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3.1.Introduction 

The sustenance and continuation of life and livelihood require water as a basic necessity. The 

severe problem faced globally arises due to continuous release of contaminants out of 

anthropogenic activities pollute the basic quality of water1. The variation from recommended 

water quality index makes water unfit for use that degrades health of plants, animals and humans 

as well as hinder the economic development of the country. The spreading of pollutants has been 

accompanied by air or water leading to severe environmental as well as health issues all over the 

world. The effluents released by industries and other sources include both organic and inorganic 

contaminants. Focusing on organic pollutants; they are mostly human generated and widely used 

in industrial solvents, many fuel components and intermediates. Organic compounds are 

categorized according to their molecular structure and functional groups. The group of esters, 

ketones, amines, acids, ethers, alcohols, hydroxyl etc. can determine the properties of organic 

compounds. Several listed manufactured products like gasoline, adhesives, plastics, paints etc. 

contain several detrimental organic compounds2. Out of several harmful pollutants, the 

elimination of dyes and phenolic compounds require attention. Trance amounts of dye pollutants 

released from printing, dyeing, textile and chemical industries can also cause severe adverse 

impact on drinking water quality 3. The toxic and carcinogenic, mutagenic contaminants are 

harmful for living beings and environment4,5. On the other hand, the effluents of pharmaceutical 

industries, oil refineries and petrochemical plants6 contains nitrophenols that can cause risk of 

kidney and liver damage7. In order to eliminate these harmful pollutants from environment, 

several biological, physical and chemical methods were considered such as irradiation, 

adsorption, membrane process, ozonation, oxidation, ionic exchange, electrocoagulation and 

coagulation-flocculation8,9. Some of the above mentioned methods are effective but expensive 

chemicals, potential of bioaccumulation and costly technologies are some significant 

shortcoming10. One of the most considerable, convenient and cost-effective technique is 

adsorption utilized for treatment of effluent resolving the shortcomings of other methods11. Some 

of the reported adsorbents utilized for pollutant removal with better adsorption properties are 

MCM 12, graphene oxide3, activated carbon 13, dendrimers14, mesoporous SiO2
15, polymer-clay16,  

carbon nanotubes17, agricultural wastes18, alumina19, nano-adsorbent20, hydrogels21 and bio-

adsorbents22. Among all these adsorbents, hydrogels are composed of three-dimensional network 

of hydrophilic polymers exhibiting high adsorption capacities based on controllable swelling 
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property as well as high tendency to hold water with maintained structure23. However, the studies 

are generally focused on removal of single pollutant accumulating the utilization cost and 

limiting the industrial applications18. Additionally, they possess the disposal and recycling 

problems associated with already recycled adsorbents. The transformation of such materials into 

value added products may address the problems associated with regenerated adsorbents. There 

are only few reports available considering the valorization of adsorbed materials and their 

application in processes of commercial and industrial importance 24. For instance, the surface of 

metal ion adsorbed hydrogel could be reduced to form metal nanoparticles with in-situ approach. 

The metal nanoparticles entrapped hydrogel matrix forms composites termed as 

“metallopolymers” 25 that can be used as a significant catalytic system for organic transformation 

of molecules important in industries26,27.    

Considering the overview, the rationale of our study contains development of low cost 

polysaccharide based hydrogel for the treatment of effluent as well as valorization. The eco-

friendly, sustainable and economically viable approach was considered while selecting 

polysaccharide for hydrogel formation over synthetic polymers. Out of various naturally 

available polysaccharides, dextran was selected as these are the common waste generated from 

decayed sugarcane being delayed in processing and also during the sugar manufacturing process 

due to bacterial decomposition28, 29. The utilization of dextran hydrogel in drug delivery system 

has been reported because of high surface area as well as their capacity to hold guest molecules 

such as drugs and non-dissociative hydrogel framework30,31. Some reports also suggest the 

conjugation of dextran based adsorbents with graphene oxides32 and carbon nanotubes33 like 

expensive substrates.  

Herein we report a single step facile novel approach for surface modification of dextran with 

crosslinker hexamethylene diisocyanate resulting in excellent adsorbent system for elimination 

of anionic and cationic dyes Methyl Orange (MO) and Methylene Blue (MB), respectively. The 

synthesized hydrogel has been characterized by several analytical techniques and their 

adsorption properties were investigated by various experimental parameters such as dosage 

variation, concentration variation, temperature and pH variation, regeneration cycle etc. Detail 

study of adsorption isotherm and kinetics of adsorption process utilizing hydrogel was also 

carried out. Since, hydrogel is polymeric in nature, with several hydroxyl groups, therefore; they 

can also act as effective capping agents for the elimination of heavy metals from contaminated 
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water. The sunlight- induces photocatalysis in aqueous phase provide motivation for exploring 

photocatalytic degradation of 4-Nitrophenol using catalyst (Ag entrapped metallopolymer i.e. 

Ag@Hydrogel) to reduce the toxic and hazardous nitroaromatics from water. This approach has 

significant potential of adsorbent waste management after remediation as well as its further 

valorization.         

3.2.Materials and Methods 

3.2.1. Materials 

Dextran (mol. Wt. 6000), hexamethylene diisocyanate (HMDI), dibutyltin dilaurate (DBTDL) 

and acetone were purchased from Sigma Aldrich, India. Methylene blue (MB) and Methyl 

orange (MO) were obtained from Fisher Scientific, Navi Mumbai, and Laboratory Sulab 

Reagent, Baroda, India. N, N-Dimethylformamide (DMF) was purchased from Qualigens, 

Mumbai, India. HCl, NaOH and NaCl were procured from SRL, India. Other reagents were of 

analytical grade, purchased from commercial sources. All the chemical and reagents were used 

as received without further purification. The solutions of dyes were prepared using de-ionized 

water. 

3.2.2. Synthesis of Hydrogel (DEX-HMDI) 

For the synthesis of the hydrogel, dextran (0.5 g) was dissolved in 10 mL of DMF in round 

bottom flask and kept for stirring in inert atmosphere under nitrogen. HMDI (0.125 mL) was 

dissolved in 5 mL of DMF; the resultant solution was added to the solution of dextran slowly 

dropwise under stirring. The resultant clear solution obtained was heated in an oil bath at 

controlled temperature of 70°C in presence of DBDTL (50 μL) as catalyst represented in Figure 

3.1. The product (crosslinked polymer) precipitates out from the reaction mixture after 30 min of 

reaction progression. The product obtained was thoroughly washed with deionized water 

followed by washing with acetone. The product was dried in a vacuum oven at 40 °C for 8 h and 

stored under a vacuum for further use in experiments.34 For 0.6 g of dextran, 1.2 g of hydrogel 

was obtained.  



 Chapter III 

 The Maharaja Sayajirao University of Baroda                                                                            62 

 

Figure 3.1: Schematic description of process for synthesis of dextran derived Hydrogel 

 

3.2.3. Characterization of DEX-HMDI 

The solid state NMR spectrum of the hydrogel (DEX-HMDI) was recorded on JEOL ECZR (600 

MHz) NMR spectrophotometer. Fourier Transform Infrared (FTIR) spectra of DEX-HMDI were 

recorded on Bruker Alpha IR spectrophotometer using KBr discs at room temperature. A JSM-

5610 LV model was used to record Energy Dispersive X-ray (EDX) analysis of the vacuum 

dried hydrogel. The structure of the hydrogel was investigated at room temperature using D2 

Phase 2 Bruker X-ray powder diffractometer. X-Rays of wavelength 0.1454 nm (Cu K-alpha) 

were produced using a tube, a dried and pressed powder of the material was used as sample and 

diffraction patterns were collected in 0.5 steps per second with 2θ ranging between 10o to 90°. A 

TG−DTA 6300 INCARP EXSTAR 6000 was used for Thermo Gravimetric Analysis (TGA) 

under maintained nitrogen atmosphere throughout the measurement at heating rate of 10 °C min-

1 in the temperature range of 30−500 °C. The UV-vis spectrophotometric measurements were 

done on an Agilent Technologies Cary 60 UV-vis spectrophotometer. The composition of the 

material was assessed by X-ray Photoelectron Spectroscopy (XPS) using PHI 5000 Versa Probe 

III spectrometer. 
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3.2.4. Measurements of Swelling Characteristics 

The swelling value of hydrogel in deionized water was investigated using gravimetric method at 

room temperature. The capacity of hydrogel to retain water, its swelling characteristic under 

different pH and salt concentrations were also monitored. Protocol for determining the swelling 

characteristics have been discussed below: 

3.2.4.1. Swelling Kinetics 

100 mg air dried uniformed sized hydrogel was weighed and immersed in de-ionized water. 

Swollen gels were withdrawn from water and excess of solvent on surface was wiped off using 

tissue paper and weighed at predetermined time intervals. Weight determination was carried out 

upto the attainment of constant weight. Equilibrium Water Absorbency (EWA) was calculated 

using the formula: 

𝑾𝑨 =
𝑾𝒕−𝑾𝟎

𝑾𝟎
-------- (1) 

Where, W0 (mg) and Wt (mg) are the weight of dry and swollen hydrogel samples. 

3.2.4.2. pH and Salt Sensitivity 

100 mg of dried hydrogel sample was immersed in buffer solution of different pH (2-12) at 

room temperature for assessment of pH dependent EWA. The pH values of buffer solutions 

were adjusted using 1 mol L-1 NaOH and 1 mol L-1 HCl. The equilibrium water absorbency was 

calculated using equation (1) at each pH value. Different concentration of KCl solution (0.2, 

0.6, 1.0 wt %) was used to determine water uptake ability of hydrogel in salt solution using the 

same method. 

3.2.4.3.Water Retention Capacity 

To study the water retention capacity of the hydrogel at equilibrium known amount of air dried 

hydrogel sample was kept in distilled water for one day. Swollen hydrogel was removed and 

weighed at regular time interval to investigate water retention capacity. The water retention 

ratio was calculated using the formula: 

𝑾𝑹(%) =  
(𝑾𝒕−𝑾𝟎)

(𝑾𝒆−𝑾𝟎)
× 𝟏𝟎𝟎 ---------- (2) 

where, W0 is the weight of initial dried hydrogel, We is the weight of swollen hydrogel at 

equilibrium and Wt is the weight of swollen hydrogel at time ‘t’. 
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3.2.5. Adsorption of Dyes 

Methylene Blue and Methyl Orange were selected as model cationic and anionic dyes 

respectively, and batch adsorption experiments were carried out to investigate the adsorption 

efficiency of hydrogel. The experiments were carried by varying different parameters like 

adsorbate concentration, hydrogel dosage, temperature and pH. The adsorption isotherm was 

also determined and kinetics for the phenomenon of adsorption was also determined.  

Briefly, immersion of known amount of dried hydrogel in distilled water to attain equilibrium 

swelling state. The swollen hydrogel was then added into 50 mL of aqueous dye solutions of 

predetermined concentrations (50, 100, 150, 200 and 250 mg L-1) under stirring at room 

temperature for 24 hours. To determine the optimum amount of hydrogel to be used for further 

experiments different quantities of hydrogel (25, 50, 100, 150, 200 mg) were added to 100 mg 

L-1 of MB and MO solution respectively. For pH variation study 100 mg L-1 of dye solutions 

with different pH values were prepared and 100 mg of hydrogel was added to determine the fate 

of adsorption. The pH adjustments were done using NaOH and HCl solutions. 

Using the optimized conditions kinetics experiment was performed at different time intervals. 

The effect of temperature on adsorption was also determined by performing the experiments at 

35 °C and 45°C. For quantification of adsorption, supernatants were collected by filtration after 

each set of adsorption experiment and measured using UV-Vis spectrophotometer (wavelength 

scan range: 200-800 nm) at λmax = 664 for MB and λmax = 460 for MO. The volume of 

supernatant removed is replenished by the same volume of fresh dye solution to maintain 

uniform concentration of dye throughout the experiments. Each experiment was conducted in 

triplicate and mean values have been reported. The adsorption capacity, removal percentage and 

adsorption at particular time‘t’ were calculated using the formula: 

𝒒𝒆 =
(𝑪𝟎−𝑪𝒆)

𝒎
× 𝑽 --------- (3) 

 

%𝑹𝒆 =
𝑪𝟎−𝑪𝒆

𝑪𝒆
× 𝟏𝟎𝟎 --------- (4) 

 

𝒒𝒕 =
𝑪𝟎−𝑪𝒕

𝒎
× 𝑽 --------- (5) 
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where, qe is the adsorption capacity (mg/g), %Re denote removal efficiency and qt represents the 

adsorption capacity at particular time ‘t’ (mg/g); C0 is the initial concentration(mg L-1), Ce is 

equilibrium concentrations (mgL-1) and Ct denotes concentration at time ‘t’(mg L-1) of dyes in 

aqueous solution; ‘V’ represent the volume of dyes solution (L); and ‘m’ denotes the weight of 

the hydrogel (g). 

3.2.6. Desorption Experiment and Reusability 

After completion of adsorption process, the dye loaded hydrogel was separated by filtration 

process and further washed using deionized water to remove un-adsorbed dye. In order to select 

the most appropriate solvent media for desorption the dye loaded hydrogel was immersed in 0.1 

mol/L of HCl, 0.1 mol/L of NaOH and 0.1 mol/L of NaOH solutions and various solvents like 

methanol, acetone and ethanol were also screened. Saturated hydrogel was added to 20 mL of 

desorption media taken in an erlenmeyer flask kept under stirring upto the complete regeneration 

of hydrogel for 8 hours. The Hydrogel was then separated and washed with deionized water 

followed by acetone to remove excess of desorption media and then dried for reuse. 

3.2.7. Preparation of Ag@Hydrogel 

Ag loaded hydrogel was prepared by adding 10 mL AgNO3 (0.5 M) to a solution of 20 mL 

alcohol containing 100 mg of swollen hydrogel in a stoppered Erlenmeyer flask. The resultant 

solution was sonicated for 10 minutes. 25% of hydrazine hydrate was used as reducing agent and 

added slowly dropwise at an interval of 5 minutes. The reaction kept under stirring in dark for 24 

hours to ensure complete reduction of silver ions. The product was separated by filtration and 

washed with water and acetone. The dried sample was stored under vacuum. 

 

3.2.8. Reduction of 4-NP Catalyzed by Ag@Hydrogel 

The catalytic reduction of 4-NP was carried out in a quartz cuvette in the presence of 

Ag@Hydrogel and NaBH4. To study the catalytic efficiency, 10 mg of catalyst was added to 4-

NP solution of varying concentrations (10 mM, 25 mM, 50 mM and 100 mM). Sodium 

Borohydride (5.53 mM) was used as a reducing agent. The stock solutions of 4-NP and NaBH4 

were added to a quartz cuvette one after the other. At this stage, the p-Nitrophenol was converted 

to p-nitrophenolate anion. Then catalyst and DI water were added to keep the volume of the 

mixture to 2.0 mL. Similar reactions were carried out in the presence of sunlight light to study 



 Chapter III 

 The Maharaja Sayajirao University of Baroda                                                                            66 

the photocatalytic effect. The reaction was monitored using UV-vis spectrophotometer at 

different time intervals. The Ag@Hydrogel was recycled in 1:1 mixture of water and acetone. 

The catalyst could be recycled 5 times after the reduction reaction. 

3.3. Results and Discussion 

3.3.1. Characterization Techniques 

3.3.1.1. Solid State NMR Spectra Analysis 

The NMR spectrum in Figure 3.2 shows expected peaks corresponding to both dextran molecule 

and urethane linkages. The carbon corresponding to dextran ring appears at δ = 94.30 and 68.68 

ppm. The peaks appearing at 26.71, 35.99 and 39.25 ppm symbolizes methylene carbon. 

Anomeric carbon linkages appear at 122.91 ppm. The peaks corresponding to urethane linkages 

appear at 155.87 ppm suggesting the formation of crosslinked hydrogel 35. 

 

 

Figure 3.2: Solid state 13C NMR of Hydrogel 
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3.3.1.2. FTIR Spectra Analysis 

The FTIR spectrum of dextran shows characteristic peaks corresponding to O-H stretching 

vibration at 3321 cm−1. The peaks corresponding α-1,6-glycosidic bond of dextran appear at 

1023 cm−1. Further, the presence of peak at 1015 cm-1 arises due to chain flexibility of dextran 

around α-1,6-glycosidic bonds 36. The bands at 835 cm−1and 762 cm−1represent presence of alpha 

anomeric carbon and pyran ring37. The spectrum of the hydrogel shows the presence of all the 

peaks corresponding to dextran and additional peaks for C=O and NH groups corresponding to 

urethane linkages are observed at 1567 and 2929 cm-1 respectively as shown in Figure 3.3. Thus, 

the structure of hydrogel was confirmed. 

 

 

Figure 3.3: FTIR spectra of Dextran and Hydrogel 

3.3.1.3. XRD Analysis 

The comparison of the X-ray diffraction patterns (Figure 3.4) of pure dextran and Dextran 

modified with HMDI shows distinct changes suggesting the polymerization. Five distinct peaks 

corresponding to characteristic A-type X-ray diffraction pattern representing the crystalline 

nature of dextran were observed at 2θ values of 15°, 17°, 18°, 21°, and 29° in the spectrum36. 

Upon polymerization with HMDI the sharp peaks are replaced by broad weak peaks which 
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suggest the replacement of the hydroxyl group of dextran molecules by other functionalities. 

Crystallinity is observed in dextran due to the formation of intermolecular and intramolecular 

hydrogen bonds38. These bonds are readily weakened by the introduction of other functional 

groups and the ordered crystalline structure is distorted due to decrease in the number of 

hydroxyl groups37. Thus the diffraction pattern of HMDI modified dextran shows amorphous 

nature.  

 

Figure 3.4: X-ray diffractograms of Dextran and hydrogel   

 

3.3.1.4. EDS Analysis 

The elemental composition of the hydrogel as a representative of the bulk sample shows the 

presence of elements like C, N and O represented in Figure 3.5. The detection of N in hydrogel 

sample which is absent in dextran sample indicates the successful formation of urethane 

linkages.  
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Figure 3.5: SEM images and elemental mapping via EDX in (i) dextran and (ii) hydrogel 

 

3.3.1.5. Thermogravimetric Analysis 

The mass loss was observed in three stages. The loss of 10% in the range of 30 °C to 150 °C 

corresponds to the removal of traces of moisture from the polymer37. The second stage 

degradation occurs in a temperature range of 160-350 °C with a significant weight loss of 55 % 

due to breakdown of urethane linkages. The mass loss of 17 % after 360 °C is due to degradation 

of organic matter of dextran as shown in Figure 3.6 39. 

 

 

Figure 3. 6: Thermogravimetric Curves for Hydrogel 
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3.3.2. Swelling behavior of the hydrogel 

The water uptake and retention capability of the synthesized hydrogel was assessed in deionized 

water. The swelling behavior at different pH values and the effect of salt was also assessed. 

These parameters were comprehensively analyzed for the assessment of practical applicability of 

the hydrogel.  

3.3.2.1. Deionized water 

The swelling behavior of hydrogel in de-ionized water is represented in Figure 3.7 (A). The 

swelling ratio increases rapidly in initial stage between 0-200minutes, after 200 minutes the 

capability to encapsulate in coming water molecule decreases due to attainment of equilibrium. 

The presence of multiple hydroxyl functionalities in the dextran chain promotes the entry of 

water molecules in the hydrogel matrix immediately upon soaking which is observed in the 

initial stage of the study40.   

3.3.2.2.  Different pH values 

Hydrogel exhibited pH dependent swelling behavior with the equilibrium water absorbency 

increasing slowly with the increase in pH values (Figure 3.7 (B)). Low swelling was observed 

under acidic conditions (pH 2 to 6) and escalates under basic conditions (pH 8 to 12). This 

phenomenon is attributed to the dominance of hydrophobic interactions in the polymer chains 

under acidic conditions triggering the polymer to attain a collapsed state41. A collapsed polymer 

network restricts the traversing of water molecules which is evident from low swelling observed. 

Conversely, under basic conditions the hydroxyl group bearing a negative charge binds to the 

hydrophobic polymer chain and causes the polymer to expand and hence increase in swelling is 

observed42. Thus the conformational changes that occur in the polymer chains cause a pH 

swelling to occur.   

3.3.2.3. Different concentration of saline solutions 

Swelling ratio of the hydrogel was assessed in KCl solution of different concentrations was 

shown in Figure 3.7 (C). It was observed that equilibrium swelling values significantly 

decreases from 74 g g-1 to merely 27.7 g g-1 upon increase in salt concentration. This can be 

ascribed to the difference in the osmotic pressure in the swelling solution and the solution within 

the polymeric matrix upon enhancement of salt concentration. The water molecules are expelled 

out due to this pressure difference causing the polymer to shrink at higher concentrations43.  
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3.3.3. Water retention profile of the hydrogel 

Figure 3.7 (D) represents water retention capacity of the hydrogel. The graph shows a swift 

decrease in water retention (50 %) at preliminary stage of heating (<100 minutes) that becomes 

sluggish after 200 minutes. The dehydration of polymer chains that is a driving force of 

deswelling causes a decrement in it. Further, multiple hydroxyl groups bearing dextran has an 

affinity for water and hence it turns in to a water emancipating channels aiding the deswelling 

and hence the shrinking of polymer chains44. 

 

Figure 3.7: Swelling characteristics of hydrogel in (A) distilled water (B) buffer solutions of  

pH (2-10) (C) KCl solutions (D) water retention profile 

 

3.3.4. Effect of various parameters on adsorption of dyes 

3.3.4.1. Effect of pH 

The pH of the dye solution plays significant role in determining its removal efficiency as it 

affects the extent to which it can ionize. Further a change in pH also influences the surface 

charges on adsorbent. Both the above mentioned factors contribute towards dye molecules 
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adsorption on hydrogel surface. In case of MB adsorption as per Figure 3.8 (A) a change in pH 

of the solution from 2-12 causes a drastic increase in removal efficiency from 40% to 94%. This 

is attributed to hydroxyl groups which exists as ionized O- form and has an increased affinity 

towards cationic MB. In case of MO the maximum adsorption of 77% was observed under acidic 

conditions. Electrostatic interactions and hydrogen bonding exist between hydrogel and dyes. 

These are the main factors responsible for showing difference in the adsorption behavior of MB 

and MO34.  

3.3.4.2. Effect of the Hydrogel Dosage 

The amount of hydrogel is an important parameter to optimize adsorption mechanism in dye 

removal as it is directly concerned with available active sites. The presence of many active sites 

and functional groups can be adequately employed at higher dosage of adsorbent which leads to 

higher adsorption capacity45. The same phenomenon is observed in this case as the removal 

efficiency of dyes increases with increase in hydrogel dose as shown in Figure 3.8 (B).  

3.3.4.3. Effect of Initial Concentration 

The effect of the initial concentration on equilibrium adsorption capacity is represented in 

Figure 3.8 (C).The adsorption efficiency increases upon an increase in the initial concentration 

upto 150 mg/L. As the concentration reaches 200 mg/L the removal of dye becomes sluggish21. 

In case of MB the decrease is from 94% to 53%, whereas for MO the reduction is from 72% to 

42%. The rapid dye intake is because of an enhanced mass gradient arising between adsorbent 

and adsorbate as a result of high initial concentration. This acts as driving force for the transfer 

of dye molecules from solution to hydrogel surface. Later, the decrease in removal efficiency on 

increasing the concentration is due to repulsion between dye molecules in the solution and those 

on hydrogel surface. The decrease in the availability of free functional sites for adsorption can be 

cited as another reason for this decrease46. 

3.3.4.4. Effect of Temperature 

Higher temperature is favorable for adsorption of dyes. An increase in temperature by 10 °C 

causes a 4% increase in the removal efficiency. This is shown in Figure 3.8 (D) where the %Re 

of MB increases from 91% to 95% to 98% and for MO the increase is from 75% to 80% to ~85% 

while increasing the temperature from 35°C to 45°C to 55°C respectively. Increasing the 
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temperature provides required energy by enhancing the motility of dye molecules and for 

establishment of interactions between adsorbent and adsorbate molecules45.  

 

 

Figure 3.8: Effect on removal efficiency of MB and MO by varying parameters (A) pH; 

Inset: Photographs of vial before and after adsorption, pH 12 for MB and pH 2 for MO (B) 

adsorbent dosage (C)initial concentration (D) at 35°C, 45°C and 55°C temperature (E) 

contact time (For all the experiments 100 mgL-1dye solution was and 0.1 g of hydrogel was 

used) 
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3.3.4.5. Effect of Contact Time 

Effect of contact time on adsorption of dyes by hydrogel at 60, 90, 120, 180, 240, 300 and 360 

minutes (at pH 12 for MB and pH 4 for MO) was shown in Figure 3.8 (E). Equilibrium time for 

adsorption of dyes was attained at 360 minutes. The removal efficiency for both dyes is different 

when equilibrium is attained because of their interactions with hydrogel. The removal of MB is 

faster than MO. The disappearance in color of the dye solutions and the appearance of the color 

on the hydrogel surface over a period of time is an indication of adsorption occurring. The rapid 

adsorption upon initial exposure is a result of available free functional groups the later decrease 

in adsorption on increased time of contact is because of surface saturation and repulsive forces 

acting on the surface. An attainment of balance between the driving force causing adsorption and 

repulsive forces leads to equilibrium state and hence no further adsorption47. 

3.3.5. Adsorption Isotherm 

Adsorption isotherms are generally used to explain the interaction between adsorbate and 

adsorbent as well as optimum use of adsorbent in solution. Broadly, two isotherm models used to 

describe adsorbate-adsorbent interactions are Langmuir and Freundlich isotherm models.  

 

𝑪𝒆

𝒒𝒆
=

𝟏

𝑲𝑳
+

𝑪𝒆

𝒒𝒎
 ------------ (6) 

 

𝒍𝒏𝒒𝒆 = 𝒍𝒏𝑲𝑭 +
𝟏

𝒏
𝒍𝒏𝑪𝒆 ------------ (7) 

 

where, Ce (mg L-1), qe (mg g-1), qm (mg g-1) , KL (L/mg) and KF (L/mg) represents  the 

equilibrium concentration of dyes, the adsorption capacity of SPNAs at equilibrium, the 

maximum adsorption capacity, Langmuir and Freundlich equilibrium adsorption constants 

respectively. The value of KL is an indication of favorable (0<KL<1), unfavorable (KL>1) or 

linear (KL=1) adsorption process 48.  
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Figure 3.9: Adsorption isotherms for MB and MO uptake; (A &B) Langmuir and (C) 

Freundlich model fitting 
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The experimental data was fitted to both the isotherm models (Figure 3.9) and the values of co-

relation coefficient suggest that the adsorption of dyes fits better in the Langmuir isotherm model 

leading to a monolayer adsorption 49. The value of 0<KL<1 (Table 3.1) indicates that process of 

adsorption is favorable for both the dyes.  

Table 3.1: Isotherm Constants for the Adsorption of 100mgL-1 of Methylene Blue and 100 

mgL-1 of Methyl Orange 

Dye Molecule Langmuir Freundlich 

qm 

(mg g-1) 

KL 

(L mg-1) 

R2 N KF 

(L g-1) 

R2 

Methylene Blue 142.857 0.0557 0.997 3.831 1235.21 0.878 

Methyl Orange 125 0.0302 0.987 2.673 21.01 0.791 

 

3.3.6. Adsorption Thermodynamics 

Adsorption thermodynamics were calculated for the dyes to assess the spontaneity of its removal. 

Various parameters like Gibbs free energy (∆G°), Free energy change (∆H°), and change in 

entropy (∆S°), were calculated from thermodynamic equilibrium constant (Kc) using appropriate 

equations as mentioned below:   

𝑲𝒄 =  
𝒂𝒔

𝒂𝒆
=  

𝝑𝒔 

𝝑𝒆

𝒒𝒆

𝑪𝒆
------------- (8) 

 

Here as stands for the activity of the dye molecules ions adsorbed on the surface of hydrogel and 

ae its activity within solution at equilibrium; ʋs and ʋeare the activity coefficients of the dye 

molecules while they are adsorbed and in solution at equilibrium, respectively. 

It is known that when concentration of adsorbate decreases and approaches zero, the activity 

coefficient ʋ approaches closer to unity, under such circumstances and hence equation 8 can be 

represented as:  

 

𝒍𝒊𝒎
𝑪𝒆→𝟎

𝒂𝒔

𝒂𝒆
 = 

𝒒𝒆

𝑪𝒆
 = 𝑲𝒄-------- (9) 
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Figure 3.10: Thermodynamic plot for removal of (A) MB and (B) MO using hydrogel 

The values of Kc have been calculated from the plot of experimental data of ln qe/Ce versus qe at 

three different temperature 308, 318 and 328 K. Then Gibbs free energy has been calculated as 

per the equation 10. 

 

∆𝑮° =  −𝑹𝑻 𝒍𝒏(𝑲𝒄) ----------- (10) 

 

Further free energy and entropy calculations have been done as per Van’t Hoff plot of ln Kc 

versus 1/T (Figure 3.10) and thermodynamic surface plot has been shown in Figure 3.11. 

 

𝒍𝒏 𝑲𝒄 =  
∆𝑺°

𝑹
−

∆𝑯°

𝑹
.

𝟏

𝑻
 ---------- (11) 
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The studies show an increase in the ∆G° value with increasing temperature as shown in Table 

3.2. Moreover, its negative value suggests the removal of dyes is a spontaneous process favored 

by increase in temperature. The positive value of ∆H° reveals the adsorption assisted by hydrogel 

is endothermic in nature. It is also reported that value of ∆H° in the range 2.1–20.9 kJ mol–1 

results in interactions which are physical giving rise to (physisorption) and values lying between 

80 -200 kJ mol–1 represent chemisorption. Since the calculated values are greater than 20.9, the 

process of dye removal via synthesized hydrogel follows chemisorption. This corroborates with 

the kinetics modelling obtained. 50 

 

 

Figure 3.11: Thermodynamic surface plots for (A) MB and (B) MO uptake by hydrogel 
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Table 3.2: Thermodynamic Parameters for  adsorption of dyes onto the surface of hydrogel 

at three different temperatures 

Dyes KC ∆H° 

(kJ/mol) 

∆S° 

(kJ/mol. K) 

∆G° (kJ/mol) 

308 K 318 K 328 K 308 K 318 K 328 K 

MB 2.36 2.95 3.99 66.6 0.23 -6.06 -7.82 -10.9 

MO 1.11 1.41 1.67 23.2 0.08 -2.85 -3.75 -4.56 

 

The positive ∆S° value is an implication of an increase in the randomness at the interface of dye 

solution and adsorbent surface as adsorption process occurs. This represents an affinity of the 

dye molecules towards adsorbent as a result of an increase in the degree of freedom.51 

 

3.3.7. Adsorption Kinetics 

The determination the kinetics of dye adsorption gives crucial information regarding the 

mechanism involved in the process of adsorption. Various models (zero order, first order, second 

order, third order, pseudo first order, and pseudo second order) were employed as expressed in 

the following equations to ascertain the kinetics of dye removal using hydrogel. 

 

𝒍𝒏(𝒒𝒆 − 𝒒𝒕) = 𝒍𝒏 𝒒𝒆 − 𝒌𝟏𝒕--------- (12) 

𝒕

𝒒𝒕
=

𝟏

𝒌𝟐𝒒𝒆
𝟐 +

𝒕

𝒒𝒆
--------- (13) 

Here, qe is the amount of adsorbed dye at equilibrium and qt (mg g−1) is the amount of adsorbed 

dye at time t (minutes). The pseudo-first order and pseudo-second-order rate constants are 

expressed as k1 and k2 (mg min g−1) respectively. The experimental data fits well in the pseudo 

second order model with correlation coefficient of 0.987 for MB and 0.976 for MO as 

represented in Figure 3.12. This leads to a conclusion that the adsorption of dye molecules is 

influenced by its chemical interactions with hydrogel suggesting that chemisorption is rate 

determining step 45. 
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Figure 3.12: Graphs of (A)zero order(B)first order (C) second order (D) third order (E) 

pseudo first order (F) pseudo second order kinetic models for adsorption of MB and MO on 

hydrogel (conditions: initial concentration 100 mgL-1, adsorbent dosage 0.1g at room 

temperature) 
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3.3.8. Adsorption Studies in Binary Mixture of Dyes 

 

Figure 3.13: Assessment of hydrogel’s adsorption behaviour in a binary mixture of dyes (A) 

UV-vis spectra recorded before and after adsorption at different time intervals digital 

(Inset: images depicting color changes prior to mixing, after mixing of dyes and post 

adsorption.) (B) %Re for MB and MO individually from mixture(Conditions: initial 

concentration of binary solution 25 mgL-1, adsorbent dosage 0.1g at room temperature) 
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The study of adsorption in a binary mixture of MO and MB was carried out by adding 10mL of 

50 mg/L MB and 10mL of 50 mg/L MO to obtain 20 mL solution of 25 mg/L for both MB and 

MO. Adsorption in a binary mixture of MO and MB shows a greater removal of MB (99%) as 

compared to MO (76%). The residual color in the treated water is due to presence of traces of 

unadsorbed MO (Figure 7A and the inset photograph). The adsorption of both the dyes 

simultaneously in presence of the hydrogel was determined with the help of adsorption capacities 

(Rq) as shown in equation 14. 

 

𝑹𝒒 =
𝒒𝒃,𝒊

𝒒𝒎,𝒊
----------(14) 

 

where, qb,i and qm,i are the quantities of dye uptake i in the binary system and monocomponent 

system with the same initial concentrations, respectively. The removal efficiency of MB was 

observed to be 99.3% and for MO is 75.9% indicating efficient adsorption performance of 

hydrogel even in mixtures (Figure 3.13). 

In the case of simultaneous there can be three possibilities one can be the case of synergism 

when (i) if Rq > 1 in this the adsorption of one dye is increased due to the presence of other dyes; 

case 2 can be of antagonism when (ii) if Rq < 1 the adsorption of one dye suppresses the removal 

of other dye and of non-interaction (iii) if Rq = 1, wherein adsorption of each dye is independent 

of the presence of other dye. In this case, we discovered that the value of Rq of greater than 1, 

which suggests that, it is a case of synergism. Thus hydrogel synergistically assists the removal 

of both the dyes. There is no reciprocated antagonistic effect on the phenomenon of adsorption 

when they co-exist in a mixture52. The reason for this behavior is the prevalence of two different 

dominating interactions responsible for the adsorption of both the dyes. 

3.3.9. Desorption and Recyclability 

The possibility of regeneration and reuse are important indices for the practical applicability and 

cost effectiveness of adsorbents53. Successive adsorption/desorption cycles were performed to 

investigate reusability and stability of hydrogel. For desorption experiments 0.1 mol L-1 HCl, 

NaOH and NaCl solutions have been used. As per Figure 3.14 (A) the recycling efficiency for 

MB was 92%, 74% and 0% in HCl, NaOH and NaCl respectively. The regeneration efficiency 

for MO in HCl, NaOH and NaCl was 94%, 69% and 42% respectively. This concludes that 0.1 
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mol L-1 HCl is the most suitable medium for the regeneration of hydrogel. As per Figure 3.14 

(B) the adsorption capacity of the hydrogel decreases slowly after every cycle.  

 

Figure 3.14: (A) Studies for desorption of dyes in different eluents (B) assessment of 

recyclability of the hydrogel 

 The regenerated hydrogel was characterized with XRD and IR (Figure 3.15 (A))the results 

demonstrate no change in the characteristic spectra and diffractogram 45. This suggests that the 

hydrogel retains its structure and can efficiently remove the dyes. However, the increase in 

crystallinity observed in the diffractogram for dye loaded hydrogel is due to the adherence of dye 
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molecules in the polymer matrix. The enhanced crystallinity in MB loaded hydrogel as compared 

to MO loaded hydrogel proves more MB is adsorbed 38. 

 

 

Figure 3.15: Characterizations of recycled hydrogel (A) (i) X-ray diffractograms and (ii) 

FTIR spectra (B) EDX spectra of adsorbent samples with dyes adsorbed on its surface (i) 

MB and (ii) MO 

3.3.10. Adsorption Mechanism 

The adsorption mechanism, in general, can be governed by various interactions like electrostatic 

forces of interactions, ion-exchange, hydrogen bonding, hydrophobic interactions and van der 

Waals forces. Of all these interactions, the forces actually being involved in adsorption will 

depend upon structural properties and functional groups of substrates and dye molecules 54,34. 

The planarity of dye molecules leads to formation of van der Waals forces between the dye 

molecules and hydrogel. The presence of surface functionalities leads to hydrogen bond 

formation 45.The probable interaction of cationic and anionic dye with hydrogel occurs via these 

interactions 23,55. This adsorption mechanism is further supported by effect of pH on MO and 
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MB adsorption on hydrogel 45.The presence of elements corresponding to dye molecules 

appearing in the EDS spectra (Figure 3.15 (B), Table 3.3) after adsorption exhibits transfer of 

adsorbate molecules from dye solutions onto hydrogel is shown in Figure 3.16. 

 

 

Figure 3.16: Probable mechanism for adsorption of cationic and anionic Dyes onto 

hydrogel depicting some possible interactions 
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Table 3.3: Elemental Composition of Recycled Hydrogel following Adsorption/Desorption 

Cycle 

Material C 

(wt-%) 

N 

(wt-%) 

O 

(wt-%) 

Na 

(wt-%) 

S 

(wt-%) 

Cl 

(wt-%) 

Hydrogel +MB 51.90 2.74 45.23 0 0.11 0.02 

Hydrogel +MO 54.83 0.67 44.26 0.10 0.14 0 

 

Adsorption of MB is facilitated due to the existence of hydroxyl groups and carbonyl 

functionalities in the polymeric matrix of hydrogel which created electrostatic force of 

interaction between hydrogel and cationic functionality of MB molecules. Whereas in case of 

MO the presence of sulfonate group decreases the scope of formation of attractive interactions, 

which is evident from the experimental data wherein less adsorption of MO has been observed as 

compared to MB. Further there is a possibility of formation of hydrogen bond between the amide 

and carbonyl groups of the polymer and amine functionalities on certain distinct changes are 

observed in the FTIR spectra and X-ray diffractogram before and after adsorption.  There is an 

enhancement in the intensities of the peaks after dye adsorption which is attributed to presence of 

dyes on surface of hydrogel38. 

3.3.11. Comparison Table of other Hydrogels 

Most of the adsorbents reported target removal of single dye as shown in Table 3.4. Those which 

demonstrate the removal of multiple dyes are composed of expensive materials. The waste 

management strategy for adsorbents or their value addition has also not been discussed.  

 

Table 3.4: Comparison of Removal Efficiencies of Hydrogel with Literature Reports 

Sr.

No. 

Adsorbent Dye Concentration Qe Reference 

1 DexG (Amphiphilic 

Cationic Dextran 

hydrogel) 

Methyl Orange 1.5 mM 650-730 

mg/g 

56 

2 Alg/PASAP 

(alginate/polyapartate 

hydrogel beads) 

Malachite 

Green, 

Methylene 

Blue, Methyl 

10 mg/L 600-700 

mg/g MB, 

300-350 

mg/g MG 

23 
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Orange 

3 Poly (N-

isopropylacrylamide/ 

Acrylic Acid/N-

allylisatin) hydrogel 

nanoparticles 

Methylene Blue 

(300mg L-1), 

AuramineO(200

mg L-1), 

Chrysoidine G 

(150mg L-1) 

250 mg/L 584 mg/g 57 

4 poly(acrylic acid) 

(PAA)-based super-

adsorbent 

nanocomposite 

Hydrogel  

Methylene Blue  100 mg/L 2000 mg/g 34 

5 Salecan/PAD hydrogels Methyl Orange 10 mg/L 56.2 mg/g 21 

6 Supramolecular 

Complex of Graphene 

Oxide and 

Sulfonatocalix[4]areneH

ydrogel 

Methyl Orange 20mg/L  3 

7 Graphene/Chitosan 

based Hydrogel  

Congo Red 

(CR) 

100 mg/L 356 mg/g 58 

8 GO-hydrogel porous 

nanocomposites 

Methylene Blue  100 mg/L 714.29 mg/g 59 

9 graphene oxide/sodium 

alginate/ polyacrylamide 

nanocomposite hydrogel 

Methylene Blue 

Methyl Orange 

 2.62 mg/g, 

1.24 mg/g 

60 

10 Sodium alginate poly 

itaconic acid 

(NaAlg/IA) hydrogel 

Methylene Blue 80 mg/L 12.77 mg/g 61 

11 β – Cyclodextrin-

Cellulose / 

Hemicellulose-Based 

Hydrogels 

Nickel, 

Cadmium 

100 mg/L 18.6 mg/g 

42 mg/g 

62 

12 Magnetic bentonite/ 

carboxymethyl 

chitosan/sodium alginate 

hydrogel beads 

Copper 50 mg/L 56 mg/g 63 

13 Dextran Hydrogel Methylene 

Blue, Methyl 

Orange  

100mg/L 98 mg/g 

84 mg/g 

 

This Work 
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3.3.12. Valorization of Waste Expensive Metal Ions entrapped in the hydrogel matrix to 

Valuable Metal Nanoparticles for removal of Nitroaromatics in Water 

 

 

Figure 3.17: Schematic for preparation of valorized metallopolymer Ag@Hydrogel 

 

The effluent from industries also contains precious metal ions as pollutants such as silver, gold, 

platinum, palladium etc. It is challenging to isolate such metals. A strategy is presented herein 

(Figure 3.17) not only for the recovery of such metal ions from water, but also for their further 

utilization as catalyst systems. 
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Figure 3.18: Characterizations of valorized metallopolymer (A)SEM image and EDS 

spectrumshowing presence of Ag (B) appearance of SPR band due to formation of Ag 

nanoparticles observed by UV-vis spectrophotometric determination (C) XPS and (D) DLS 

spectrum  

We selected silver ions as the model expensive metal because it can be easily reduced to 

nanoparticles. The hydrogel was dispersed in a solution of Ag metal ions after the equilibrium is 

reached the entrapped silver ions are reduced to silver nanoparticles and hence attain non 
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toxicity. The content of silver nanoparticles in the vesicles was investigated using EDS mapping 

(Figure 3.18 (A), Table 3.5) and was found to be 10.93 wt%. The appearance of Surface 

Plasmon Resonance absorption (SPR) band as per Figure 3.18 (B) in the region between 400 and 

450 nm suggests the reduction of entrapped Ag+ ions in the hydrogel matrix to Ag nanoparticles 

64. The presence of silver was further confirmed by the XPS analysis. The spectra shown in 

Figure 3.18 (C) depict the presence of the desired elements (C, N,O and Ag) and corroborates 

with EDX results.  

The data as represented in the table suggests the presence of only C, N, O and Ag in the final 

product as the signals corresponding to other elements were not found. The deconvolution of the 

peaks corresponding to silver shows (Figure 3.18 (C)) the presence of doublet at 366 eV 

corresponding to 3d5/2 and at 374 eV corresponding to 3d3/2
65. The shift towards lower binding 

energy from 374 eV to 368 eV suggests that interactions exist between O of hydroxyl groups and 

Ag65,66. The difference in the spin energies amongst the two peaks signifies the presence of Ag in 

the zerovalent state (Ag0) thus confirming the formation of nanoparticles in the hydrogel 

matrix67. The hydrodynamic diameter of Ag@Hydrogel as determined using Dynamic Light 

Scattering (DLS) experiments at 25°C exhibited 55 nm sized monodispersed silver nanoparticles 

(Figure 3.18 (D)). The structure of Ag@Hydrogel was characterized using IR where the peak at 

627 cm-1 corresponding to Ag-O vibrational bond 68 was observed along with the presence of 

other reported peaks of hydrogel. This suggests the attachment of silver to the polymer matrix. 

  

Table 3.5: Elemental Composition of Ag@Hydrogel 

Material C (wt %) N (wt %) O (wt %) Ag (wt %) 

Hydrogel 50.67 0 49.33 0 

Ag@Hydrogel 43.55 2.99 42.93 10.93 

 

3.3.13. Reduction of Nitroaromatics and Sunlight Mediated Photocatalytic Capability of 

Ag@Hydrogel 

For the assessment of catalytic performance of Ag@Hydrogel the reduction reaction of 4-

nitrophenol (4-NP) to 4-aminophenol (p-AP) was selected as a model nitroaromatic reduction 

reaction. The progress of the reaction was monitored using UV-vis Spectrophotometric 

determinations (Figure 3.19). It was observed that Ag@Hydrogel exhibited excellent catalytic 
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activity as the conversion of 4-NP to 4-AP occurs in few seconds at much higher concentration 

of substrate and consuming low amount of reducing agents as compared to other reported 

systems (Table 3.6)24. This conversion is further accelerated in the presence of sunlight.ICP 

analysis confirmed no leaching of Ag+ ions from the catalyst on recycling. 

 

 

 

Figure 3.19: General scheme for the reduction of nitroaromatics and UV-vis 

spectrophotometric determinations for reduction of varying concentrations of 4-NP using 

Ag@Hydrogel 
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Table 3.6: Reduction of 4-NP at Different Concentrations using Ag@Hydrogel as Catalyst 

 

Sr.no 

 

Quantity of 

Ag@hydrogel 

(mg) 

Concentration of  

 4-Nitrophenol 

(mM) 

Time (s) 

At room 

temperature 

 

Time (s) 

In presence 

of sunlight 

1  

10 

10 21 10 

2 25 55 40 

3 50 85 48 

4 100 130 52 

Reaction conditions: All the reactions were carried using 50 μL of 0.1 M 4-NP, 5x10-3M 

NaBH4. 

 

Figure 3.20: Probable mechanism for reduction of 4-NP to 4-NA over valorized catalyst 

Ag@Hydrogel 
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The reduction of the nitroaromatics pollutant molecules proceeds via the mechanism of electron 

transfer and is demonstrated in Figure 3.20. The first step involves the adsorption of both 4-NP 

and sodium borohydride which is the source of hydrogen ions which assists reduction. An 

enhancement in the reduction upon exposure to sunlight is a result the presence of photo 

generated electrons. Such photo generated electrons are highly mobile and have increased 

lifetime due to presence of energetically favored electron-hole separation at interfaces64, 69. The 

IR spectra corresponding to the recycled Ag@Hydrogel as shown in Figure 3.21 (A) represents 

no change in the characteristic peaks suggesting the hydrogel does not undergo degradation. 

Ag@Hydrogel shows good catalytic activity upto 5 catalytic cycles (Figure 3.21 (B)). The time 

of reduction gradually increases due to the loss of catalytic sites during the consecutive cycles of 

reaction. This is due to gradual accumulation of an oxide layer in the process of electron relay 

from the donor BH4 to nitrophenolate acceptor ion70. 

 

 

Figure 3.21: (A) FT-IR overlay of fresh and recycled metallopolymer (B) Recycling studies  

3.4. Future perspectives for commercialization of hydrogel and remediation on a large 

scale 

The choice of renewable resource as the raw material makes the feedstock handling and process 

of production economically viable. The process flow diagram for hydrogel production is shown 
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in Figure 3.22. As per the nature of effluents released the ideal site characterized for the 

practical application of these hydrogels are majorly textile and pharmaceutical industries. The 

process flow chart for the effluent treatment using the hydrogel is shown in Figure 3.23. The 

valorized metallopolymer can reduce Nitrophenols to Aminophenols which are important 

starting materials for preparation of antipyretics and analgesics. Thus the reduced product can be 

further purified and transported for commercial profits. However, engineering validations are 

required for the selection of most suitable parameters for efficient and feasible functioning of 

both production and effluent treatment plant.  

 

 

Figure 3.22: Process flow diagram for commercial production of dextran derived 

Hydrogels 
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Figure 3.23: Process flow diagram for practical application of Ag@Hydrogel for 

nitroaromatics reduction 
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3.5. Conclusions 

To summarize, the purpose of our work was to demonstrate a sustainable strategy for using agro 

wastes in effluent treatment by removal of varied class of co-existing pollutants along with the 

value addition of used adsorbent. The hydrogel exhibited excellent dye removal efficiency of 

84% for MO and 98% for MB. From adsorption isotherms it was observed that, phenomenon of 

chemisorption occurs with monolayer adsorption on adsorbent surface and follows pseudo 

second order kinetics. An increase in temperature by 10 °C further enhances the removal by 4%. 

The thermodynamic studies revealed negative values of Gibbs free energy at all three 

experimental temperatures. The positive values of entropy (ΔS° = 235.43 J mol−1 for MB and 

84.66 J mol−1 for MO) indicated that adsorption via hydrogel is a spontaneous process. Positive 

enthalpy values (ΔH° = 66618 J mol−1 for MB and 23204J mol−1 for MO) suggested that the 

process is endothermic in nature. The hydrogel could also efficiently entrap Ag metal ions and 

the resulting metallopolymer exhibited excellent sunlight mediated photocatalysis, reducing 4-

NP to 4-AP in less than 30 seconds. Both the hydrogel and metallopolymer demonstrates 

efficient recyclability upto 5 cycles. A future outlook for practical applications at large scale has 

been demonstrated via process flow charts. 
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