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Abstract 
 

The leather tanning industry is a significant source of environmental pollution as it discharges chromium-rich 

effluents in the wastewater streams as well as generates large volumes of untreated solid organic waste, such as 

raw hide trimmings. This study addresses two critical environmental challenges in leather processing by 

developing a sustainable gelatin-graphene oxide (Gel-GO) adsorbent hydrogel from raw hide trimmings to remove 

chromium from tannery wastewater. Rawhide trimmings were treated via thermal-acidic hydrolysis to extract non-

edible gelatin and then incorporated with varying contents of graphene oxide (0-5%) to synthesize hydrogels. The 

hydrogels were characterized using FT-IR, XRD, and SEM to elucidate structural and morphological features. 

Besides, batch adsorption analysis was conducted to optimize different parameters like the influence of pH (2-6), 

adsorbent dose (0.5-4 g/L), contact time (10-80 min), and GO content on Cr removal efficiency. The maximum Cr 

removal efficiency of 99.97% was achieved at pH 4 with an adsorbent dose of 3 g/L and a contact time of 60 

minutes, reducing total chromium from 1811 mg/L to below the regulatory discharge limit of 0.5 mg/L. Therefore, 

this approach highlights the effective valorization of tannery solid waste into a high-performance, cost-effective 

adsorbent hydrogel, presenting an efficient solution for chromium remediation. The developed Gel-GO hydrogel 

demonstrates strong potential for industrial wastewater treatment, with future research recommended to investigate 

its regeneration and performance under continuous flow conditions. 
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1 Introduction 
 

Leather tanning is a major source of environmental pollution, particularly in developing nations with weak 

regulatory frameworks. The process generates a large volume of both solid waste-such as raw hide trimmings-and 

liquid effluents which is heavily contaminated with chromium. This Chromium is a toxic heavy metal widely used 

in chrome tanning. On average, tanneries produce about 600-700 kg of solid waste along with 30-35 m3 of 

wastewater per ton of raw hide processed. Because the Cr present in tannery effluent is toxic, non-biodegradable, 

and has significant possibility of bioaccumulation, it poses serious risks to aquatic ecosystems and human health 

(Chowdhury et al. 2024). Therefore, sustainable management of both solid and liquid waste streams is essential so 

that the environmental footprint of the leather sector can be minimized. 

Various physicochemical methods-like ion exchange, membrane filtration, chemical precipitation, electrochemical 

treatment, and coagulation-flocculation-have been applied to remove chromium from wastewater. However, these 

methods are often expensive, energy-intensive, and generate secondary sludge. Additionally, their performance 

decreases in complex wastewater systems like tannery effluents (Chowdhury et al. 2024). In contrast, adsorption 

has emerged as a promising approach for heavy metal removal because it is simple, highly efficient, and cost-

effective. Till now various types of adsorbents, including activated carbon, agricultural residues, clays, and 

synthetic polymers, have been explored. However, there are other issues such as low selectivity, poor reusability, 

and non-renewable feedstocks which limit their practical use (Nyairo, 2025). 

Hydrogels, owing to their 3D polymeric networks have high porosity, and tunable surface functionalities. 

Therefore, they are increasingly considered next-generation adsorbents. Although synthetic hydrogels like 

polyacrylamide and polyacrylic acid perform well but due to poor biodegradability researchers are leaning over 

the development of biopolymer-based alternatives. Among biopolymers, gelatin which is a hydrolyzed form of 

collagen contains amino and carboxyl groups and shows strong affinity for metal ions (Neama, 2024). While 

gelatin is conventionally derived from bovine or porcine sources, collagen-rich tannery solid wastes such as 

chromium-free raw hide trimmings can serve as sustainable feedstocks (Shakil et al., 2019). Valorizing these 

wastes will reduce disposal costs and will also provide an eco-friendly raw material for adsorbent synthesis. 

Previous studies have reported gelatin-based hydrogels combined with chitosan, cellulose, or bentonite for 

removing heavy metals such as Pb2+, Cu2+, and Cd2+. Still, a little research has addressed their application in Cr 

removal or synthesis of hydrogel from leather industry wastes (Andreazza et al., 2023). Recent advancements have 
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shown that incorporating nanomaterials can enhance hydrogel performance. Graphene oxide (GO), which is a two-

dimensional carbon material rich in oxygen-containing functional groups (-OH, -COOH, -C=O), offers high 

surface area, good dispersibility, and strong metal ion binding capacity. Also, it has been found that integrating 

GO into biopolymer matrices can significantly improve mechanical strength, porosity, and adsorption 

performance. Still, most of the studies rely on commercial polymers and overlook waste valorization (Zubair et 

al., 2024). 

Therefore, in this study, tannery solid waste was utilized to develop a gelatin-graphene oxide (Gel-GO) hydrogel 

to eliminate chromium from tannery wastewater which will address both solid and liquid waste streams within a 

circular bioeconomy framework. Gelatin was extracted from raw hide trimmings via thermal-acidic hydrolysis and 

combined with varying GO loadings to synthesize the hydrogel. Batch adsorption experiments were conducted to 

evaluate chromium removal efficiency under different operational parameters such as pH, contact time, adsorbent 

dosage, and GO content. The hydrogel was characterized by FT-IR, SEM, and XRD analyses. This integrated 

approach has the potential to transform waste into a value-added product and develop a sustainable, biodegradable, 

and high-performance adsorbent suitable for practical wastewater treatment in resource-limited, tannery-intensive 

regions. 

 

2 Materials & Methodology 
 

2.1 Materials Collection 

Tannery raw hide trimmings and wastewater after tanning operation was collected from SAF Leather, Jashore, 

Bangladesh. All chemicals utilized in the experiments were of analytical grade and sourced from Sigma Aldrich 

Bangladesh Ltd. through a local supplier in Khulna. Specifically, the crystalline graphite flakes were exploited for 

GO synthesis, and the graphite flakes were oxidized using a combination of sulfuric acid (H2SO4), hydrogen 

peroxide (H2O2), and potassium permanganate (KMnO4). To regulate the pH, sodium hydroxide (NaOH) and 

hydrochloric acid (HCl) were used. The unhairing of goat skin involved the application of lime, sodium sulfate 

(Na2S), and wetting agent (LD-600). 

 

2.2 Extraction of gelatin (Gel) from waste hide trimmings 

Gelatin was extracted from the waste hide trimmings through a series of chemical and thermal processes. Firstly, 

the trimmings were washed thoroughly under high pressure water sprays to remove dirt, dung, salts and any dusts 

present. They were then submerged and soaked overnight in a solution of wetting agents, sodium carbonate, and 

preservatives to reduce the fat content. After that, liming was carried out over five days using sodium sulfide and 

lime to open up the collagen matrix, followed by deliming with ammonium salts to eliminate residual lime. These 

cleaned trimmings were then subjected to hot water extraction at 75-80°C, resulting in the denaturation of collagen 

into gelatin. Following filtration, the isolated gelatin was concentrated and dried on trays, forming sheets within 

7-12 days, which were then ground in powder form to use in hydrogel synthesis (Shakil et al., 2019). 

 

2.3 Preparation of graphene oxide (GO) from graphite flakes 

The synthesis of GO from the natural graphite flakes was done using the Hummer method employed in previous 

studies. The process starts with dispersion & continuous stirring of 2g graphite flakes into 46 mL H2SO4 (95% 

concentrated) for 30 minutes within an ice bath (0-5°C). Then, under stirring again, 6g KMnO4 were added (the 

mixture temperature was kept below 20°C) and was stirred for 2 more hours. Then, the mixed suspension was 

agitated again for 6 hours at a temperature of 35°C until a pasty type material with brownish appearance (an 

intermediate product) is formed. Then, it was again had to be poured and agitated for about 2 hours with around 

92 mL of DI water and then 280 mL DI water with 35% (w/v) H2O2 were introduced till the brownish appearance 

turns into golden yellow. After that extra manganese were removed by 5% (w/v) of HCl. The pH was then be 

neutralized, which required multiple washings of the obtained GO with DI water. The suspension was then need 

to be freeze dried for experimentation (Chowdhury et al. 2024).  

 

2.4 Fabrication of Gel-GO hydrogel 

The extracted gelatin was dissolved in distilled water at 50°C with constant stirring to make a 5% (w/v) solution. 

Various GO concentrations (1%, 2%, 3%, 4% and 5% of total mass) were then ultrasonicated for dispersion in 

water to ensure homogeneity. The GO suspension was gradually added to the gelatin solution (with stirring) and 

glutaraldehyde (0.5-1.0%) were added as crosslinking agent. Then the mixture was agitated for 1-2 h to ensure 

complete cross-linking and cast into petri dishes to prepare the hydrogels (Piao et al. 2017). These hydrogels were 

cured at room temperature for 24 hours, and then washed to remove unreacted chemicals, before being freeze dried 

for characterization and batch adsorption studies. Hydrogels prepared by varying GO content from 0 to 5 wt% 

were designated as HG-0 to HG-5.  
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2.5 Batch Adsorption Study 

Batch adsorption experiments were performed to evaluate Cr (VI) removal from real tannery wastewater by Gel-

GO hydrogels. The effects of pH (from 2 to 6), contact time (10-80 min), and adsorbent dose (0.5-4 g/L) were 

studied. Residual chromium concentration was measured using an Atomic Absorption Spectrophotometer (AAS, 

Model AA-7000, Shimadzu, Japan). The hydrogel showing maximum removal efficiency was selected as optimal, 

and GO content optimization was based on comparative removal performance. 

 

2.6 Hydrogel Characterization 

The optimized hydrogel and pure gelatin were characterized by FT-IR (Nicolet 6700-Thermo Scientific, USA) for 

functional groups, whereas X-ray diffraction (XRD) was determined by using a BRUKER D8 Crystallinity 

instrument with Cu Kα radiation (λ = 1.5406 Å), operating at 40 kV and 30 mA. Patterns were recorded over a 2θ 

range of 0°-50° at a scan rate of 2°/min. crystallinity, and SEM (JSM-7800F Schottky Field Emission Scanning 

Electron Microscope, JEOL) for surface morphology. 

 

 

3 Results & Discussion 

 

3.1 Effect of GO Content (%) on Removal Efficiency 

Figure 1(A) illustrates the effect of GO content (0-5%, labeled as HG-0 to HG-5) on chromium removal efficiency 

at fixed parameters (pH 3, 2 g/L dosage, 20 min contact time). The removal efficiency increased with GO loading 

up to 3%, achieving a maximum of 85.49% for HG-3. This improvement can be attributed to the abundant oxygen-

containing groups (-COOH, -OH, -C=O) on GO, which enhance metal ion complexation, surface area, and porosity 

of the gelatin matrix (Chowdhury et al., 2024; Zubair et al., 2024). However, further increasing GO content (in 

HG-4 and HG-5) reduced efficiency to 82.13% and 78.46%, respectively, likely due to GO agglomeration that 

decreases accessible active sites and hinders ion diffusion (Chen et al., 2013). Thus, 3 wt% GO provides an optimal 

balance between dispersion, functional group availability, and hydrogel network stability. 

 

 
 

Figure 1. Effect of (A) GO content (%) and (B) pH on Cr removal efficiency (%) 

 

3.2 Effect of pH on Removal Efficiency 

Solution pH can significantly influence the Cr removal efficiency of the Gel-GO hydrogel. As shown in Figure 

1(B), removal efficiency increased from pH 2.0 to 4.0, reaching a maximum of 93.67%. But efficiency then 

declined to 69.73% at pH 6.0. This trend can be explained by chromium speciation and the surface charge of the 

hydrogel. At lower pH (2.0-4.0), HCrO4
- is dominant and strongly attracted to the positively charged Gel-GO 

surface (pH < pHpzc ≈ 5-6), enhancing adsorption (Milakin et al., 2023). As pH increases, the surface becomes 

less positive and CrO4
2- becomes dominant, reducing electrostatic interactions. Beyond pH 6.0, Cr precipitates as 

Cr (OH)₃ which reflects a chemical rather than adsorptive process. Also, gelatin-based hydrogels may also lose 

structural stability under alkaline conditions that’s why pH>6 is not considered in this study (Chowdhury et al., 

2024). 

 

3.3 Effect of Dosage 

Figure 2(A) shows the effect of adsorbent dosage on Cr removal efficiency. As shown in Figure 2(A), the removal 

efficiency increased significantly from 58.37% at 0.5 g/L to a peak of 96.34% at 3.0 g/L. This enhancement can 

be due to the increased availability of active binding sites and larger surface area at higher dosages. Beyond 3.0 

g/L, the efficiency plateaued, likely due to site saturation and possible particle overlap or agglomeration that limits 
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effective interaction with Cr ions (Chowdhury et al. 2024). Thus, 3.0 g/L was identified as the optimal dosage, 

balancing high removal performance with material efficiency. 

 

 
 

Figure 2. Effect of (A) Dosage (g/L) and (B) Contact Time (min.) on Cr removal efficiency (%) 

 

3.4 Effect of Contact Time 

Figure 2(B) graphically represents the effect of contact time on Cr removal efficiency of the prepared Gel-GO 

hydrogel. The removal efficiency of Cr by the Gel-GO hydrogel increased rapidly with contact time from 10 to 60 

minutes, as it can be shown in Figure 2(B). At 60 minutes, the removal efficiency reached 99.23%, which is 

considered as equilibrium. Beyond this point, further increase in contact time to 70- and 80-minutes efficiency 

improved marginally (99.28% and 99.34%, respectively). These marginal increases are within the experimental 

error margin. This plateau indicates that at 60 minutes of contact time the adsorption sites become saturated, and 

extended contact does not significantly enhance removal (Zubair et al. 2024). Therefore, 60 minutes is appraised 

as the optimum contact time which balances high removal efficiency with practical treatment duration. 

 

3.5 Treatment of Real Tannery Wastewater Using Optimized Gel-GO Hydrogel 

Real tannery wastewater was treated to validate the practical applicability of the synthesized Gel-GO hydrogel 

under optimized adsorption conditions (pH 4, 3 g/L dose, 60-minute contact time, and 3% GO content).  

 

Table 2 Initial and Final Wastewater Parameters (Before & After Treatment with 

Optimized Gel-GO Hydrogel) 

Parameter Unit Initial (Raw 

Wastewater) 

Final (After 

Treatment) 

Removal 

Efficiency (%) 

Total Chromium mg/L 1811 0.45 99.97 

TDS mg/L 3229 823 74.51 

COD mg/L 2856 419 85.32 

BOD5 mg/L 789 113 85.67 

TSS mg/L 581 89 84.68 

Electrical 

Conductivity 

µS/cm 4591 1081 76.45 

Turbidity NTU 211 12 94.31 

Color (Visual) - Dark Brown Light Yellowish - 

Odor - Strong Pungent Odorless - 

 

Table 2 represents the initial and final wastewater parameters where the hydrogel effectively reduced total 

chromium concentration from 1811 mg/L to 0.45 mg/L, achieving a removal efficiency of 99.97%. In addition to 

chromium removal, substantial improvements were observed in other wastewater quality parameters, including 

significant reductions in TDS, COD, BOD₅, TSS, turbidity, and electrical conductivity. These results demonstrate 

the hydrogel’s potential as a multifunctional adsorbent for comprehensive treatment of chromium-rich tannery 

effluents. 

 

3.6 FT-IR Analysis 

Figure 3(A) presents the FT-IR spectra of gelatin and the Gel-GO hydrogel which confirms effective crosslinking 

and interaction between gelatin and GO. Pure gelatin showed a broad band at 3281 cm-1 (O-H and N-H stretching) 

and amide I and II peaks at 1643 cm-1 and 1540 cm-1, which are characteristic of collagen-derived gelatin (Khan et 
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al., 2023). Upon GO incorporation, additional broad absorptions appeared around 3842-3608 cm⁻¹ that indicates 

enhanced O-H stretching. Whereas amide I and II bands shifted to 1693 cm⁻¹ and 1521 cm⁻¹ that effectively show 

hydrogen bonding and electrostatic interactions between gelatin and GO sheets. The C=O peak of GO near 2355 

cm-1 and minor bands around 2040-1984 cm-1 is further confirmation of successful GO integration (Patarroyo et 

al., 2021). These spectral modifications reflect improved structural stability and abundant active sites which 

significantly contributed to the hydrogel’s enhanced Cr adsorption performance (Zubair et al., 2024). 

 

 
 

Figure 3. (A) FT-IR and (B) XRD analysis of gelatin and prepared hydrogel 

 

3.7 XRD Analysis 

The X-ray diffraction (XRD) patterns of gelatin and Gel-GO hydrogel are shown in Figure 3(B). Pure gelatin 

exhibited a broad peak around 2θ≈20° that is indication of the amorphous nature typically found in collagen-

derived biopolymers. In the Gel-GO hydrogel, this peak shifted slightly to ~22° with increased intensity and partial 

sharpening, which suggests enhanced intermolecular interactions and partial ordering due to GO incorporation 

(Idris et al., 2024). The absence of the GO (001) peak near 2θ≈10° confirms that GO sheets were exfoliated and 

well-dispersed within the gelatin matrix. These modifications in the diffraction profile indicate the formation of 

hydrogen bonding and electrostatic interactions between gelatin and GO (Ding et al., 2022). It confirms successful 

integration of GO and improved structural organization that may enhance the hydrogel’s mechanical and 

adsorption properties. 

 

3.8 SEM Analysis 

Figure 4 presents SEM micrographs of (A) pure gelatin and the Gel-GO hydrogel at (B) lower and (C) higher 

magnifications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SEM Analysis of (A) Gelatin Surface, (B) Hydrogel Surface at Lower and (C) Higher Magnification 

 

Pure gelatin (Figure 4A) shows a dense, compact morphology with minimal porosity, indicating low surface area 

and limited adsorption potential. In contrast, the Gel-GO hydrogel (Figures 4B-C) exhibits a well-developed 

porous network with uniformly distributed GO sheets, enhancing surface area and mass transfer. The higher-

magnification image reveals fibrous nanostructures, evidencing strong hydrogen bonding between gelatin and GO 

(Idris et al., 2024). This structural transformation confirms the formation of a highly porous and adsorptive 

hydrogel suitable for efficient Cr removal from tannery wastewater. 
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4 Conclusion 

 

This study develops a Gel-GO hydrogel from raw hide trimmings which is a key leather industry solid waste, to 

treat chromium-laden tannery wastewater sustainably and efficiently. By valorizing this unused waste, the research 

supports circular bioeconomy and addresses two major leather sector pollution streams-solid and liquid. The 

optimized hydrogel formulation (3% GO, 3 g/L dosage, pH 4, 60-minute contact time) removed 99.97% of 

chromium from the real tannery effluent, lowering total chromium levels from 1811 mg/L to below regulatory 

discharge limits. The hydrogel also improved COD, BOD5, TDS, turbidity, and TSS, proving its multifunctionality. 

FT-IR, XRD, and SEM indicated GO incorporation and hydrogel formation, with structural and morphological 

improvements improving adsorption efficiency. The Gel-GO hydrogel is a potential, low-cost, and biodegradable 

heavy metal remediation solution which sets the groundwork for green, waste-derived adsorbents with excellent 

removal efficiencies for ecologically friendly and cost-effective wastewater management in tannery-dense regions. 
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