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In this work, the potential of fish scales from Tenualosa ilisha (TIFS) as a sustainable bio-adsorbent for removing Congo red (CR) dye 

from an aqueous solution is reported. The adsorption was carried out in an electric shaker to evaluate the effect of adsorbent dosages, 

initial dye concentration, pH and temperature. A UV-visible spectrophotometer was used to monitor the adsorption capacity of TIFS. 

Almost all the CR molecules (99.84%) were adsorbed on the surface of TIFS at a CR concentration of 8 × 10–5 M, 3 g of TIFS, 26 ºC 

temperature, pH = 9.65 and a contact time of 50 min. FTIR analysis confirmed the involvement of functional groups such as hydroxyl 

and amide in the adsorption process. SEM images revealed significant morphological changes on the TIFS surface after adsorption, while 

EDX analysis showed increased nitrogen and oxygen contents, indicating successful dye uptake. The experimental results indicate that 

CR adsorption on the surface of TIFS is an exothermic process. Based on thermodynamic inspection, negative values of Gibbs free energy 

(G) suggested a spontaneous adsorption process. The adsorption of CR on TIFS is found to follow Freundlich adsorption isotherm and 

pseudo-second order kinetics. 
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INTRODUCTION 

 The protection of surface and groundwater resources has 

become a critical environmental challenge due to the increasing 

discharge of industrial, agricultural and urban wastewater 

containing dyes, heavy metals and pharmaceutical contami-

nants [1]. Among various industries, the textile sector is a major 

contributor to water pollution through the release of effluents 

containing toxic substances such as arsenic, cadmium, copper, 

lead, chromium, nickel, mercury, sulphur compounds and auxi-

liary chemicals that pose serious risks to ecological and human 

health [2]. Textile dyes discharged into aquatic systems incr-

ease biochemical oxygen demand (BOD) and chemical 

oxygen demand (COD), thereby reducing water quality and 

inhibiting the growth of aquatic organisms [3]. Globally, the 

textile industry consumes more than 10,000 tons of dyes 

annually, a significant fraction of which ultimately enters water 

bodies [4]. Exposure to these dyes may cause respiratory 
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disorders, allergic reactions and other adverse health effects 

in humans [5]. 

 A substantial proportion of dyes applied during textile 

processing remains unfixed and is subsequently released into 

wastewater streams. Azo dyes are of particular concern since 

they reduce water transparency, restrict light penetration and 

impair photosynthetic activity, resulting in oxygen depletion 

and disruption of aquatic ecosystems [5-7]. Moreover, many 

azo dyes and their degradation products exhibit toxic, muta-

genic and carcinogenic properties, adversely affecting aquatic 

organisms, soil microorganisms and environmental quality 

[5,8]. Congo red (CR), a benzidine-based anionic diazo dye, 

possesses a highly stable aromatic structure containing two 

azo linkages, making it resistant to biodegradation and 

persistent in aquatic environments [4,9]. Owing to its toxicity 

and potential carcinogenicity, efficient removal of Congo  

red from wastewater is essential before effluent discharge 

[4,9]. 
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 Various treatment technologies, including ion-exchange, 

membrane separation, chemical precipitation, coagulation-

flocculation and oxidation-reduction, have been employed 

for removal of dyes. However, these methods often suffer 

from high operational costs, incomplete pollutant removal and 

sludge generation [10]. In contrast, adsorption has emerged as 

an attractive alternative due to its simplicity, cost-effective-

ness, high removal efficiency and ease of adsorbent regenera-

tion, making it a sustainable approach for wastewater treat-

ment applications [11,12]. 

 The effectiveness, simplicity of preparation and low cost 

of adsorption by conventional adsorbents and biosorbents are 

reasons for their increasing relevance [13-15]. Plant leaves 

have been used over time to make biosorbents for the purifi-

cation of water [16], fruit shells [17], tree barks [18], spent 

tea leaves [19], banana peel [20], coconut shell [21], sawdust 

[22], mango leaves [23], chitosan [24], egg shell [25], fish 

scales [26] and other biomaterials. Among them, activated 

carbon [27] and nanostructured materials [28] are widely used 

adsorbents for wastewater treatment due to their high surface 

area and strong adsorption capacity toward heavy metals and 

organic pollutants. Although activated carbon possesses exce-

llent porosity and extensive surface area, its non-selective 

nature limits its effectiveness toward small or highly polar 

organic molecules. Similarly, nanomaterials exhibit enhanced 

surface activity and adsorption efficiency due to their high 

surface free energy, enabling the removal of heavy metals, 

dyes, oily wastes and other industrial contaminants [29]. 

However, the synthesis of these advanced adsorbents often 

requires sophisticated technologies, resulting in high produc-

tion and operational costs. In contrast, fish scales represent an 

inexpensive, sustainable and eco-friendly biosorbent derived 

from abundant biological waste, offering a value-added appr-

oach for wastewater remediation. 

 Recent years have witnessed growing interest in the utili-

sation of fish scales as natural adsorbents due to their low cost, 

widespread availability and excellent adsorption potential 

[30-35]. Composed primarily of collagen and hydroxyapatite, 

fish scales provide numerous active sites for pollutant binding 

and have shown promising performance in the removal of 

various dyes from aqueous media [36]. For example, adsorp-

tion studies of acid blue 121 using fish scale-derived hydroxy-

apatite demonstrated optimum removal at pH 2.0, dye concen-

tration of 100 mg L–1, temperature of 30 ºC and adsorbent dosage 

of 1.0 g L–1, with the adsorption process fitting the Langmuir 

isotherm model [37]. Kinetic investigations further revealed 

that the adsorption behaviour was best described by the pseudo-

second-order model, indicating strong interactions between 

the dye molecules and the adsorbent surface [38]. Similarly, 

Rohu (Labeo rohita) fish scales effectively removed brilliant 

red dye, achieving maximum adsorption at pH 7.2 and exhi-

biting Langmuir-type adsorption behaviour with an exothermic 

adsorption energy of -34.92 kJ mol–1 [39]. 

 Motivated by these findings, the present study explores 

the potential of Tenualosa ilisha fish scales (TIFS) as a 

biosorbent for the removal of Congo red (CR) dye from 

aqueous solutions. Tenualosa ilisha, the national fish of 

Bangladesh, accounts for more than 80% of global production, 

making its scales an abundant and readily available waste 

resource. The study systematically investigates the influence 

of key operational parameters, including adsorbent dosage, dye 

concentration, solution pH, temperature and contact time, on 

Congo red removal efficiency. Furthermore, adsorption equili-

brium, kinetic and thermodynamic models were employed to 

elucidate the adsorption mechanism and evaluate the feasi-

bility of TIFS as a sustainable biosorbent for wastewater treat-

ment. 

EXPERIMENTAL 

 Preparation of fish scales: The fish scales of T. ilisha 

were collected, cleaned and dried at 60 ºC in an oven. To 

achieve a consistent particle size, the dried scales were 

crushed and sieved. 

 Preparation of Congo red solution: A stock solution of 

Congo red (CR) dye was prepared by dissolving an approp-

riate amount of Congo red (m.f.: C32H22N6Na2O6S2; m.w.: 

696.664 g mol–1, λmax = 498 nm) in distilled water to obtain a 

concentration of 1 × 10–2 M in a 250 mL volumetric flask. 

The pH of the dye solutions was adjusted and monitored within 

the range of 2.0-8.0 using a calibrated digital pH meter. The 

working solutions of the desired concentrations were subse-

quently prepared by serial dilution of the stock solution with 

distilled water. 

 Adsorption study and characterisation of adsorbent: 

A specific quantity of fish scales was added to a CR solution 

and allowed to shake in a shaker. After a predetermined amount 

of time, a small portion of the solution was collected. The 

absorbance of each solution was measured with a double-

beam UV-visible spectrophotometer (Shimadzu-1900i) and 

the removal efficiency was measured. Distilled water was 

used as a reference for all measurements. The process was 

repeated with the modification of various parameters, 

including the dosage of the adsorbent, the concentration of 

the adsorbate, contact time, pH and temperature. The percen-

tage of adsorption was determined by eqn. 1:  

  initial final

initial

Abs Abs
Adsorption (%) 100

Abs

−
=    (1) 

 The functional groups of fish scales (FS) before and after 

adsorption were characterised using FTIR spectroscopy in 

the range of 4000-400 cm–1. 

RESULTS AND DISCUSSION 

 The maximum absorption wavelength (max) of aqueous 

Congo red (CR) solution was determined spectrophotometri-

cally as 498 nm, with a molar extinction coefficient () of 2.352 

× 104 L mol–1 cm–1. All adsorption experiments were monitored 

at this wavelength, and the  value was used for calculating 

adsorption isotherm, kinetic and thermodynamic parameters.  

 Effect of adsorbent doses: As shown in Fig. 1, the 

adsorption efficiency of CR initially increased with increa-

sing adsorbent dosage, reached a maximum and subsequently 

decreased when the dosage was further increased while keep-

ing all other parameters constant. The adsorption efficiency 

increased steadily up to 3 g of fish scale adsorbent, attaining 

a maximum removal of 99.84%. This improvement can be  
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Fig. 1. Percentage of adsorption at various adsorbent dosage [[CR]o = 8 × 

10–5 M, pH = 9.65, t = 60 min, T = 26 ºC] 

 

attributed to the higher availability of active adsorption sites 

and increased surface area for dye uptake [40]. The adsorbent 

dosage plays a crucial role in determining adsorption perfor-

mance because it directly influences the adsorbate-adsorbent 

equilibrium and the number of accessible binding sites [41]. 

However, at dosages exceeding 3 g, a decrease in adsorption 

efficiency was observed, which may be attributed to particle 

aggregation and overcrowding effects that reduce the effective 

surface area and cause overlapping of adsorption sites, there-

by limiting dye adsorption [42]. Consequently, 3 g was iden-

tified as the optimum adsorbent dosage for the removal of CR 

using fish scale adsorbent.  

 Effect of dye concentration: The effect of the initial 

Congo red concentration on adsorption efficiency is shown 

in Fig. 2. The dye concentration was varied from 8 × 10–5 M 

to 16 × 10–5 M while maintaining all other experimental 

parameters constant. The adsorption efficiency decreased from 

99.84% to 92.84% with increasing dye concentration. At 

lower concentrations, a large number of active adsorption sites 

are available relative to the number of dye molecules, resul-

ting in higher removal efficiency. As the initial dye concen-

tration increases, the number of dye molecules competing for 

the limited adsorption sites also increases, leading to a reduc-

tion in percentage removal [43,44]. 

 

 
Fig. 2. Percentage of adsorption at different concentration of CR [amount 

of TIFS = 3 g, pH = 9.65, t = 50 min, T = 26 ºC] 

 

 The initial dye concentration serves as an important dri-

ving force for mass transfer between the aqueous phase and 

the adsorbent surface. However, at higher concentrations, the 

available active sites gradually become saturated, limiting 

further adsorption and reducing removal efficiency [44]. 

Although the absolute amount of dye adsorbed may increase 

at higher concentrations, the percentage removal generally 

decreases due to insufficient adsorption sites relative to the 

increased dye load [45]. The observed decrease in adsorption 

efficiency at increased CR concentrations can therefore be 

attributed to surface saturation and increased competition 

among dye molecules for the available binding sites on the 

fish scale adsorbent [46]. 

 Effect of pH: The pH of the solution is a key parameter 

influencing the adsorption process, as it affects both the 

surface charge of the adsorbent and the ionization state of the 

adsorbate. The effect of pH on CR adsorption was investiga-

ted over the pH range of 6-11 using 1 M HCl and 1 M NaOH 

for pH adjustment. In each experiment, 100 mL of Congo red 

solution was treated with 3.0 g of T. ilisha fish scale (TIFS) 

adsorbent for 60 min. The results (Fig. 3) demonstrate that 

adsorption efficiency is strongly pH-dependent. The maximum 

CR removal was achieved at pH 9.65, which was therefore 

selected as the optimum pH for subsequent experiments. The 

enhanced adsorption at this pH may be attributed to favorable 

electrostatic interactions and the zwitterionic nature of the dye 

molecules. A decrease in adsorption efficiency was observed 

when the pH was increased beyond 9.65, likely due to changes 

in the surface charge of the adsorbent and increased compe-

tition from hydroxyl ions, which reduce the availability of 

active adsorption sites [47]. Similarly, at lower pH values, 

protonation of surface functional groups and dye molecules 

may weaken adsorbent-adsorbate interactions, resulting in 

reduced adsorption efficiency. Consequently, the removal 

efficiency decreased as the pH deviated from the optimum 

value of 9.65 toward either acidic or strongly alkaline condi-

tions. 
 

 
Fig. 3. Effect of pH on the percentage of adsorption [amount of TIFS = 3 g, 

[CR]o = 8 × 10–5 M, t = 50 min, T = 26 ºC] 

 

 Effect of temperature: According to adsorption theory, 

adsorption generally decreases with increasing temperature 

since adsorbed molecules tend to desorb from the adsorbent 

surface at elevated temperatures [48]. Since adsorption is 

typically an exothermic process, lower temperatures favour 

dye uptake, in accordance with Le Chatelier’s principle. As 

the temperature increases, the kinetic energy of the adsorbate 

molecules rises, promoting desorption and reducing the 

extent of adsorption [49]. As shown in Fig. 4, the adsorption  
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Fig. 4. Percentage of adsorption at various temperature [amount of TIFS = 

3 g, [CR]o = 8 × 10–5 M, t = 50 min, pH = 9.65] 

 

efficiency of CR decreased with increasing temperature from 

26 ºC to 80 ºC, indicating the exothermic nature of the adsorp-

tion process. The highest adsorption efficiency was observed 

at 26 ºC (room temperature), while elevated temperatures led 

to a progressive decline in dye removal due to enhanced 

desorption and possible reduction in the availability of active 

binding sites.  

 Effect of contact time: The effect of contact time for 

CR removal by T. ilisha fish scales (TIFS) was investigated 

over a period of 0-60 min using 3.0 g of adsorbent in 100 mL 

of dye solution. As shown in Fig. 5, the adsorption efficiency 

increased with increasing contact time due to the progressive 

occupation of available active sites on the biosorbent surface 

[50]. The percentage removal increased from 97.14% to 

99.84% as the contact time was extended from 10 to 50 min. 

Beyond 50 min, no significant change in absorbance or adsorp-

tion efficiency was observed, indicating that adsorption equi-

librium had been attained. This suggests that nearly all avail-

able adsorption sites were occupied by dye molecules at 50 min, 

establishing it as the optimum contact time for CR adsorption 

onto TIFS.  

 FTIR spectra analysis: FTIR spectroscopy was used to 

investigate the functional groups involved in the adsorption 

of CR onto TIFS. The FTIR spectrum of CR (Fig. 6a) exhi-

bited a broad band around 3400 cm–1 corresponding to O–H/ 

 
Fig. 5. Effect of contact time on the percentage of adsorption [amount of 

TIFS = 3 g, [CR]o = 8 × 10–5 M, pH = 9.65, T = 26 ºC] 
 

N–H stretching vibrations, a prominent peak near 1600 cm–1 

assigned to aromatic C=C stretching and N–H bending vibra-

tions and characteristic sulphonate (-SO3
–) stretching bands at 

approximately 1185 and 1045 cm–1 [43,51]. These functional 

groups are primarily responsible for the interaction of CR 

molecules with the adsorbent surface. 

 The FTIR spectrum of TIFS before adsorption (Fig. 6b) 

displayed a broad O–H stretching band in the region 3600-

3200 cm–1, along with characteristic amide-I (~1650 cm–1) 

and amide-II (~1550 cm–1) bands arising from the collagen 

matrix. After adsorption, noticeable changes in the intensity 

and position of these bands were observed, indicating the 

involvement of hydroxyl, amide and phosphate groups in the 

adsorption process. The reduction in O–H band intensity 

suggests hydrogen-bond formation between TIFS and CR 

molecules, while shifts in the amide bands indicate inter-

actions between collagen functional groups and the dye mole-

cules. Furthermore, changes in the 1250-1000 cm–1 region 

suggest the participation of phosphate groups through ion-

exchange or complexation mechanisms [43,51]. Thus, the 

FTIR results confirm that adsorption of Congo red onto TIFS 

occurs through a combination of hydrogen bonding, electro-

static attraction and possible - interactions between the 

functional groups of the dye and the collagen-rich fish scale 

surface, demonstrating the effectiveness of TIFS as a sustain-

able biosorbent for CR dye removal.  

 

 

Fig. 6. FTIR spectra analysis of (a) CR and (b) TIFS before (blue) and after (red) adsorption of CR 
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 Surface morphology and elemental analysis: SEM 

analysis of TIFS revealed significant morphological transfor-

mations subsequent to CR adsorption. Before adsorption, 

micrographs in Fig. 7a exhibited a characteristically fibrous 

and microporous structure, featuring clear ridges and uneven 

surfaces that support adsorption by increasing surface area 

and making active sites more accessible. After adsorption 

imaging in Fig. 7b showed clear changes in surface structure, 

including more uneven texture, blocked pores and the prese-

nce of unstructured particles, which are signs that the dye had 

attached to the surface, likely forming a single layer [52]. 

 Energy-dispersive X-ray spectroscopy (EDX) was empl-

oyed to examine elemental changes on the surface of TIFS 

before and after CR adsorption. The EDX spectrum of pris-

tine TIFS (Fig. 8a) revealed the presence of carbon (25.43%), 

oxygen (31.44%), calcium (28.66%), phosphorus (11.40%) 

and nitrogen (3.07%), confirming the hydroxyapatite and 

collagen-rich composition of the biosorbent. Following CR 

adsorption (Fig. 8b), the oxygen and nitrogen contents incre-

ased to 40.00% and 5.93%, respectively, while the carbon 

content decreased to 17.08%. These changes indicate the 

successful attachment of CR molecules containing nitrogen-

bearing azo and amino groups as well as oxygen-rich sulpho-

nate functionalities onto the biosorbent surface. Furthermore, 

the decrease in the Ca/P ratio from 2.51 to 2.38 suggests the 

involvement of hydroxyapatite-associated phosphate groups 

in the adsorption process. The observed elemental variations 

support the FTIR findings and confirm that both the collagen 

and hydroxyapatite components of TIFS contribute synergisti-

cally to the adsorption of CR dye [53]. 

 Adsorption kinetics: Adsorption kinetics describes the 

rate at which adsorbate molecules are transferred from the 

aqueous phase to the adsorbent surface and provides valuable 

information regarding the adsorption mechanism and rate-

controlling steps. Kinetic studies are commonly evaluated 

using both linear and non-linear models and the most appro-

priate model is identified based on the goodness-of-fit para-

meters [54]. In this study, the adsorption kinetics of CR onto 

TIFS were analysed using established kinetic models. The 

pseudo-first-order kinetic model, also known as the Lagergren 

model, assumes that the rate of adsorption is proportional to 

the number of unoccupied adsorption sites and that the adsorp-

tion rate depends on the difference between the equilibrium 

adsorption capacity and the amount adsorbed at a given time 

[55,56]. The model is represented by the following equation: 

  t
1 e t

dq
k (q q )

dt
= − −   (2) 

where qe is the adsorption capacity of adsorbent at equili-

brium (mg g–1); qt is the adsorption capacity of the adsorbent 

at time t (mg g–1), k1 is the rate constant for pseudo-first-order 

adsorption (min–1). 

 After eqn. 2 is integrated and boundary conditions are 

applied, t = 0 to t = t and qt = 0 to qt = qe, the integrated form 

of eqn. 1 becomes: 

 

 

Fig. 7. SEM images of TIFS (a) before adsorption and (b) after adsorption of CR 

 

 

Fig. 8. EDX spectra of TIFS (a) before adsorption and (b) after adsorption of CR 
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e t e 1log(q q ) logq k t− = −  (3) 

when values of ln (qe – qt) were correlated linearly with t. The 

plot of log (qe – qt) versus t gives a relationship that is linear 

from which k1 and qe can be determined from the slope and 

intercept of the plot.  

 The adsorption kinetics rate equation for pseudo-second- 

order [57] is expressed as:  

  2t
2 e t

dq
k (q q )

dt
= −  (4) 

where k2 is the rate constant of pseudo-second order adsorp-

tion (g mg–1 min–1).  

 The integrated form of the equation for the boundary con-

ditions t = 0 to t = t and qt = 0 to qt = qe becomes: 

  
e t e

1 1
kt

(q q ) q
= +

−
  (5) 

 The equation is linearly rearranged and expressed as:  

  
2

t 2 e e

t 1 t

q k q q
= +  (6) 

 Based on the adsorption capacity, Ho & McKay [58] anal-

yses the pseudo-second-order kinetic model, which is repre-

sented as follows:  

  
t e

t 1 t

q h q
= +  (7) 

  
2

2 eh k q=  (8) 

where h (mg g–1 min–1) is the initial adsorption rate, k2 (g mg–1 

min–1) is the equilibrium rate constant of pseudo-second order 

model. The values of qe and k2 were calculated from the slope 

and intercept of the graph drawn between t/qt and t, respect-

ively. 

 The value of qe and qt were calculated by using the 

following equations [59]:  

  o t
t

(C C )V
q

W

−
=  (9) 

  o e
e

(C C )V
q

W

−
=  (10) 

where C0 and Ce, Ct represents the initial and equilibrium 

concentration of dye in mg/L respectively. V is the volume 

of the solution (L) used for adsorption and W is the mass of 

dry adsorbent (g). 

 The kinetic parameters were determined from the graph 

in Fig. 9 by using pseudo-first and pseudo-second order 

models and given in Table-1. The correlation coefficient (R2) 

values suggest that the adsorption of CR on TIFS follow 

pseudo-second order kinetics.  

 
TABLE-1 

KINETIC PARAMETERS FOR THE PSEUDO-FIRST  

AND PSEUDO-SECOND ORDER MODELS 

qe (mg/g) 

Pseudo-first order Pseudo-second order 

k1 R2 k2 R2 

1.83 0.0527 0.7907 1.0585 0.9999 

 

 Adsorption isotherms: To determine the best-fitting 

equilibrium model for CR adsorption onto TIFS, the experi-

mental data were analyzed using Langmuir, Freundlich, Temkin 

and Dubinin-Radushkevich (D–R) isotherms. The Langmuir 

isotherm assumes monolayer adsorption on a homogeneous 

surface with a finite number of identical adsorption sites and 

no interaction between adsorbed molecules [60]. The linear 

form of the Langmuir equation is given as:  

  
e max L e max

1 1 1

q q K C q
= +  (11) 

where KL is the Langmuir adsorption constant (L mg–1) and 

qmax represents the theoretical maximum adsorption capacity 

(mg g–1) [61]. 

 The Freundlich isotherm is established on the multilayer 

adsorption (heterogeneous surface). The linearised form of 

Freundlich isotherm is given as:  

  
e F e

1
lnq ln K lnC

n
= +  (12) 

where the isotherm constants KF (L mg–1) and ‘n’ indicate the 

capacity and intensity of the adsorption, respectively [62]. 

 The linearised form of Temkin isotherm equation can be 

expressed by the following equation:  

 

 

Fig. 9. (a) Pseudo-first order and (b) pseudo-second order kinetic model for the adsorption of CR on TIFS 
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e T eq Bln K BlnC= +  (13) 

where T is the absolute temperature in K; R is the universal 

gas constant, 8.314 J K–1 mol–1; KT is the equilibrium binding 

constant (L mg–1); and B is related to the heat of adsorption 

[63]. 

 The linear form of Dubinin–Radushkevich isotherm 

equation can be expressed as:  

  
2

e maxln q ln q= −  (14) 

where qmax is the DR monolayer capacity (mg g–1),  is a 

constant related to adsorption energy and  is the Polanyi 

potential, which is related to the equilibrium concentration as 

follows [62]:  

  
e

1
RTln 1

C

 
 = + 

 
 (15) 

 The mean free energy (E) of adsorption per molecule of 

the adsorbate when it is shifted to the surface of the solid from 

infinity in the solution can be determined from the value of  

[64]. 

 The data fitting of the Langmuir, Freundlich, Temkin 

and Dubinin–Radushkevich isotherms on the adsorption of 

CR onto TIFS are shown in Fig. 10. The parameters of all the 

isotherms with the correlation coefficients for the adsorption 

of CR onto TIFS are tabulated in Table-2. Based on the 

correlation coefficient (R2), the Freundlich model isotherm 

represents a better fit compared to the other isotherm models 

with the experimental data. The results illustrate the hetero-

geneity of the adsorbent surface involving multilayer adsorp-

tion [65]. Generally, the value of 1/n, ranging between 0 and 

1 represents favourable adsorption conditions. The value of 

1/n is obtained 0.13 from Table-2, which indicates that the 

adsorption of CR on TIFS is favourable [66].  

 Adsorption thermodynamics: Several thermodynamic 

parameters, including Gibbs free-energy change (Gº), 

enthalpy change (Hº) and entropy change (Sº) were esti-

mated to inspect the adsorption nature of the present work. 

 

 

Fig. 10. (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin–Radushkevich isotherms of the adsorption of CR onto TIFS 

 
TABLE-2 

ADSORPTION ISOTHERM PARAMETERS AND CORRELATION COEFFICIENTS OF CR ADSORPTION ONTO TIFS 

Isotherm models     

Langmuir KL (L mg–1): 20.18 qmax (mg g–1): 2.82  R2: 0.74 

Freundlich KF (L mg–1): 2.40 1/n: 0.13 n: 7.62 R2: 0.94 

Temkin KT (L mg–1): 2172.22 B: 0.32  R2: 0.89 

Dubinin-Radushkevich : 1.16 × 10–8 qmax (mg g–1): 2.82 E (KJ mol–1): 6.6 × 103 R2: 0.67 
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The Gibbs free energy change (Gº) is computed by the 

following equation:  

  e
d

e

q
Gº RTln k RTln

C
 = − = −  (17) 

where R is the universal gas constant (8.3145 J mol–1 K–1); T 

is the temperature (K); Kd is the distribution coefficient (L g–1); 

qe is the equilibrium amount of adsorbed molecule on the 

adsorbent TIFS (mg g–1) and Ce is the equilibrium concen-

tration of CR dye in the aqueous phase (mg L–1) [67]. 

 As shown in Fig. 11, the equilibrium amount of adsorbed 

molecule (qe) on the adsorbent TIFS is increased, as well as 

the Gibbs free energy change at standard state (Gº) is also 

increased with increasing temperature, demonstrating the 

decrement of adsorption with increasing temperature. Further-

more, the negative values of Gº at 26 ºC suggested that the 

adsorption of CR solution onto TIFS was a spontaneous 

process at ambient temperature. The values of Gº become 

positive at other higher temperatures indicating that the adsor-

ption becomes non-spontaneous with increasing temperature 

from ambient conditions (Fig. 11 and Table-3).  

 

 
Fig. 11. The relationship between temperature and amount of CR dye (8 × 

10–5 M) adsorbed, qe on TIFS and corresponding Gibbs free energy 

change (ΔGº) 

 
TABLE-3 

THERMODYNAMIC PARAMETERS FOR  

ADSORPTION OF CONGO RED (CR) DYE ON TIFS 

Temp. (ºC) 

Gibbs free 

energy change 

(Gº) (KJ mol–1) 

Enthalpy 

change (Hº) 

(KJ mol–1) 

Entropy 

change (Sº) 

(KJ mol–1) 

26 -7.51 

-116.87 -3.66 
50 1.02 

60 6.56 

70 7.73 

 

 The van't Hoff equation can be implied to explain the 

relationship between enthalpy change and entropy change as 

follows:  

  
d

Sº Hº
ln k

R RT

 
= −  (18) 

 As illustrated in Fig. 12, the values of Hº and Sº were 

determined from the slope and intercept of ln Kd vs. 1/T plots 

[61,62]. The values of the estimated thermodynamic para- 

 
Fig. 12. The plot of ln Kd versus 1/T 

 

meters are presented in Table-3. The negative value of Hº 

(-116.87 KJ mol–1) revealed the exothermic nature of the 

adsorption procedure, the negative Sº value (-3.66 kJ mol–1) 

indicates a decrease in molecular randomness and disorder at 

the solid-liquid interface after the adsorption of CR onto TIFS 

[61].  

Conclusion 

 This study demonstrated the potential of discarded 

Tenualosa ilisha fish scales (TIFS) as an efficient, sustainable 

and low-cost biosorbent for the removal of Congo red (CR) 

dye from aqueous solutions. Batch adsorption experiments 

revealed that dye removal was significantly influenced by 

adsorbent dosage, initial dye concentration, pH, temperature 

and contact time. Under optimized conditions (3 g adsorbent, 

pH 9.65, 26 ºC and 50 min contact time), a maximum removal 

efficiency of 99.84% was achieved. The adsorption efficiency 

decreased at higher dye concentrations and temperatures, 

indicating saturation of active sites and the exothermic nature 

of the process. Thermodynamic parameters confirmed that 

adsorption was spontaneous and exothermic (Hº = -116.87 

kJ mol–1; Gº < 0). FTIR, SEM and EDX analyses verified 

the involvement of hydroxyl, amide and phosphate groups in 

dye adsorption and revealed significant surface and elemental 

changes after adsorption. Kinetic and isotherm studies sugg-

ested that the adsorption process was predominantly governed 

by chemisorption and occurred on a heterogeneous surface with 

multilayer adsorption characteristics. Based on the results, 

TIFS represent a promising biosorbent for the efficient and 

eco-friendly treatment of dye-contaminated wastewater. 
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