Arsenic with 570.42mg/g, about 101.13mg/g in 

Chromium, 14.7mg/g for Lead, and 3.5mg/g in Cadmium. A competent list of adsorbents 

with their highest adsorption capacity the for removal of arsenic has been prepared in 

Table 3.11. 

It was observed that within the first hour of evaluation, the sorbent was able to 

adsorb around 72.97% of As(III), 48.56% of Pb(II), 55.54% of Cd(II), and 57.59% of 

Cr(III) (Figure 3.23) from the aqueous solution which is due to the probable active 

(c) (d) 
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available sites in the sorbent capable of adsorbing metals ions due to the presence of 

strong electrostatic attraction.  

   

     

Figure 3.23 AAS data obtained after adsorption of (a)Arsenic, (b)Lead, (c)Cadmium, and 

(d)Chromium ions with usage of organogel 

 
  Table 3.8 Adsorption percentage with values of initial and final concentration of metal ions 

Sl 

No. 

Metals 

used 

Weight of 

adsorbent 

(g) 

Initial 

concentration 

(ppm) 

Final 

Concentration 

(ppm) 

Amount 

adsorbed 

(mg/g) 

Adsorption 

Percentage 

(%) 

1. As 0.3 954 194 570.42 79.68 

2. Pb 0.3 27.8 8.2 14.7 70.50 

3. Cd 0.3 7.85 3.08 3.5 60.76 

4. Cr 0.3 190.66 55.82 101.13 70.72 

 

(d) 

(a) (b) 

(c) 
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Figure 3.24 Removal percentage (Re%) of the metal ions by the organogel 

 

The absorbing capacity was seen to be the highest for extremely toxic Arsenite 

(570.42 mg/g) with the highest concentration of around 1000ppm making it the most 

suitable metal for the fastest removal from groundwater. The observed phenomenon can 

be attributed to the inherent chemical properties of arsenic as a hard acid. Its strong 

interaction with the hard base present in the active sites of the gel facilitates the 

formation of acid-base entities. This strong thermodynamic affinity enables the 

establishment of potent acid-base complexes, while the kinetic aspect allows arsenic to 

react more quickly with the hard base. The removal percentage of the metal ions would 

broadly imply the further removal of heavy metallic pollutants as contaminants from 

water resources. The aspect of the current work can also be applied to the removal of 

transition metal pollutants from wastewater sources. 

 

3.8.4 XPS analysis 

The removal efficiency of arsenic was found to be higher compared to cadmium, 

chromium, and lead. XPS analysis helped to validate the adsorption of arsenic by the 

organogel and confirm the chemical compositions on the surface of the gel. High-

resolution XPS spectra of arsenic-adsorbed gel can be observed in Figure 3.25a. In 

addition to the previously present elements in gel i.e., carbon, nitrogen, oxygen, and 

sulphur, the adsorbed metal arsenic was also found to be present. Resolutions of C1s, 

O1s, N1s, S2p with As3d were also analyzed as observed in Figure 3.25 (b,c,d,e,f). 
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Figure 3.25 (a)XPS spectra of the metal adsorbed organogel, Curve fitting of (b)C1s, (c)O1s, 

(d)S2p, (e)N1s, (f)As3d spectra 

 

 Deconvolution of the C1s peak into three peaks with binding energies 284.66 eV, 

285.61 eV, and 288.21 eV contributes to the C‒C, C‒O‒C, and O‒C=O respectively 

[19]. The spectra for O1s observed at 530.37 eV and 539.13 eV correspond to the C‒O, 

(f) (e) 

(d) (c) 

(b) (a) 
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C=O and HO‒C [19]. The S2p spectra were further deconvoluted to five peaks with 162 

eV, 164.6 eV, 167.4 eV, 171.1 eV, and 172.4 eV as the binding energies. 167.4 eV was 

due to the SO3
‒ sulphite group and 162 eV to the S‒O‒As interaction [30]. The 

overlapping of spin-orbit doublets can be seen in S2p due to which the Sp3/2 and Sp1/2 

peaks [31] resulted in a 2:1 ratio. While binding energies at 394.62 eV, 398.15 eV, and 

400.86 eV of N1s attributes to C‒NH, C‒N‒C, N‒(C=O) [32]. The binding energy of 

arsenic being observed at 43.50 eV experienced a slight shifting from its original binding 

energy of 44.7 eV [33]. This confirms the interaction of the metal with the organogel on 

its active surface. Similar conclusions can thus be drawn for the other heavy metals.  

 

3.8.5 Study of pH 
 

A change in the pH of a solution affects the efficiency of metal adsorption. An 

aqueous solution of the metal (As, Pb, Cd) with pH value (4,7,9) was prepared while 

calibrating with 0.1M HCl and 0.1M NaOH. The removal efficiency of the gel increased 

with an increase in pH from 4 to 7 while rapidly decreasing with a further increase of pH 

from 7 to 9. The removal percentage for As, Pb, and Cd was found to be the highest with 

76.29%, 71.28%, and 59.86% at pH 7. As the pH increases beyond 7, there occurs the 

formation of metal hydroxide reducing interaction between sulfonic groups, hence the 

adsorption decreases. At pH 4, protonation occurs while slightly lowers adsorption than 

the neutral pH. Thus, at pH7 being a deprotonated state, removal was seen to be highest. 

The effect of pH on the removal of metals is shown in Figure 3.26a. 

 

     
Figure 3.26 (a) Effect of pH on removal of metal ions, (b) Recyclability study of the As(III) 

metal by the sorbent 

  

(a) (b) 
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The recyclability study by the adsorbent/organogel has been performed with 

Arsenic ion (Figure 3.26b). The sorbent was used to observe the recycle factor by using 

it for 5times. It can be perceived that the sorbent was able to remove 79.68, 68.28, 57.52, 

31.05, and 24.03 percent of the arsenic metal in its respective 5 cycles. However, it can 

be used effectively only for three repetitive cycles with removal up to 57% in 3rd cycle 

as significant decrease was observed in 4th and 5th cycle with 31% and 24%. 

3.8.6 Kinetics of adsorption 

The time-dependent adsorption efficacies between sorbent and metal ions were 

studied using first and second-order kinetic models from equations (iii) and (v) from 

section 2.2.5 of Chapter 2. 

𝒍𝒏(𝒒𝒆 − 𝒒𝒕)    =   𝒍𝒏𝒒𝒆 − 𝒌𝟏𝒕 

and                                 𝒕 𝒒𝒕  
⁄ =  𝒕

𝒒𝒆 
⁄ + 𝟏

𝒌𝟐
⁄ 𝒒𝒆

𝟐             

        

         

(a) (b) 

(c) (d) 
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Figure 3.27 The plot of ln(qe-qt) vs time for (a,c,e,g) and plot of t/qt vs time (b,d,f,h) graph for 

adsorbed metal Arsenic, Lead, Cadmium, Chromium 

From the above obtained fitted curves in Figure 3.27 for pseudo first and second order 

kinetic models, it has been observed that the curves provide a higher correlation with that of 

second order kinetics model due to the value of regression coefficient, R2 closer to 1(0.98-0.99) 

indicating the adsorption of ionic species by the active sites of the sorbent. Values of k1 and k2 

with respective correlation coefficients can be acquired from Table 3.10. 

3.8.7 Adsorption Isotherm 

Isothermal adsorption was studied to determine the behaviour of sorbent for 

metal removal using Langmuir, Freundlich, and Temkin isotherms from equations (iv), 

(v), and (vi) from Section 3.3.3.3 respectively.  

                              
𝑪𝒆

𝒒𝒆
⁄  =   

𝑪𝒆
𝒒𝒎𝒂𝒙

⁄  + 𝟏
𝑲𝑳

⁄  ×   𝒒𝒎𝒂𝒙                                                                              

                                𝒍𝒏𝒒𝒆  =   𝒍𝒏𝑲𝑭  +  (𝟏
𝒏⁄ ) 𝒍𝒏𝑪𝒆                                                                                     

                                    𝒒𝒆  = 𝑩𝒍𝒏𝑲𝑻  + 𝑩𝒍𝒏𝑪𝒆                

The parametric values for different isotherms can be obtained from Table 3.9.       

 

(g) (h) 

(f) (e) 
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(c) 

(f) (e) (d) 

(g) (h) (i) 

(j) (k) (l) 

(a) (b) 
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Figure 3.28 Adsorption isotherm of plot Ce/qe vs Ce (a,d,g,j), lnqe vs lnCe (b,e,h,k), qe vs ln Ce 

(c,f, i,l) for adsorbed metal ions Arsenic (III), Lead (II), Cadmium (II), Chromium (III) 

 

Table 3.9   Isothermic parameters for metal removal obtained from plotted curves 

 

ISOTHERMS 

 

PARAMETERS 

As 

(III) 

Pb 

     (II) 

Cd 

    (II) 

Cr 

    (III) 

 

 

LANGMUIR 

KL (L/mg) 0.001 0.036 0.286 2.352 

R2 1 1 0.999 1 

RL 0.511 0.49 0.30 0.002 

 

FREUNDLICH 

1/n 0.26 1.62 1.46 1.93 

KF(mg(1-1/n)/L1/n.g-1) 0.987 1.116 1.379 2.671 

R2 0.994 0.93 0.995 0.991 

 

 

TEMKIN 

A(L.g-1) 4.74E41 1.12E42 1.81E42 4.84E26 

B 5.53 0.129 0.034 1.429 

bT(kJ mol-1) 0.448 19.205 72.869 1.733 

R2 0.40 0.41 0.36 0.35 

 

A close-fitting was observed from all three isothermal models (Figure 3.28). 

Higher correlation can be attained from the above-fitted curves for Langmuir isotherm 

[35,36] with a regression value of 1 representing that adsorption of metal ions proceeds 

through monolayer deposition over the external sorbent surface along with the strong 

electrostatic force of attraction observed metal ions and active positions of the sorbent. A 

lower 1/n value from the Freundlich isotherm also signifies that monolayer deposition 

occurred through a chemical process. Higher value of 1/n represents that the interaction 

between adsorbate and adsorbent is conveniently low contradicting the theory of 

multilayer deposition [37]. Since 0 < 1/n < 1, the results of arsenic compiled both types 

of adsorption chemisorption along physisorption. According to the regression values of 

both isotherms, Langmuir isotherm observed an R2 value of 1 in contrast to 0.994 of 

Freundlich isotherm. Hence arsenic observed Langmuir monolayer adsorption followed 

by multilayer deposition. This may be one of the prime reasons for the increase in 

removal percentage among all the heavy metals used. Contracting to the finding of 

isotherm for arsenic, the 1/n value for the rest of the heavy metals lies beyond 1, which 

does not fall into the criterion of multilayer deposition, thus following Langmuir’s 

adsorption isotherm of monolayer deposition. The RL values 0.51, 0.49, 0.30, 0.002 of 

metals arsenic, lead, cadmium and chromium lie in between and 1 where 0 < RL < 1 is 
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considered favorable, RL=1 is linear while RL > 1 is unfavorable and RL= 0 is 

irreversible. This indicates the favorability of metal adsorption by the gels [38]. 

3.8.8 Model of mass transfer 

The fitted curve of qt against t1/2 from the Weber-Morris model (equation vii of 

section 3.3.3.4) of diffusion (intra-particle) for adsorption of As(3+), Pb(2+). Cd(2+), and 

Cr(3+) denote a multi-stage adsorption process obtained from Figure 3.29.                                                                                         

                                          𝒒𝒕  =  𝒌𝒊𝒅𝒕𝟏/𝟐  + 𝒄  

                

                    
 

Figure 3.29 Intra-particle diffusion plot of qt vs t1/2 after metal adsorption 
 

For all the metal ionic species, the curve demonstrated multi-stage adsorption 

processes. The values for diffusion parameters can be attained from Table 3.10. Since the 

curve of qt vs t1/2 plot (Figure 3.29) does not pass through the center of origin, it signifies 

that the adsorption is controlled by more than one kinetic step.  The first step includes the 

infusion of the metal ions from the solution to the surface of the sorbent. The second step 

involves the interaction of the metal ions with active sites of the surface followed by the 

third step where adsorption continues until all the active sites have been covered 

(d) (c) 

(b) (a) 
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attaining equilibrium position. C (intercept) representing the boundary layer thickness 

(mg/g) indicates the influence of surface adsorption in rate limiting step. An increase in 

the intercept value indicates increase in adsorption on the surface [45]. Among the four 

metals Arsenic (III) was found to adsorb around 517.75mg/g, Lead (II) about 10.85mg/g, 

Cadmium (II) by 3.31mg/g and Chromium (III) with 80.57mg/g. Adsorption amount 

obtained from the diffusion model correlates with the adsorption capacity (qe) value from 

Table 3.8 thus confirming the adsorption value. 

Table 3.10  Kinetics parameters for removal of metal ions 

 

SAMPLE 

pseudo-first-order 

model 

pseudo-second-order 

model 

Intra-particle diffusion 

 model 

k1(min-1) R2 k2(gg-1min-1) R2 kid C R2 

As (III) 4.913 × 10-4 0.59 0.122 × 10-4 0.99 0.229 × 10-2 517.75 0.96 

Pb(II) 0.116 × 10-4 0.87 0.118 × 10-4 0.98 0.116 × 10-6 10.85 0.79 

Cd(II) 0.022 × 10-4 0.73 0.113 × 10-4 0.99 0.421 × 10-9 3.31 0.76 

Cr(III) 0.923 × 10-4 0.75 0.117 × 10-4 0.98 0.276 × 10-4 80.57 0.88 

 

3.8.9 Mechanism of adsorption 

The mechanism of metal adsorption can be explicated owing to the presence of 

sulfonate anion SO3
‒ of acrylamidomethylpropane sulfonic acid which binds with the 

metal ion present by bridging linkages [46,47] as bidentate and tetradentate ligand for 

M2+ and M3+ ions respectively eventually alleviating the capture of heavy metal ions 

from groundwater (Figure 3.30). Similar concomitance can be drawn from the 

mechanism while carrying out the adsorption process on three transition metals as well 

viz. Nickel, Copper, and Cobalt ions with adsorption capacity values of 2.30mg/g, 

1.46mg/g, and 1.26mg/g correspondingly. The presence of the same can be detected 

using electron microscopic images (Figure 3.31) along with substantiation by EDX 

analysis, thus proving the adsorbent to be economical and effective for the removal of 

heavy metals alongside transition metals for sustainability purposes. 
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Figure 3.30 Mechanistic representation of the bridging linkage to capture metal ions 
 

 

    

    

(a) 

(b) 
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Figure 3.31 Morphological images and SEM-EDX analysis of metal ions after adsorption 

(a)Nickel, (b)Cobalt, (c)Copper from surface water 

 

Table 3.11 Comparable chart of the organogel for Arsenic removal with other sorbents 

ADSORBENT ARSENIC 

SPECIES 

ADSORPTION 

CAPACITY 

(mg/g) 

REFERENCE 

Magnetic Wheat Straw (III) 30.24 [48] 

Stable maghemite (γ ‑Fe2O3) loaded 

pumice 

(III) 30.36 [49] 

Goethite modified biochar (III) 65.3 [50] 

Granular ferric hydroxide (III) 66 [51] 

α‑FeOOH modified biochar (single 

adsorption) 

(III) 78.3 [52] 

Coprecipitated bimetal oxide magnetic 

Nanomaterials:  (i)    MnFe2O4 

(III) 94 [53] 

                          (ii)   CoFe2O4 (III) 100  

Biogenic Schwertmannite (III) 113.9 [54] 

Hydrous cerium oxide nanoparticles (III) 170 [55] 

Synthetic Iron Oxides: (i) Akaganeite (III) 148.7 [56] 

      (ii) Modified Akaganeite (III) 200  

Polymeric Organogel (III)          570.42 This Work 

Immobilized plant biomass-Garcinia 

cambogia 

(III) 704.11 [57] 

 

3.9 CONCLUSION 

This study focuses exclusively on the removal of metallic waste deposited in 

water resources, which poses a threat to human health and aquatic organisms. A 

(c) 
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polymeric sorbent has been developed using a cost-effective and simple method to 

effectively eliminate heavy metal ions, such as arsenic, lead, cadmium, and chromium, 

commonly found in groundwater. The sorbent demonstrated a successful removal rate of 

approximately 79.68% for arsenic, 70.50% for lead, 60.76% for cadmium, and 70.72% 

for chromium from wastewater, presenting a promising approach for heavy metal 

removal through sorption. Additionally, experiments conducted with transition metal ions 

(nickel, cobalt, and copper) yielded similar results to those obtained with heavy metals. 

The sorbent adheres to the kinetic mechanism of the pseudo-second-order model 

and follows the Langmuir adsorption isotherm, which involves the deposition of a 

monolayer of particles through the chemisorption process. The time-dependent intra-

particle diffusion model revealed that the rate-determining step and second-order rate 

kinetics are involved in the process. The primary mechanism entails electrostatic 

interactions between the adsorbent and adsorbate molecules of varying sizes, making it a 

promising and sustainable sorbent for the removal of metallic pollutants from 

contaminated water sources. 
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