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A B S T R A C T   

In recent years, nanomaterials and composites have become increasingly significant as adsorbents 
in the removal of dyes and phenolic contaminants from wastewater. This study presents the 
development and application of a keratin-based graphene oxide nanocomposite, distinguished by 
its enhanced biocompatibility, cost-effectiveness, and strong affinity for organic compounds, 
making it highly effective in reducing dyes within tannery effluent. The nanocomposite was 
prepared via solution casting method, with dispersibility, chemical bonding, and morphology 
analyzed by UV–Vis spectroscopy, FTIR, and SEM, respectively. Furthermore, investigations of 
the influence of several factors, such as contact time, pH, and adsorbent dosage on the optimi-
zation of the process were conducted. An observation indicated a reduction of approximately 
98.8 % in dye content within 20 min, achieved through the use of an adsorbent dosage of 1.5 g/L, 
with the solution pH maintained at 5. Subsequently, adsorption kinetics and isotherm modelling 
were analyzed. The results revealed that the adsorption process follows the pseudo-second-order 
kinetics and Freundlich isotherm models. Hence, the adsorption could be explained as chemi-
sorption with a multilayer adsorption mechanism. Notably, a substantial reduction in parameters 
such as Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) was also ach-
ieved up to 62 % and 79 %, respectively. Therefore, the developed adsorbent could be suggested 
as a viable candidate for eliminating dyes from the wastewater, especially from the tannery 
effluent.   

1. Introduction 

In today’s world, water pollution is a significant issue. Aromatic dyes from industries like textiles, leather, paper, food, and cos-
metics contribute to this problem in our aquatic ecosystems. These appreciated substances have become menacing pollutants, 
threatening aquatic life and human well-being [1–3]. The global production of dyes has increased, exceeding 8 million tons annually, 
leading to the indiscriminate release of effluents that imperil both aquatic and terrestrial ecosystems [4]. The leather industry uses a lot 
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of dyes to improve the quality and chemical properties during the wet finishing process. Unfortunately, a significant portion, ranging 
from 10 % to 50 %, is often lost during the subsequent dye washing procedures. Many of these dyes elude conventional wastewater 
treatment methods, persisting in the environment [5]. These recalcitrant dyes pose various health risks in humans, including he-
molysis, hypertension, jaundice, organ damage, tissue necrosis, and respiratory disorders [6]. The discharge of tannery wastewater 
poses a significant environmental threat due to its impact on parameters like Biological Oxygen Demand (BOD) and Chemical Oxygen 
Demand (COD). Tannery wastewater typically contains organic compounds and chemicals used in leather processing, which contribute 
to high BOD and COD levels. When this wastewater enters natural water bodies, it consumes oxygen as microorganisms break down the 
organic matter, leading to decreased oxygen availability for aquatic life. This reduction in oxygen levels, known as oxygen depletion, 
can result in the death of fish and other aquatic organisms, disrupting the delicate balance of ecosystems and causing long-term 
environmental damage [2–4]. Effective treatment of tannery wastewater is crucial to mitigate these detrimental effects and protect 
the environment [3,5]. Highly stable aromatic structures of dyes render them resistant to natural degradation. Furthermore, the 
discharge of such turbid effluents blocks sunlight penetration, diminishing photosynthesis in aquatic ecosystems, ultimately disrupting 
food chains, reducing productivity, and impairing gill function [7,8]. Consequently, the imperative for an effective wastewater 
treatment system to counteract this anthropogenic menace is undeniable. 

Traditionally, wastewater treatment plants in the leather industry have relied on physico-chemical and biological processes for 
example, flocculation, sedimentation, and activated sludge [9]. However, this approach is marred by issues such as secondary 
contamination from synthetic chemicals in treated water and the impracticality of large-scale application due to the cumbersome 
sludge management and added operational expenses [10]. Hence, there is an urgent requirement for research focused on sustainable 
approach for treating dye wastewater. In this context, adsorption has been considered as one of the most favored remediation tech-
niques for pollutant dye removal due to its simplicity, cost-effectiveness, ease of implementation, and adaptability [11]. When it comes 
to the adsorptive removal of organic contaminants from water, carbon-based nanomaterials, including porous carbon, charcoal, 
fullerenes, carbon nanotubes, and graphene, have gained substantial traction [12–21]. These materials are prized for their afford-
ability, expansive surface area, ease of modification, and strong affinity for environmental pollutants [12]. Among these, graphene has 
emerged as a frontrunner in the realm of adsorbents for water purification, boasting unique physicochemical properties such as an 
expansive specific surface area (2630 m2/g), mechanical flexibility, thermal stability, and chemical resilience [13]. Within graphene 
family, graphene oxide (GO), an extensively oxidized form of graphene, presents numerous oxygen-containing groups, including epoxy 
and hydroxyl groups on the basal plane and carboxylic groups at the sheet’s edges [14]. It’s worth noting that one challenge with GO is 
the prevention of aggregation on its nanosheets to maintain electrostatic repulsion. In contrast, GO-based composite adsorbents offer 
distinct advantages over traditional adsorbents, including reusability and biocompatibility [15]. Therefore, researchers have explored 
the grafting of bio-composite materials like chitosan, cellulose, and keratin with GO to augment surface area for adsorption and 
prevent nanomaterial aggregation into graphite. This strategy holds promise for enhancing adsorption performance and biocompat-
ibility, as demonstrated in the creation of hydrogels for the removal of emerging pollutants like ciprofloxacin [16]. Surprisingly, there 
has been limited exploration of the GO-K nanocomposite’s potential for removing leather dyes from tannery wastewater. While some 
studies have reported impressive reductions in turbidity from raw surface water using GO coagulants [17], others have investigated GO 
adsorption for recovering efficacy from textile effluents [18]. Previously GO-FO and GO-K-CS nanocomposites were fabricated to 
remove turbidity from tannery wastewater [19,20]. A nanocomposite consisting of activated carbon supported ZnO/ZnWO4 was 
employed to investigate the kinetics of the photocatalytic mineralization of oxytetracycline and ampicillin in simulated wastewater 
[21]. In contrast, Silk Fibroin (SK)-keratin adsorbents have been lauded for their ability to achieve removal efficiencies as high as 95.3 
% for Reactive Black 5 (RB5) [22]. 

Additionally, there is a suitable biomaterial known as keratin (K), the most abundant non-food protein, used to separate various 
contaminants from wastewater, including organic and inorganic substances, oil, fat, heavy metals, and so on [20]. Keratin is a 
ubiquitous, renewable natural polymer sourced from waste materials such as chicken feathers, wool, and hair discarded by slaugh-
terhouses and leather industries, accounting for millions of tons annually [23]. While keratin poses challenges due to its high sulfur 
content and self-extinguishing properties, necessitating innovative disposal solutions, it features numerous amino groups, carboxyl 
groups, and other functional groups that can serve as effective dye adsorption sites [24]. Despite the need to break disulfide links and 
disrupt its molecular structure during extraction, compromising its mechanical properties and reusability, extensive efforts have been 
directed towards enhancing the mechanical characteristics of keratin (K)-based materials [23,24]. Graphene oxide (GO) nanoparticles, 
known for their enhanced mechanical strength and increased surface area, present a potential solution to enhance the effectiveness of 
keratin during the fabrication of composites. 

This study unveils a groundbreaking approach to address the adsorption of three anionic dyes found in tannery wastewater through 
the application of the GO-K nanocomposite. In contrast to activated carbon, the investigated adsorbent demonstrated exceptional 
efficacy in the removal of anionic dyes, specifically Acid Orange II, Direct Orange 2 GL, and Acid Red 27. Notably, GO-K exhibited a 
remarkably high efficiency, achieving a 98.8 % removal of dye from tannery wastewater within just 20 min, surpassing outcomes 
observed in previous studies. This heightened performance underscores the superior capabilities of the GO-K nanocomposite, signaling 
its potential for widespread applications in treating turbid dye wastewater. The underlying mechanism governing effective dye 
adsorption is attributed to chemisorption, further emphasizing the innovative nature of this research. Future investigations should 
focus on assessing the reusability of the fabricated nanocomposite adsorbent to validate its commercial feasibility and cost- 
effectiveness. 
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2. Materials and methods 

2.1. Wastewater collection and pre-treatment 

Wastewater, an inherent by-product of the intricate leather wet finishing process, was meticulously collected from a local leather 
manufacturing industry. They were kept within durable plastic containers, not once but on three distinct occasions, ensuring a robust 
dataset. The wastewater composed of unveiled-Anionic dyes, including the Acid Orange II, the Direct Orange 2 GL, and the Acid Red 
27, were unequivocally traced as the key constituents of the collected effluent. Therefore, these three dyes were most definitely present 
in the collected effluent [25,26]. Before delving into nanocomposite adsorption, sedimentation was initially employed as the prelude, 
providing access to an optimized supernatant for subsequent physiochemical analyses. Here, the focal point of our endeavor was the 
reduction of dye molecules, a pivotal metric that held our unwavering attention. A parallel exploration was embarked for evaluating 
the essence of the wastewater meticulously both before and after treatment. The Biochemical Oxygen Demand (BOD) of wastewater 
was determined following APHA Standard Methods (5210 B). The initial dissolved oxygen of the collected was measured, with sub-
sequent dilution performed when necessary. BOD bottles were inoculated with seed water, and the sample was added, ensuring 
appropriate dilution. The bottles were sealed and incubated at 20 ± 1 ◦C for five days. The final dissolved oxygen was measured, and 
BOD was calculated using the formula: 

BOD=
Initial DO − Final DO

P
×Dilution Factor  

Here P represents the proportion of the sample volume to the total volume of the BOD bottle. The resulting BOD value, reported in mg/ 
L, was obtained through the completion of the procedure. Specific details and requirements were followed according to the APHA 
Standard Methods. The BOD of the wastewater after treating with adsorbent was also measured following the same process. The 
Chemical Oxygen Demand (COD) of wastewater was determined in accordance with APHA Standard Methods (5220C). The collected 
sample was digested with a strong oxidizing agent, potassium dichromate, in the presence of sulfuric acid. The excess dichromate was 
titrated against ferrous ammonium sulfate, and the amount of oxygen required for oxidation was quantified. The COD results, 
expressed in milligrams of oxygen per liter (mg/L), were obtained after completing the titration. Specific details and requirements 
outlined in the APHA Standard Methods were adhered to throughout the procedure. 

2.2. Chemical reagents 

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). On the other hand, sodium hydroxide (NaOH), Lipex enzyme 100 T (Novo enzymes, 
Denmark), and proteolytic enzyme (Esperase 6.0 T) were taken into account for keratin extraction. Potassium dichromate (K2Cr2O7), 
Ammonium sulfate, starch, potassium iodide, sodium thiosulfate, silver sulfate, and FAS solution were used to determine pH, BOD, and 
COD. 

2.3. Preparation of GO from natural graphite flakes 

Natural graphite flake (crystalline, 300 mesh) was subjected to oxidation to prepare GO using a modified Hummers process [27]. At 
the beginning, 46 mL of concentrated H2SO4 (95 %) was added to 2 g of natural flake graphite in an ice bath (~0–5 ◦C), and the mixture 
was continuously stirred for 2 h. After carefully combining 6 g of potassium permanganate, the solution was agitated for 2 h at a 
temperature below 20 ◦C. After that, the solution was stirred in an oil bath for an additional 6 h at 35 ◦C. After certain duration, the 
mixture changed from black to a light brown paste. Subsequently, 92 mL of de-ionized water was carefully added to the suspension at 
this juncture, and the mixture was stirred for the next 2 h. After the liquid had cold, 10 mL of 35 wt % H2O2 was added to begin the 
oxidation process and stirred for 2 h. The suspension undergoes another color shift during the process, going from brown to pale 
yellow. The precipitate was thought to be washed with 5 % HCl to get rid of any remaining metal ions and centrifuged with DI water. 
Thereafter, GO was rinsed with DI water once more to get rid of the sulfate ions, and washing was maintained until the pH of the 
solution was neutral. Then, GO was separated by vacuum-assisted drying at 60 ◦C. Finally, freeze-drying procedure was used in order 
to collect the detached GO for the following experimental procedures. 

2.4. Preparation of keratin powder 

Using a traditional unhairing procedure, goat hair was extracted from goat skin that had been collected from a local slaughterhouse 
in Khulna, Bangladesh (painting by lime, H2S, and LD-600). Extracted hair was carefully cleaned under running water and dried af-
terwards in an oven at 70 ◦C. In this case, keratin removal from sheep wool through weight molecular disintegration was studied [28]. 
Enzymatic hydrolysis and subsequent alkali hydrolysis were categorized as the two phases of the process. In accordance with a pre-
vious study [29], goat hair was minced into tiny snippets prior to hydrolyzation. Next, Lipex enzyme 100 T (Novo enzymes, Denmark) 
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was used for enzymatic activities, where 1 g of enzyme, 2 L of water, and 100 g of goat hair were combined and left at 40 ◦C for 24 h. 
Following that, 2 g of the produced material was hydrolyzed once again for 24 h in 30 mL of 0.1 N NaOH solution. For subsequent 
processing, the pH of the suspension (pH 9) was adjusted with HCl and 0.5 g of the proteolytic enzyme. Esperase 6.0 T was added to 
increase the breakdown rate of the keratin. The liquid keratin solution was then heated at 90 ◦C to deactivate the enzyme after the solid 
phase and suspension had been separated by filter paper. After that, it was dried in an oven at 60 ◦C for 48 h by vacuum evaporator. 
Finally, it was ground into keratin powder. 

2.5. Fabrication of GO-K composite 

A simple solution mixing procedure was used to synthesize the GO-K nanocomposite [20]. The synthesis process commenced with 
the creation of a keratin solution, achieved by dissolving 1 g of keratin in 85 mL of glacial acetic acid (75 %), stirred for 3 h at room 
temperature [30]. These solutions were then combined with different concentrations of graphene oxide (GO) to produce GO-K 
nanocomposites at 5, 10, 15, 20, and 25 % w/w in the form of GO ethanoic suspensions [18]. To prepare the GO-K combinations 
(5 %, 10 %, 15 %, 20 %, and 25 %), five GO stock solutions were made by weighing 0.05 g, 0.1 g, 0.15 g, 0.20 g, and 0.25 g. These were 
suspended in ethanol and sonicated for 25 min at 35 kHz, respectively. The introduction of keratin solutions dropwise into the GO 
solutions followed, and the mixtures underwent 2 h of sonication to ensure homogeneity. Subsequently, the solutions were transferred 
to a 100 mL conical flask, refluxed for 24 h at 80 ◦C, and then cooled to room temperature. After that, the residues were gathered and 
thoroughly cleaned with DI water to eliminate any unreacted substances. The resulting slurries were heated once again in an oven at 
60 ◦C for approximately 72 h, and the remnants were ground for subsequent experiments. Finally, five nanocomposites containing GO 
and keratin were fabricated and labeled as GO-K05, GO-K10, GO-K15, GO-K20, and GO-K25. All the five synthesized composites were 
compared based on their dye removal efficiency against time, and one adsorbent showing maximum % removal of turbid dye in 
minimum time was selected for further assessment and characterization. The composition is presented in Table 1. 

2.6. Characterization of GO-K nanocomposite 

The XRD test was conducted using BRUKER’s D8 advance machine, which was employed to ascertain the degree of crystallinity. 
SEM was used to examine the surface morphology of GO-K10 nanocomposite (model: Ultrahigh-Resolution Schottky Scanning Electron 
Microscope SU8800). Fourier transform infrared spectroscopy (FTIR) analysis confirmed the chemical bonding in that GO-K10 
nanocomposite which employed a frequency range of 400–4000 cm− 1 (model: NICOLET 6800 FTIR equipment, Thermo Scientific, 
USA). Moreover, the dispensability of the GO-K (GO-K10) in aqueous media at room temperature was analyzed by UV–Vis spec-
troscopy (model: UVS-2100 SCINCO). 

2.7. Batch adsorption analysis 

To facilitate the removal of dye molecules, the consideration was given to a batch adsorption process utilizing the GO-K nano-
composite. Performance parameters, including pH, adsorbent dose, and contact time, were systematically evaluated to ensure 
maximum removal. The studies were carried out at an agitation speed of 150 rpm at 28 ◦C. Either 0.1 M NaOH or 0.1 M HCl was used to 
alter the pH of the solution during analysis. Several concentrations of adsorbents, ranging from 0.01 to 0.45 g/50 mL, were added to 
the solution to study the impact of adsorbent dosages. The effect of reaction time within a 15–60 min window and the effect of pH in 
the range of 3–9 were both taken into consideration. Finally, the assessment of the efficiency in eliminating dye turbidity from the 
treated samples was conducted by utilizing a UV–Vis spectrophotometer configured to measure absorbance in the range of 200 
nm–800 nm. Equation (1) was applied to determine the percentage of dye removal by the adsorbents. 

R=
Co − Cf

Co
×100% (1)  

Where Co is the dye concentration (mgL− 1) before the batch adsorption process, and Cf is the dye concentration (mgL− 1) after the batch 
adsorption process. 

Table 1 
Composition of GO-K nanocomposites.  

Sample GO Percentage Keratin Percentage 

GO-K05 5 95 
GO-K10 10 90 
GO-K15 15 85 
GO-K20 20 80 
GO-K25 25 75  
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3. Results and discussion 

3.1. XRD analysis 

To decipher the intricate structure of our nanocomposite, XRD analysis of GO, Keratin, and the fabricated GO-K10 (the best 
adsorbent -vide infra) nanocomposite, was conducted as illustrated in Fig. 1. The exploration commenced with as-synthesized GO, 
which exhibited a noticeable broad peak at 2θ (where θ represents the diffraction angle), located approximately at 10.5◦. This revealed 
an interlayer spacing of 0.83 nm. This observation validated the successful oxidation of graphite powder via concentrated acids and 
KMnO4, leading to the formation of GO. The presence of numerous oxygen-containing functional groups on its surface, coupled with 
electrostatic repulsion among the negatively charged GO sheets, facilitated the effective dispersion of GO [20]. Conversely, pure 
keratin powder manifested two characteristic peaks at 12.9◦ and 22.1◦, emblematic of the amorphous nature of keratin. Intriguingly, 
the combination of GO and Keratin ushered in a fascinating transformation, as evidenced by the emergence of two distinct peaks at 2θ 
values of around 18.4◦ and 22.6◦, respectively. This shift signified subtle alterations in pure keratin, with observable diffraction peaks 
reminiscent of graphite oxide, indicating successful exfoliation of GO [31]. This transformation found its roots in the synergistic 
interplay between the amino and hydroxyl groups within the keratin unit and the polycationic nature of Keratin in acid-rich envi-
ronments. These factors paved the way for electrostatic attraction and hydrogen bonding between GO and Keratin. This facilitated the 
homogeneous dispersion of GO and Keratin at molecular scales [19,20]. This, in turn, bolstered interfacial adhesion, enhancing the 
overall performance of fabricated nanocomposite [19,32]. Furthermore, the nanocomposite exhibited a heightened diffraction in-
tensity compared to pure keratin, reflecting an increased crystalline degree in keratin upon the addition of GO. Interestingly, the 
chemical structure of keratin within the composite remained relatively unaltered with the introduction of GO, underscoring the ex-
istence of a distinctive interaction between GO and Keratin [20]. 

3.2. SEM analysis 

Fig. 2 provides a fascinating insight into the morphological attributes of GO, Keratin, and the transformative GO-K10 nano-
composite, as meticulously examined through SEM analysis. As evident from Fig. 5(a), heightened oxidation and enhanced molecular- 
level dispersibility were discernible in GO, culminating in a notable reduction in agglomeration [33]. Moving to Fig. 5(b), a remarkable 
transformation unfolded as the material elongated and thinned along the fiber axis, indicative of substantial changes in the cuticle 
cells. These alterations were attributed to the influence of stretching conditions and keratin hydrolysis, revealing the dynamic nature of 
this intricate process. Meanwhile, the surface of the GO-K10 sheets, as depicted in Fig. 5(c), revealed a captivating multilayered 
structure. This structure is brimming with accessible nanochannels that facilitate the swift traversal of small molecules-a crucial 
attribute in expediting the separation of water contaminants [19,32]. The surface morphology of the GO-K10 composite after 
adsorption was shown in Fig. 5(d). In stark contrast to the agglomeration often witnessed in GO, this examination of GO-K10 revealed 
an integral structure, devoid of such agglomeration. This phenomenon could be attributed to the incorporation of keratin within the 
GO matrix, which served to diminish GO’s inclination toward reaggregation [34]. These subtle structural modifications provide a clear 
insight into the intricate interactions among the constituents (GO and Keratin) within our nanocomposite, that support its 
performance. 

Fig. 1. XRD analysis of pure GO, Keratin, and GO-K10 nanocomposite.  
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3.3. FTIR analysis 

According to their vibrational patterns in Fig. 3, the FTIR spectra of pure GO, Keratin, and GO-K10 nanocomposite revealed the 
existence of several oxygenated functional groups. The FTIR spectra of GO revealed a significant peak at 3430 cm− 1 that identified the 

Fig. 2. SEM analysis of (a) pure GO, (b) Keratin, and (c) GO-K10 nanocomposite (before adsorption) (d) GO-K10 nanocomposite (after adsorption).  

Fig. 3. FT-IR analysis of pure GO, Keratin, and GO-K10 nanocomposite.  
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O–H stretching of carboxyl functional groups as a result of the restoration of the conjugated aromatic system. The adsorption peak at 
1630 cm− 1 allowed for the identification of carboxyl group presences. In addition, the bands at 1740, 1410, and 1060 cm− 1 char-
acterized (C––O), corresponding to the stretching of the alkoxy and epoxy functional groups in GO [31]. The FTIR spectra of keratin 
demonstrated the presence of hydroxyl groups and carboxylic acid groups at wavelengths between 3438 and 2905 cm− 1, respectively. 
The bands of 1515, 1290, and 1105 cm− 1, respectively, were used to identify the vibration of the peptide bonds in keratin (Amide I, II, 
and III). The differentiation between nanocomposite and pure materials primarily stemmed from the presence of distinct spectral peaks 
related to C–H stretching, C––O bending, and N–H bending in the composite materials. These differences were notably observed at 
2890, 2498, 1405, and 1048 cm− 1 [35]. Consequently, the bonding between the GO and Keratin of the nanocomposite (GO-K) through 
amide linkages was confirmed, as explained earlier. 

3.4. UV–vis spectroscopy analysis 

Fig. 4 highlights the UV–Vis spectra of pure GO, Keratin, and GO-K10 nanocomposite, respectively. In the case of GO, a sharp peak 
around 230 nm is attributed to the C––C π-π* transition, while a narrow band at 300 nm is related to the C––O to n → π* transitions [36, 
37]. This signal guaranteed the presence of various oxygenated functional groups in GO. Based on the conjugated system with a double 
bond, the presence of a K band is represented by the UV–Vis absorption spectrum of the keratin band at 265 nm. A connection between 
peptide bonds and amino acids was confirmed by this revelation [38]. When it comes to nanocomposites, the peak of the π-π* transition 
changed to 296 nm, indicating the restoration of conjugated structures that can be connected to the complex synthesis of GO and 
keratin involving hydrogen bonds and electrostatic interactions [39]. 

3.5. Effects of various parameters 

3.5.1. Effect of pH 
The solution’s pH is a critical factor to be considered during the adsorption process to ensure maximum effectiveness. In this 

analysis, a solution pH range from 3 to 9 was specifically investigated and represented in Fig. 5. Significant impacts on both the amount 
of ionization and the surface charge of the adsorbent were observed due to solution pH [40]. The highest removal percentage was 
achieved under weakly acidic conditions (pH 5.0), while a rapid decrease in removal percentage was observed in slightly to severely 
alkaline conditions (pH > 5). Dyes, being complex aromatic organic compounds with various functional groups, exhibit varying 
ionization potentials in response to pH, leading to pH-dependent alterations in the net charge of dye molecules [19,20]. It’s noteworthy 
that the point zero charge (pHPZC) of GO was found to be at pH 7.5, making the adsorption of anionic dye molecules favorable in 
solutions with pH levels lower than pHPZC, and cationic substances more favorable at higher pH levels than pHPZC [41]. Hence, under 
weakly acidic conditions (pH 5), a greater adsorption capacity was demonstrated by the GO-based composite. The number of active 
sites accessible for adsorbing contaminating dye molecules increased when pH levels rise (from 3.0 to 5.0), due to the reduction of 
hydrogen ions [42]. Conversely, in an alkaline environment, higher concentrations of OH− ions compete with anionic dyes, leading to 
a reduction in the percentage of dye removal. Furthermore, flock formation and pollutant settling happened more slowly in an alkaline 
pH environment, which lowers the percentage of dye removal [16]. 

3.5.2. Effect of adsorbent dose 
An increase in the amount of adsorbent typically results in an augmentation of the accessible surface area. Nonetheless, to avoid 

both excessive adsorbent use and settling concerns, process optimization becomes imperative. Gradually introducing the adsorbent led 

Fig. 4. UV–Vis spectroscopy of pure GO, Keratin, and GO-K10 nanocomposite.  
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to a significant rise in the amount of removed dye, attributable to the proliferation of active binding sites. However, a critical threshold 
was reached, beyond which the removal rate plateaued, rendering further adsorbent addition ineffectual. This phenomenon became 
notably apparent at equilibrium, as the abundance of adsorbent binding sites surpassed the concentration of adsorbate [20,40]. This 
phenomenon is represented in Fig. 6, demonstrating a significant enhancement in removal performance achieved with an adsorbent 
quantity ranging from 0.1 to 0.45 g. The maximum adsorption capacity was ascertained with 0.15 g of the nanocomposite adsorbent. 
This optimal quantity was determined by the presence of an ideal number of unoccupied active binding sites. However, beyond the 
0.15 g threshold, the performance exhibited a decline with additional adsorbent introduction, primarily attributed to the excessive 
precipitation of adsorbent or a heightened solid-to-liquid ratio [43]. 

3.5.3. Effect of contact time 
The above illustrated % removal of dye vs reaction time graph in Fig. 7 demonstrates that the adsorption process proceeded in three 

stages: (i) quick adsorption, (ii) significant decline in adsorption rate and (iii) equilibrium adsorption. In the beginning, the mass 
transfer of adsorbate molecules to the surface of the adsorbent showed how quickly adsorption occurred. The reduced availability of 
external active binding sites compared to the first stage can thus be used to explain the declined adsorption capacity. Ultimately, the 
state of adsorption equilibrium has been attained when the active sites are no longer available for further absorption [20,40]. Active 
sites of biochar or adsorbent significantly courage the photocatalytic adsorption and degradation/reduction [44]. Several contact 
times ranging from 10 to 45 min were used in a series of adsorption investigations. According to the results of the analysis of the data in 
Fig. 8, the maximum adsorption occurred during the first 20 min and then gradually decreased until the formation of an equilibrium 
state. 

Fig. 5. Effect of pH on dye removal.  

Fig. 6. Effect of adsorbent dose on dye removal.  
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3.6. Adsorption kinetics 

Mass transfer, diffusion control, and reagent reactions are only a few of the adsorption mechanisms that are significantly influenced 
by adsorption kinetics. Adsorption occurred in three steps, including adsorbate migration onto the adsorbent surface, adsorbate 
diffusion up to the boundary layer, and adsorbate diffusion from the surface to the interior of the adsorbent. Most commonly, 
adsorption rate and type are determined using the pseudo-first-order and pseudo-second order models, respectively. Through the 
evaluation of coefficient value (R2), the rationality of the adsorption process is assessed [45]. 

3.6.1. Pseudo-first-order kinetics 
This model was used to examine the adsorption rate of nanocomposites. The following is the equation for pseudo-first-order 

kinetics:  

Qt = Qₑ (1− e-k1t)                                                                                                                                                                      (i) 

In this equation, Qe stands for adsorbate removal at equilibrium (mg/g), whereas Qt represents adsorbate removal (mg/g) at a certain 
time and k1 stands for the absorption rate constant (min− 1), respectively. Via the compatibility with such a model, the physisorption of 
contaminants may be demonstrated [46]. In this kinetics model, the adsorption process is further controlled by the type of the 
adsorbate. 

3.6.2. Pseudo-second-order kinetics 
It is well known that the rate-limiting phase in pseudo-second-order kinetics is the electron sharing between adsorbate and 

adsorbent. The following is the model equation: 

Fig. 7. Effect of contact time on dye removal.  

Fig. 8. Non-linear Plot of (a) pseudo-first-order and (b) second-order kinetic model.  
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Qt=
k2Q2

e t
1 + k2Qet

(ii) 

Here, Qe and Qt are, respectively, the adsorbed mass per unit mass (mg/g) values of the suspended solids at equilibrium and at a 
certain period. Similar to k1, k2 is the pseudo-second-order operation rate constant (mg/mg/min), which can be affected by a variety of 
variables including pH, temperature, and the initial concentration of the solution. Based on the adsorption process using the pseudo- 
second-order model, chemisorption could be recommended [20,47]. 

Here, pseudo-first-order and pseudo-second-order kinetics models are depicted in Fig. 8(a) and Fig. 8(b), respectively. It has been 
noted that the second-order kinetics coefficient (R2) was 0.9911, which is greater than the first-order kinetics coefficient (0.9769). Due 
to the functional groups that were accessible, it was determined that the adsorption between the dye molecules and the GO-K10 
nanocomposites was irreversible and that the adsorption process was mostly chemisorption. 

3.7. Adsorption isotherm 

Adsorption isotherm is essential to elucidate the interacting behavior between adsorbent and adsorbate in order to evaluate 
adsorption performance. Three isotherm models, including Langmuir, Freundlich, and Temkin, are commonly investigated in 
adsorption studies with this goal in mind. The coefficient value of isotherms may be used to estimate the fitness with any of these 
models (R2). 

3.7.1. Langmuir isotherm 
The following is the non-linear equation for the Langmuir isotherm model: 

Qe=
QmbCe

1 + bCe
(iii)  

Where, Qe represents the equilibrium quantity of adsorbed suspended particles (mg/g), Ce represents the equilibrium concentration of 
the solution (mg/L), b represents the adsorption equilibrium constant (L/mg) linked to the adsorption energy, and Qm represents the 
maximum adsorption capacity. The homogeneous/uniform nature of the accessible adsorbent surface was validated by this model, 
which denotes monolayer adsorption [20,48,49]. 

3.7.2. Freundlich isotherm 
The following is the non-linear equation for the Freundlich isotherm model: 

Fig. 9. Non-linear Plot of (a) Langmuir isotherm, (b) Freundlich isotherm and (c) Temkin isotherm.  
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Qe = KFCe
1/n                                                                                                                                                                            (iv) 

Here, Qe and Ce are the equilibrium substrate concentration (mg/L) and the amount of adsorbed suspended solids (mg/g), 
respectively. The Freundlich constants KF and n, which reflect the heterogeneity factor and the adsorption capacity, respectively, are 
used in the equation. This isotherm model and proven multilayer surface adsorption may describe how the adsorbent interacts with the 
heterogeneous active binding sites [50]. 

3.7.3. Isotherm of Temkin model 
Temkin isotherm model is thought to be a significant tool for determining the adsorbent-adsorbate surface interaction [51]. The 

following is the non-linear equation for the Temkin isotherm model: 

Qe =
RT

b
ln(AT Ce) (v)  

Qe =
RT

b
ln AT +

RT

b
ln Ce  

Qe =B ln AT + Bln Ce (vi) 

Here, Ce stands for the equilibrium concentration of the adsorbate (suspended solid), Qe for the amount of adsorbate adsorbed at 
equilibrium, B = RT/b for the adsorption heat constant, R for the universal gas constant (8.314 J/mol K), T for the temperature in 
Kelvin (K), b for the Temkin isotherm constant (J/mg) to verify the adsorption energy at equilibrium, and AT for the binding constant, 
that accordingly, corresponds to the highest binding energy (L/mg). 

Fig. 9 depicts the correlation coefficient value of isotherms (R2) in accordance with the experimental results. Langmuir, Freundlich, 
and Temkin isotherms had correlation coefficient values (R2) of 0.9702, 0.9924, and 0.9464, respectively. Nevertheless, it’s worth 
noting that the maximum adsorption capacity observed in the Langmuir isotherm during our experiments was 23.02 mg/g. In recent 
research, GO-based nanocomposite adsorbents have been employed for wastewater turbidity removal, demonstrating an adsorption 
capacity of 67.7 mg/g [19]. Therefore, the adsorption mechanism mostly followed the Freundlich isotherm with adsorption capacity of 
24.99 mg/g, so it can be anticipated that multilayer adsorption took place into the active sites of GO-K10 nanocomposite to combat 
anionic dye molecules. The adsorption mechanism of GO-K10 nanocomposite is shown in Fig. 10. 

3.8. Wastewater parameters (before and after) 

Following a comprehensive analysis, the experimental parameters were meticulously compared and are detailed in Table 2. 
Notably, our study achieved an impressive 98.8 % turbidity removal, marking a significant milestone in the realm of wastewater 
treatment. Furthermore, the levels of Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) exhibited substantial 
reductions of 62 % and 79 %, respectively, underscoring the effectiveness of our approach in mitigating pollutant concentrations. It’s 
worth mentioning that the slight increase in conductivity can be attributed to the inherently conductive nature of the GO-based 
nanocomposite, a phenomenon that aligns with the findings of a recent study [52]. 

3.9. Comparison of dye adsorption performance with previous studies 

Table 3 underscores a significant research gap in the removal of dye from real tannery wastewater using bio-based nanocomposites, 
which this study admirably addresses with novelty. Traditional adsorbents have shown limited efficacy in dye removal from tannery 
effluent, often achieving only marginal results. In many adsorption studies, reliance has been placed on synthetic effluents, neglecting 
the complexity of real effluent. This oversight can result in unreliable outcomes when optimizing procedures for industrial wastewater 
treatment [20,21,53,54]. While single-component studies are valuable for understanding the process’s mechanics, they may not be as 
practical for industrial applications. Notably, the synergistic combination of keratin and GO in the GO-K10 composite achieved an 
impressive 98.8 % turbid dye removal efficiency in tannery wastewater, surpassing other bio-based treatments. Better dye removal 
performance as an adsorbent was demonstrated by the GO-K10 nanocomposite compared to the previous studies [22,54–60]. The 
composite’s performance is intricately influenced by factors such as the matrix-fiber ratio, fabrication techniques, compatibility be-
tween matrix and fiber, fiber length, and the type of materials used [61–65]. This nanocomposite offers standout solution for sus-
tainable leather dyeing effluent treatment. The unique amalgamation of keratin and GO not only focuses on waste management and 
composite fabrication but also minimizes re-aggregation tendencies and surface area loss, further solidifying the experiment’s 
exceptional significance in the field of dye removal from leather dyeing effluent [64]. 

4. Conclusion 

Keratin in combination with GO was successfully utilized to fabricate the GO-K nanocomposite for removing dye from tannery 
wastewater. A comprehensive analysis using FTIR, SEM, XRD, and UV–visible spectroscopy (UV–visible spectrum) was carried out to 
evaluate the successful fabrication of the nanocomposite. The outstanding dispersibility, the existence of amide linkages between GO- 
K, the crystallinity, and the functionality of the fabricated nanocomposite were confirmed by these analytical methods. Remarkably, 
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when applied at a pH of 5 with an adsorbent dose of 1.5 gL-1 over a 20-min contact period, the nanocomposite achieved an exceptional 
(98.8 %) reduction in dyes. This outcome further affirmed the robust physico-chemical interaction between the adsorbate and the 
adsorbent. Moreover, the study revealed that pH, contact time, and optimal dosage significantly influenced preventing adsorbent 
precipitation or aggregation, ensuring the attainment of equilibrium within the designated reaction time. Additionally, the GO-K 
nanocomposite demonstrated a substantial reduction in both Biological Oxygen Demand (BOD) and Chemical Oxygen Demand 
(COD) by 62 % and 79 %, respectively. The results indicated not only the ability of GO-K10 nanocomposite to efficiently eliminate 

Fig. 10. Adsorption mechanism of GO-K10 nanocomposite with the dyes.  

Table 2 
Comparison of different parameters between before and after treatment.  

Parameters Raw Effluents Treated effluent Standard 
Value (ECR 97) 

pH 3.8 5 3–9 
Turbidity 0.531 0.017 – 
DO (mg/L) 2.76 5.82 4–6 
BOD (mg/L) 1768.52 676.34 100 
COD (mg/L) 7012.59 1472.71 400  

Table 3 
Comparison of dye adsorption performance of various studies.  

Treatment Technology Type of solution Applied materials Removal percentage 
% 

References 

Adsorption Leather dyeing wastewater Graphene Oxide-Keratin nanocomposite 98.8 This Study 
Adsorption Reactive black 5 dye Keratin based adsorbent 95.3 [22] 
Adsorption Reactive brilliant blue KN-R dye Keratin composite film 98.52 [55] 
Adsorption Synthetic Azo Dye Graphene oxide nanoplatelets 97.78 % [54] 
Adsorption Acid Blue 161 dye Tannery cattle hair waste 70.82 [56] 
Adsorption Post tanning effluent Keratin-Polysulfone Blend Membranes 76 [57] 
Adsorption Tannery effluent with cationic dyes Graphene Oxide 91.2 [58] 
Adsorption Methylene Blue dye GO-SiO2-AR 95.08 [59] 
Adsorption Textile wastewater Graphene oxide 90 [60] 
Adsorption Acid red 27 Polypyrrole/SrFe12O12/Graphene Oxide 99 % [66] 
Adsorption Methylene Blue Graphene Oxide 99 % [67]  
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turbid dye but also other important factors, making it a viable option for treating leather dyeing wastewater. However, further in-
vestigations should investigate its degradation, desorption characteristics, and reusability to ensure its industrial viability. 
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