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Abstract 

Novel materials using biowaste as adsorbents in wastewater treatment 

have been allocated considerable interest. Herein, we present the synthesis of 

different hydrogels of crosslinked polyacrylamide in presence of hemicelluloses 

with/ without bentonite, using a soft reaction condition. The structure of new 

hydrogels was characterized by spectroscopic, thermal and microscopic 

experiments. The semi-interpenetrated network with hemicelluloses: 10 %; 

acrylamide 79 %; bentonite 10 %; N,N,N′,N′-tetramethylethylenediamine: 1 % 

allows reducing 20 % the use of non-renewable acrylamide, without changing its 

decomposition temperatures and keeping its water absorption capacity. This 

hydrogel was applied to dye removals, such as rhodamine B, methylene red and 

methylene blue in aqueous solutions. In the case of methylene blue, highest 

removal is observed with maximum adsorption of qmax= 140.66 mg/g, compared to 

material without hemicelluloses that only a qmax= 88.495 mg/g. The adsorption 

kinetics and equilibrium adsorption isotherms are in accordance with the pseudo-

second-order kinetic model and Langmuir isotherm model, respectively. The 

developed hydrogel from hemicelluloses represents a potential alternative 

adsorbent for a sustainable system of sewage treatment. 

 
Keywords. Hemicelluloses, Polysaccharide, Adsorption, Dyes, Wastewater, 

Hydrogel. 
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Introduction 

Water is the most essential and valuable natural resource on Earth. This 

natural resource has a vital role in preserving the quality of life and ecology. 

However, only 0.3% of the total amount of water is fresh water. The limited 

availability and inadequate use of fresh water make it impossible to satisfy the 

demands of the existing population. Among the main factors that have generated 

this increase in world demand for water consumption is the increase in world 

population, changes in consumption patterns, the expansion of agricultural 

irrigation and increases in living standards [1,2]. 

Water pollution is enlisted as one of the most exasperating problems that 

require an instant and realistic solution, in the opposite case, it would become a 

serious threat to sustainable environmental development. According to data 

collected by United Nations, every day around 2 tons of artificial garbage are 

dumped negligently into our rivers and streams [3]. The main source of 

contamination of these natural sources is produced by the discharge of 

unprocessed industrialized and non-industrialized effluents such as dyes, 

pesticides, heavy metals, and organic and inorganic pollutants [4]. 

Dyes are organic compounds that impart color to a substrate. Annually, about 

700,000 tons of various dyes are produced and used in many products in the 

textile, cosmetic, pharmaceutical, plastics, food packaging, paint, paper, and leather 

industries [5,6]. Inefficient dyeing operations and untreated effluents generate 

alterations in the ecological conditions of aquatic life. The impact includes 

decreased light penetration through the water, which directly affects 

photosynthesis in aquatic plants, causing oxygen deficiency. In addition, these 

organic compounds have been shown a mutagenic, teratogenic and carcinogenic 

effects in humans. Some of these effects are adjudicated to DNA damage, jaundice, 

nausea, cyanosis, mental confusion and shock. Therefore, its disposal from 

wastewater becomes an essential objective for environmental remediation and 

public health  [7]. 

Organic dyes are characterized by having complex structures that make their 

degradation difficult, generating challenges in the extraction processes. In this 

context, numerous technologies have been developed and experimented with for 
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treating colored industrial effluents. Among these, physicochemical methods have 

been widely employed, encompassing flocculation, precipitation and advanced 

chemical oxidation [8,9]. Despite their effectiveness, these methods suffer from 

certain limitations, including the production of sludge, high operational and 

reagent costs, and the formation of soluble by-products,, which are often more 

toxic [9]. Therefore, adsorption methods emerge as one of the most attractive, 

practical and low-cost solutions to remediate water contaminated with dyes. 

 Hydrogels are three-dimensional (3D) networks of crosslinked hydrophilic 

polymers that can absorb large amounts of water into the structure. However, 

conventional synthetic polymer hydrogels are typically not biodegradable. In this 

way, the exploration of new hydrogels composed of biomaterials with low 

environmental impact, such as polysaccharides isolated from renewable sources. 

The use of polysaccharides from biowaste emerges as a new class of cutting-edge 

materials with a wide range of applications, especially the elimination of organic 

dyes in the environment [7,10]. 

In literature is described different routes to improve the strength and modulus 

of hydrogels, that including hydrogel reinforcement using organic/inorganic fibers  

or particles as well as the design of composites hydrogels [11–13]. A type of said 

composite networks can be created by the simultaneous or sequential cross-

linking of at least two polymer networks in combination. The result of such 

syntheses are dense polymeric alloys made of interlaced macromolecular 

networks that are collectively known as semi interpenetrating polymer networks 

(semi-IPN) [14]. 

After cellulose, hemicelluloses (HC) are the most abundant renewable 

biological resource produced by plants, representing a very promising resource. 

Currently, there is a growing interest in its recovery and transformation into 

functional products for use in different applications. Possible chemical 

modifications of HC create new opportunities to exploit their diverse properties 

[1]. It is important to note that the presence of hydroxyl and carboxyl groups allow 

the formation of covalent and non-covalent bonds, resulting in being very 

attractive for the preparation of different materials of industrial interest [15]. 
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On the other hand, it is important to note that bentonite (BT) exhibits 

interesting properties, such as being a natural clay with high abundance, low cost, 

and excellent adsorbent properties. Based on these characteristics, BT has been 

utilized in various wastewater treatment applications [14,15]. This material is 

primarily based on montmorillonite, which is made up of two silicon oxygen 

tetrahedron clip a layer of alumina 2:1 type of octahedral crystal structure [18]. 

The presence of Si-O and O-H bonds on the surface of BT can interact with 

copolymer chains and generate 3D structure [19].  

Respect to organic polymers, the polyacrylamide (PAM) and their copolymers 

have found interesting applications in the biomedical field as well as in 

remediation processes [20,21]. The presence of amine groups in the chain, allows 

the interaction with inorganic and organic compounds, by hydrogen bonds.  

Bentonite is an important mineral clay due to its environmental and economic 

relevance. The incorporation of clay materials, such as bentonite, can enhance the 

adsorption prowess of hydrogels. Nevertheless, the powdered nature of this 

adsorbent poses a challenge in terms of its recovery from liquid phases, primarily 

due to the limited practicality of conventional filtration or centrifugation 

techniques. This limitation curtails its potential applications across various 

industrial contexts. As a result, dedicated research endeavors have been channeled 

into integrating clay materials into diverse 2D and 3D structures [22,23]. 

  Taking into account the considerations described above, and to the best of 

our knowledge the combined of organic polymers and inorganic products in 

presence of biopolymers to obtain three-dimensional networks capable to dyes 

adsorption has not yet been reported. Therefore, the purpose of this work is 

twofold: to enhance the synergistic effect of crosslinked acrylamides and bentonite 

in the presence of hemicellulose from an endemic bamboo (Tacuara cane) to 

synthesize a structural hydrogel and to analyze their ability adsorption and 

remove industrial dyes in water. 

2. Materials and methods 

2.1 Materials  
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The hemicelluloses (HC) were isolated from Tacuara Cane. Samples were 

collected in April 2021 from City Tigre located in Buenos Aires Argentina. The cane 

was cut and dried in an oven for 24 h at 45 °C.  Acrylamide (Am, 99 %), N, N-

methylenebisacrylamide (BIS, 99 %), Ammonium persulfate (APS, 98 %), 

bentonite (BT), N,N,N′,N′-tetramethylethylenediamine (TEMED, 99 %), and 

methanol (MeOH) were purchased from Sigma Aldrich. All reagents were used as 

received without further purification. The chemical products (toluene, ethanol, 

NaOH and HCl) used to extract the HC were of analytical quality from Sigma-

Aldrich. Rhodamine B (Rh B), methylene blue (MB) and methylene red (MR) were 

purchased from Sigma-Aldrich. Deionized water was used in all experiments and 

the preparation of the aqueous solutions.  

2.2 Extraction of hemicelluloses 

In a previous work we described the isolation and characterization of 

different component of Tacuara Cane [24,25]. In Figure 1 the simplified procedure 

is shown, where the HC were obtained in around 21% respect of the cane mass.  
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Figure 1. Simplified procedure for the extraction of HC. 

 

2.3. Synthesis of HC-g-Am-BIS-BT 

Hydrogels were prepared by free radical graft copolymerization of HC and Am 

in the presence of BIS as crosslinking agent, and a redox initiator system 

(APS/TEMED). HC (0.1 g) was dissolved in aqueous solution of NaOH 0.2 % (5 mL) 

at 25 °C for 1 h with constant stirred. Then Am, APS, BIS and BT were added in the 

proportion shown in Table 1, the system was purged with argon for 20 min. Then, 

TEMED (0.1 g) was added, the redox initiator started. The reaction mixture was 

kept for 3 h. Finally, the resulting material was filtered and washed with methanol. 

The solvent was removed under reduced pressure. The white final solid was 

immersed in water for 48 h. The remaining water was extracted to remove the 

residual monomer. Then, the hydrated material was dried at 40 °C until complete 

water extraction. 
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The criterion applied for the experimental design of the different samples was 

to vary the amounts of HC and BT in the Am-BIS system. The amount of BIS was 

later reduced.  

Table 1. The reaction conditions for the preparation of semi-IPN. 

Samples BIS (%) BT (%) HC (%) Am (%) 

Am-BIS 5 0 0 95 

HC-g-Am-BIS 5 0 10 85 
Am-BIS-BT 5 10 0 85 

 HC-g-Am-5-BIS-BT 5 10 10 75 
HC-g-Am-2.5-BIS-BT 2.5 10 10 77.5 
HC-g-Am-1-BIS-BT 1 10 10 79 

Am-1-BIS-BT 1 10 0 89 
  

2.4 Characterization  

2.4.1 Fourier- transform Infrared Spectroscopy (FTIR-ATR) 

Fourier-transform infrared spectra were recorded on a Nicolet IS50 in 

attenuated total reflectance mode (FTIR-ATR) with a diamond crystal. The 

frequency range used for measured were between 500‐ 4000 cm‐1, employing 32 

scans and a resolution of 4 cm-1. 

 

 

2.4.2 Proton Nuclear Magnetic Resonance (1H NMR) 

The hydrogel was characterized by 1H NMR spectrum on a Bruker NMR 

spectrometer at 300 MHz at 25 °C. The semi-IPN sample (20 mg) was dissolved in 

deuterium oxide (D2O). The proton spectrum was realized with water suppression 

and recorded after 128 scans. 

2.4.3 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out on a TGA-51 Shimadzu 

thermogravimetric analyzer. The temperature range used for the analysis of the 

samples were between 25 to 850 °C at a heating rate of 5 °C/min using a nitrogen 

flux rate was 30 cm3/min. 

2.4.4 Field Emission Scanning Electron Microscopy (FESEM) 
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The surface morphology of prepared hydrogels of HC-g-Am-BIS-BT and Am-

BIS-BT were observed by scanning electron microscope Zeiss Supra 40 with a field 

emission gun operated at 2 kV. Swollen hydrogels were freeze-dried before cutting 

and the surface of the sections was put up sputtered coated with a thin layer of 

gold before observation. 

2.4.4 Water absorbency measurement  

Through gravimetric method swelling experiments were conducted using 

distillate water at room temperature. The swollen hydrogels were removed from 

the solutions, wiped with filter paper, and then weighed as soon as possible. The 

tests of all samples were conducted in triplicate. The swelling ratio (S) at the time 

(t) was calculated as follows Eq (1): 

  
     

  
                                                                             (1) 

where the term Wt is the weight at time t during the swelling process and Wd is 

the initial weight of the dry hydrogel. 

2.4.5 Adsorption thermodynamics and kinetics studies 

2.4.5.1 Adsorption kinetics 

Kinetic studies were performed at 25 °C and pH 7 using approximately 0.05 g 

of  HC-g-Am-BIS-BT and Am-BIS-BT and 5 mL of MB solution (400 mg/L) with a 

contact time of 10–60 min. To determine the controlling mechanism of the 

adsorption process, the experimental kinetic data were then fitted through three 

kinetic models, including pseudo-first order, pseudo-second order Eqs (8) and (9) 

respectively. 

                                                                  (8) 

 

  
  

 

    
   

 

  
                                                             (9) 

where qt (mg/g) is the adsorption capacity at time t (min), and K1 (1/min) 

and K2 (g/mg.min) are the rate constants of the PFO and PSO models, respectively.  

 2.4.5.2 Dye adsorption studies 
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The adsorption of MB, Rh B and MR from aqueous solutions onto HC-g-Am-

BIS-BT and Am-BIS-BT were systematically estimated. Before the adsorption 

experiments, a stock solution of MB at 700 mg/L, Rh B 700 mg/L and MR with 50 

mg/L were prepared by dissolving an accurately weighed amount of the powder in 

deionized water. In is important to remark that the different between the 

concentrations used is due to the low solubility of MR in water [26]. Then 

absorbance was measured by using a UV/Vis spectrophotometer (Jenway 6705 

spectrophotometer) which recorded the characteristic absorption peak each dye: 

MB at wavelength of 664 nm, Rh B at 554 nm and MR at 430 nm [27]. A calibration 

curve was constructed in relation to absorbance values of the corresponding 

concentration dyes. The adsorption capacities qe (mg/g), were assessed using Eq. 

2. 

    
        

 
           (2) 

where Co and Ce are the initial and equilibrium concentrations of MB (mg/L), 

respectively, m is the adsorbent mass (g) and V is the MB solution volume (L). 

On the other hand, Eq (3) was utilized to estimate the MB dye removal capacity 

and removal efficiency (%), respectively.  

                
          

  
                                               (3) 

To identify the adsorption behavior, the MB dye was chosen. The experimental 

data of MB concentration of the solutions before (50 –2000 mg/L) and after dye 

removal in the equilibrium were used to interpret four adsorption models: The 

Langmuir Eq. (4), Freundlich Eq. (5) and Temkin  Eq. (6) isotherms equation are 

given:  

  

  
  

 

    
 

  

  
                                                                    (4) 

 

             
 

 
                                                                (5) 

 

                                                                          (6) 
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The parameter in Eq 3-5, Ce (mg/L) corresponding and equilibrium 

concentration of MB in solution, qe (mg/g) is the amount of adsorbed MB at 

equilibrium. For the case of the isotherm of Langmuir, qm (mg/g) is defined how 

the maximum monolayer coverage adsorption capacity, while Langmuir coefficient 

KL (L/mg) is related to adsorption energy. On the other hand, qm and KL values can 

be estimated from the slope obtained by plotting Ce/qe vs Ce, resulting in a linear 

relationship, since qm and KL can be determined from the slope 1/qm and intercept 

1/ (qm KL), respectively. 

Freundlich model (KF) and (n) related to the capacity and intensity of 

adsorption, respectively. Likewise, KF and indicator 1/n are obtained by plotting ln 

qe against Ln (Ce). On the other hand, in the Temkin isotherm BT (J.mol−1) is the 

constant that is controlled by temperature, as KT (L/g) is the binding constant of 

Temkin isotherm. The values of B and KT constants were obtained from the slope 

and intercept achieved by plotting qe against ln Ce. 

Another parameter studied using the Langmuir isotherm was dimension less 

separation factor (RL): 

   
 

      
                                                                                  (7) 

 

The calculated values of RL were found to be favorable during the whole range 

of dye concentration (100-400 mg/L). 

2.4.5.3 Reusability studies 

HC-g-Am-BIS-BT (0.1 g) was immersed into 100 mL of MB dye solution (400 mg/L) 

with constant stirring during 60 min at 30 °C. After the adsorption equilibrium, the 

MB dye loaded hydrogel samples were separated from the solution by filtration 

and the samples were dried completely.  MB-loaded hydrogels were treated with 

100 mL of HCl solution (0.1 M) for 60 min, with the objective to desorb the MB dye. 

Then, the semi-IPN network was subsequently washed with distilled water several 

times. 

 2.4.5.4 BET analysis 
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Textural characterization of the samples was carried out from the 

determination of the N2 adsorption isotherms at 77 K, using an automatic 

Micromeritics ASAP 2020 HV. Prior to the analysis, the samples were degassed 

for 2 hours at 348 K under a flow of He. The conventional BET procedure was 

applied in order to evaluate the specific surface area (SBET). The total pore 

volume (Vt) was calculated from the volume of N2 absorbed at the maximum 

relative pressure (P/Po= 0.99). The average pore diameter was calculated from: 

Dmp= 4Vt/SBET. The pore size distribution (PSD) was determined from the 

isotherms using the density functional theory (DFT) method applying the 

Micromeritics DFT Plus software. 

3. Results and discussion 

3.1 Preparation and structure of semi-IPN hydrogels  

The semi-IPN hydrogels were prepared by grafting copolymerization of Am, 

onto HC chains in presence of BIS as a crosslinking agent and powdery BT. APS and 

TEMED were used as redox initiators for polymerization. The mechanism for the 

hydrogel preparation is shown in Figure 2.  

 

Figure 2. Proposed reaction mechanism for HC-g-Am-BIS-BT hydrogels. 
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Many articles describe the mechanism of graft copolymerization in 

polysaccharides such as cellulose [28,29], starch [30] and chitosan [31] via free 

radical to obtain semi-IPNs. Briefly, sulfate anion radical was generated from 

(NH4)2S2O8 under heating. These radical abstracts hydrogen from the hydroxyl 

group of the HC backbone to form alkoxy radicals. After active center on the HC 

backbone, the Am monomer and BIS become acceptors started graft 

polymerization. The presence of BIS and BT produces the crosslinked structure, 

which formed the tridimensional network.  

3.2 Characterization  

The chemical structure of HC-g-Am-BIS-BT hydrogels can be confirmed by 

infrared spectroscopy. FTIR-ATR spectra of the HC, BT and crosslinked BIS (Am-

BIS) are shown in Figure 3.  

 

Figure 3. FT-IR spectra of hemicelluloses (HC), hydrogels (HC-g-Am-BIS-BT), Am-

BIS and bentonite (BT). 

The initial unmodified HC (green line) showed the typical signals previously 

reported in literature to hemicellulose obtained from other renewable sources 

[32]. Briefly, the representative signals were the stretching of vibration of the O-H 
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bonds that is observed around 2990-3700 cm-1. Similarly, at 2913 cm-1 CH 

stretching was evident [33]. Furthermore, the bands were observed between 1000 

cm-1 and 1200 cm-1 are the typical presence of 4-O-methylglucuronoxylans [34].  

On the other hand, BT (blue line) presented the peaks at 3630 cm-1 and 3431 

cm-1 were attributed to the O-H (Al-OH) and O-H stretching respectively. The band 

at 1645 cm-1, was assigned to O-H bending. Besides, the broad and intense peak  at   

1040 cm- 1 was ascribed to the Si-O stretching, while the bands at 790 cm-1 and 524 

cm-1 were consistent with the classical signals of Si-O-Al stretching and Si-O-Al 

bending vibrations respectively [35–38].  

The Am-BIS (orange line) and HC-g-Am-BIS-BT (red line) spectrum, showed a 

broad band around 3342 cm-1 and a characteristic peak at 3215 cm-1 due to the 

stretching vibrations of N-H. The significant characteristic peaks at 1651 and 1606 

cm-1 could be attributed to the carbonyl stretching vibration and N–H bending 

vibration of the amide group, respectively [39–41]. It is important to remark that, 

HC-g-Am-BIS-BT spectrum exhibited an additional band at 1050 cm-1 consisting 

with C-O-C stretching attributed at glycosidic linkages. Similar results were 

reported in xylans and HC, which is a confirmation that HC play a part in the 

crosslinking reaction [42]. 

In addition, NMR characterization was performed.  In Figure 4 is shown the 1H-

NMR spectrum of HC-g-Am-BIS-BT.  

The signals of the crosslinked Am-BIS units were identifiable as two broad 

signals: the first signal at around of 1.6 ppm, which was attributed to methylene 

from the polymeric chain, while the signal at 2.2 ppm arises from the response of 

the methine protons from the polymeric chain. The characteristic peaks stemming 

from the HC backbone can be observed between 3.2-4.2 ppm  [43]. The presence of 

these signals allows us to affirm that there is a covalent interaction between the 

hemicellulose and the acrylic monomers [44]. Besides, from this spectrum is 

determined the residual monomer and it is important to remark that the residual 

monomer is less than 0.1 %. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



14 
 

 

Figure 4. 1H NMR spectrum of HC-g-Am-BIS-BT (200 MHz, D2O). 

Regarding the thermal characterization of the materials, it is shown in Figures 

5A and B the TGA (% mass loss) and DTG curves for HC, hydrogels and the product 

without HC. 

  

Figure 5. A:TGA, and B: DTG the of HC and modified HC and hydrogels. 

In the first stage between 50 to 200 °C, all samples showed a clear weight loss 

caused by water remaining within the different structures. However, HC-g-Am-BIS-

BT showed in this stage the lowest mass loss, that can be attributed to an increase 

in the hydrophobicity due to the grafting of Am and BIS onto the HC backbone. 

In the second stage to 200-600 °C, the HC showed a loss of ~50 % caused by 

the pyrolysis and depolymerization of the xylans in its structure [45]. For Am-BIS, 

the degradation in the second stage is due to a deamination reaction manifested by 
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the loss of ammonia gas from amide groups of polyacrylamide (PAM) chains [28]. 

However, Am-BIS-BT shows an increase in its decomposition temperature when 

compared to Am-BIS. This behavior was similar to the results reported by Nakason 

et al 2010, who observed a beneficial effect in increasing the decomposition 

temperature of the materials in which BT was incorporated [37,46]. BT provides 

rigidity to the system because it offers potential attachment points with the 

hemicellulose matrix. On the other hand, the incorporation of BT in semi-IPN 

increases the strength of a superabsorbent polymer through the formation of new 

ester bonds [47,48]. 

Finally, in the third stage (more than 600°C), HC showed a residual weight of 

30.1 % due mainly to carbonaceous residues formation in the inert atmosphere 

and the inorganic compounds formed during its isolation [49]. The amounts of 

solids presented by HC-g-Am-BIS-BT 9.1 % and Am-BIS-BT 5.2 % respectively, 

were due to the addition of HC and BT during the synthesis of these materials. 

The SEM images of HC-g-Am-BIS-BT and Am-BIS-BT are shown in Figure 6.  

 

Figure 6. SEM images of A: Am-BIS-BT, B: HC-g-Am-1-BIS-BT and C: HC-g-

Am-5-BIS-BT hydrogels.  

The micrographs were showed in Figures 6 (A, B and C). In all cases a 

uniform and regular network structure indicate that the reaction between the 

different reactive and covalent crosslinking sites is well dispersed in the hydrogel 

network.    

After the addition of HC (Figure 6B), we can observe a reduction of the 

porosity in the structure.  The porous reduction is attributed to the increase in 

intermolecular interactions by hydrogen bonding generated by HC, which favors 

its cross-linking in the semi-IPN network. An increase in crosslinking of 1 to 5%  
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(Figure B and C) promotes the formation of crossover points, generating a 

greatest decreases in the pore size of the material [50]. The different morphologies 

according to the addition of HC or crosslinking could explain the behaviors of 

swelling and dye adsorption.  

The swelling capacity of hydrogels varies depending on the physicochemical 

characteristics of the material. The degree of swelling of the different samples 

recorded over time can be seen in Figure 7.  

As regards the study of the effect of BIS concentration on swelling and its effect 

during crosslinked Am-BIS-BT was investigated (Figure 7A). BIS allows the 

formation of a cross-linked structure of the polymer networks, which prevents 

their dissolution in aqueous media. As can be seen in Figure 7A, when increasing 

the amount of BIS used in the synthesis, decreases in the absorption capacity of the 

material. Similar results were reported by Peng et al.  in the synthesis of semi-IPNs 

with HC-g-poly(acrylic acid) who observed changes in the absorption capacity of 

the synthesized polymers from the variation of the crosslinking agent BIS. It is 

important to remark that the  increase of the concentration of BIS produced an 

increased crosslinking point generated a decrease in the free spaces among the 

networks, consequently, the rigid 3D structure cannot hold a large quantity of 

water [51]. In addition, in the case of HC-g-Am-BIS, it can lead to new hydrogen 

bonds with the HC.  

 

Figure 7 A: Effect of concentration of BIS; B: concentration of BT; and C: 

concentration of HC in swelling ratios of hydrogels. 

 

Secondly, the BT effect on the water absorbency in the hydrogel was 

investigated and is observed in Figure 7B. The addition of BT generates an 
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increase in the absorption of water in the material. These results can be attribute 

to the integration of interpenetrated networks with the BT and they could be 

cross-linked through noncovalent bonding such as hydrogen bonding a resulting in 

a hydrogel 3D network formation [42]. These results were similar to those 

reported by Dai et al 2018, who attributed the increased swelling of hydrogels with 

BT to the formation of porous structures facilitating the diffusion of water in the 

material [36]. 

 Finally, the HC effect on the swelling capacity of the gels is shown in Figure 

7C. As previously observed, the decreasing effect in swelling of the materials with 

the highest percentage of BIS was attributed to increased cross-linking of the semi-

IPN gels. In the case of the HC-g-Am-BIS-BT system, the slight increases the of the 

absorption Seq (swelling at equilibrium), is due to HC acting as a multifunctional 

crosslinker through both covalent and hydrogen bonds between HC and Am-BIS-

BT. Moreover, the physical interaction between HC and the Am-BIS network 

increases the effective crosslink density which can be attributed to entanglement 

and network interpenetration. 

3.3 Adsorption study 

For dye removal studies, samples with the best water absorbency HC-g-Am-1-

BIS-BT and Am-BIS-BT were used to study the effect of HC on the adsorption of 

both cationic dyes (MB and Rh B) and the anionic azo dye (MR) at an initial 

concentration of 10-400 mg/L (Figure 8). The adsorption capacity of the 

hydrogels was determined at different contact times contact with the pigment 

models. The results showed that MB was removed after 1 h for Am-BIS-BT a 

69.5%, while HC-Am-1-BIS-BT showed a major removal of the MB almost all initial 

concentrations of the MB (95.6 %) and it continuously increased with time until a 

plateau was reached at 10 h. 

On the other hand, no significant differences were observed in the removal of 

the Rh B by the HC-Am-1-BIS-BT (49.7 %) and Am-BIS-BT (51.5 %) materials. This 

is because even though Rh B is a cationic dye like MB, it has a larger molecular 

structure which caused greater steric hindrance than MB when forming 

interactions with functional groups on a network of Am-BIS-BT during the 

adsorption process [52,53]. Regarding the adsorption studies carried out using 
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MR, was observed a low dye removal in both materials. This effect can be 

associated to the negative form of MR in a basic solution that generates a repulsion 

between MR and pendant groups in the materials, leading to a relatively low 

removal efficiency.  

 

Figure 8. Dye removal percentage of MB, Rh B, and RM dyes by HC-g-Am-1-

BIS-BT and Am-BIS-BT hydrogels. 

Since the hydrogels showed the highest adsorption capacity towards MB, this 

dye was used for further studies of kinetics and adsorption behavior.  In this sense 

compared the effect of the incorporation of HC in the network to understand the 

adsorption mechanism of MB on hydrogel, and to ascertain the rate of controllable 

step during the dyes adsorption process. In this case, the adsorption kinetic studies 

were investigated using pseudo-first-order (PFO) and pseudo-second-order (PSO) 

models. 
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Figure 9. Removal percentage of HC-g-Am-BIS-BT and Am-BIS-BT at 

different A: contact times, B: plots of pseudo-first-order model, and C: pseudo 

second-order model adsorption. 

centage of HC-g-Am-BIS-BT and Am-BIS-BT at different A: contact times, B: 

plots of pseudo-first-order model, and C: pseudo-second-order model adsorption. 

Initially, the HC-g-Am-BIS-BT adsorption process was fast (Figure 9A), 

removing at around 95 % of MB at 60 min. After that, a slow adsorption was 

observed. This result was reported by Maijan et al. who obtained a behavior 

similar to elastic superabsorbent natural rubber/PAM hydrogel used to adsorbed 

cationic and anionic azo dyes.  This research group, assign these results to the 

number of sites binding availability [53]. In the first 60 minutes exist a major 

greater number of active sites which enables a quick binding of adsorbate 

molecules onto MB. Later in the equilibrium state, the leftover active sites become 

progressively not capable of being occupied by the adsorbate due to the repulsive 

forces between the pollutant ions or molecules and the adsorbent, resulting in the 

formation of a plateau [54–56]. 

However, hydrogel without HC has slower adsorption kinetics, this can be 

attributed to the absence of OH and COOH. Convincingly, the carboxyl and hydroxyl 

groups not only have a crosslinked effect but also offer sufficient sites to block MB 

through intermolecular interactions as dipole-dipole H-bond, Yoshida H-bond and 

n-π interaction (or n-π electron donor-acceptor interactions) [57–61].  

Concerning the results corresponding to the kinetics studies, were plotted 

following the PFO and PSO models are shown (Figure 9(B-C)). According to the 

resultant parameters, summarized in Table 2, the R2 value obtained from the PSO 

model is higher and close to 1 than that of the PFO model. These results indicated 

that both systems (HC-g-Am-BIS-BT and Am-BIS-BT), and the kinetics behavior are 

described for a PSO model. This model is controlled by a chemisorption process 

that involving a rate-controlling step of electrostatic attraction between positive 

and negative charges on cationic dye molecules and polymer chains, respectively 

[62]. 
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Table 2. Kinetic parameters for MB adsorption on HC-g-Am-BIS-BT and Am-

BIS-B hydrogels. 

      

 
 

Pseudo-first order 
Pseudo-second 

order 

qe(mg/g) K1(1/min) R2 K2(1/min) R2 

Am-BIS-BT 28.45 0.0046 0.7718 0.0262 0.9932 

HC-g-Am-1-BIS-BT 34.41 0.0192 0.9357 0.1060 0.9998 

 

On the other hand, was realized adsorption tests (S1 and S2, Supplementary 

material). These results exhibited similarities comportment to the showed in the 

kinetic studies. The adsorption amounts of MB increased significantly with the 

increase of initial MB concentration, and the adsorption capacities of HC-g-Am-BIS-

BT and Am-BIS-BT, which was caused by the higher MB concentration lessening 

the mass transfer resistance of dye molecules from the aqueous phase to the solid 

phase. 

For the binary system, three important isotherms, Langmuir, Freundlich and 

Temkin, were applied to fit the equilibrium data using the dye of major adsorption 

(MB) in the materials. The correlation coefficient values from the linear fitting of 

Langmuir, Freundlich and Temkin isotherms indicated that the experimental data 

obtained for HC-g-1-Am-BIS-BT and Am-BIS-BT hydrogels better fitted the 

Langmuir isotherm than the Freundlich and Temkin isotherms (Figure 10 and 

Table 3).  These results indicate monolayer adsorption of MB on specific 

homogenous sites of the adsorbent and that all sites are equivalent and relatively 

homogeneous [63–65]. 
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Figure 10.  HC-g-Am-BIS-BT (A-C) and Am-BIS-BT (D-F). Plots of (A and D) 

Langmuir, (B and E) Freundlich isotherms and Tempkin isotherms (C and F). 

An increase of qmax values from the Langmuir isotherm in the hydrogel with HC 

was observed (Table 3).  The incorporation of HC in the system creates a densely 

cross-linked structure due to the formation of physical entanglement and 

hydrogen bonds. The chemical and physical cross-linking generated by the 

polymeric chains allow an increase in the interactions generated between them 

and MB, favoring their adsorption [53,58]. On the other hand, studies have shown 

a greater affinity towards natural HC and lignin because these biopolymer have 

acetylated groups that have been shown to significantly increase the adsorption 

capacity of cationic dyes [66–69]. 

These studies, in correlation with those of water absorption, coincide with the 

morphology observed by SEM. Obviously, the absorption of water is related to the 

pore size, which is not necessarily related to the adsorption of dyes. This is why 

there is an evident compromise between pore size and crosslinking to achieve 

optimal adsorption of this type of dye. 

 

Table 3. Langmuir, Freundlich and Tempkin isotherms parameters for MB 

adsorption on HC-g-Am-BIS-BT and Am-BIS-BT hydrogels. 

Dye IPN 
Langmuir isotherm model Freundlich isotherm Tempkin isotherm 
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qmax 
(mg/g)b 

KL 
(L/mg) 

R2 1/n Kf 
(mg/g) 

R2 BT KT 
(L/mg) 

R2 

MB 

HC-g-Am-1-BIS-BT 140.66 7.34E-03 0,9833 0.221 23.222 0.9496 0.0492 8.60E+08 0.844 

Am-BIS-BT 88.495 2.95E-03 0.9792 0.376 4.2371 0.9442 0.0737 1.07E+13 0.8012 

 

Also, separation factors (RL) calculated at all initial concentrations lie within 

the range of 0–1, indicating that the adsorption of MB on the surface of hydrogels 

was favorable [70].  

BET analysis was conducted on the samples revealing that the hydrogels 

prepared with and without hemicellulose showed specific surface areas of 

approximately 10.83 m2/g and 5.79 m² g/g, respectively with average diameters 

pore corresponding to mesoporous material. These increases in the specific area 

confirm the results shown through the adsorption test and underscore the efficacy 

of employing hemicelluloses as a suitable approach for augmenting the adsorption 

capacity of the hydrogels. 

FTIR-ATR analysis revealed possible interactions of the surface functional 

groups adsorbent and MB molecules (Figure 11).   

 

Figure 11. FTIR-ATR spectrum of HC-g-Am-1-BIS-BT before and after HC-g-Am-1-

BIS-BT-MB contacting with MB. 

Significant changes are observed between 1140-1030 cm-1 corresponding to 

the C-O stretching signal.  These results are similar to those described by Makhado 

et al 2022 and Said et al 2022, who synthesized a hydrogel from ghatti 
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gum/polyacrylic acid/TiO2 and microcellulose phosphorylated respectively,  

attributed this decrease to the formation of hydrogen bonds and electrostatic 

interactions during the adsorption process between MB and the adsorbent [71,72].  

On the other hand, regeneration capability of the HC-g-Am-1-BIS-BT has 

been estimated by adsorption-desorption process from the MB solution of 400 

mg/L (Figure 12).  After being reused five times, HC-g-AM-BIS-BT shows a slight 

decrease in adsorption capacity. These results indicate the capacity of the new 

interpenetrate network suggesting the reusable ability for it is sustainable 

potential use for purification of dye-containing wastewater [73,74].  

 

 

Figure 12. Adsorption studies capacities of the HC-g-AM-BIS-BT for MB 

after regenerated five times. 

 

The maximum adsorption capacity (qmax) of HC-g-AM-BIS-BT as an 

adsorbent towards the removal of MB is compared with other literatures. (Table 

4). Although the bentonite exhibits adsorption values akin to those of the material 

synthesized in this study, the literature substantiates the constrained retrieval of 

this substance from the liquid phase. Conversely, systems comprising networks of 

polysaccharides, crosslinked polymers, and clays displayed qmax values akin to 

those documented in this investigation. This finding affirms the synergistic impact 

of these systems. In contrast, the converse situation was observed concerning the 

material synthesized from xylan-gelatin. 
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Table 4: Comparative studies of MB dye with literature 

Reference Authors Composition pH qmax 

This Article Rodríguez-

Ramírez et al 

2022 

HC-g-Am-1-BIS-BT 7 140.7 

mg/g 

[75] Pourjavadi et 

al 2016 

Carrageenan-g-

polyacrylamide/bentonite 

7 156.3 mg/g 

[76] Hong et al 

2009 

Bentonite 7 151.0 mg/g 

[77] Cheng et al 

2016 

Cellulose/PVA/Fe3O4 7 71.1 mg/g 

 

4.  Conclusions 

In summary, semi-interpenetrating polymer network hydrogels were 

efficiently prepared from HC provided of endemic Argentinean plant, crosslinked 

BIS and BT. The methodology applied allows to reduce by 10 % the use of 

monomers derived from petroleum and therefore reduces production costs by 

using a waste product. It is important to note that HC hydrogels have similar water 

absorption performance to those without HC. Also, a hydrogel with HC can be used 

to remove dyes, such as rhodamine B, methylene blue and methylene red. It is 

important to remark that the highest removal was obtained with methylene blue. 

This adsorption was monolayer on a homogeneous surface and was controlled by 

physisorption and chemisorption. The new semi-interpenetrated network can 

remove almost 100% of methylene blue within 60 min, with a maximum 

adsorption capacity of 140.66 mg/g, being able to use five adsorption-desorption 

sequences with a high adsorption rate. In the future, this network semi-IPN will be 

studied by increasing the proportion of biopolymer. In the other hand sewage 

treatment can be carried out to adsorb heavy metal ions, pharmaceutical and their 

metabolites. 
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