
Vol.:(0123456789)1 3

Biomass Conversion and Biorefinery (2024) 14:3523–3534 
https://doi.org/10.1007/s13399-022-02614-x

ORIGINAL ARTICLE

Application of a biowaste of fish (Labeo rohita) scale for the removal 
of methyl orange from aqueous solutions: optimization of sorption 
conditions by response surface method and analysis of adsorption 
mechanism

Debabrata Nandi1 · Harikrishnan Pulikkalparambil1 · Jyotishkumar Parameswaranpillai2 · Suchart Siengchin1,3 

Received: 17 December 2021 / Revised: 16 March 2022 / Accepted: 17 March 2022 / Published online: 9 April 2022 
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Methyl orange, an anionic dye, is injurious to health and the environment which must be treated before discharging. The 
processed fish (Labeo rohita) scales were characterized by scanning electron microscope (SEM), the attenuated total reflec-
tance (ATR) Fourier transform infrared spectroscopy (FT-IR), and BET surface area analyzer. The BET surface area and pore 
diameter were observed to be 192 m2 g−1 and 44 nm, respectively. Influences of parameters such as pH, temperature, and 
concentration of adsorbent were studied by response surface methodology and analysis of variance (ANOVA) to optimize 
methyl orange dye uptake in adsorption process by fish scale. The influences of factors on adsorption capacity followed the 
order (initial concentration ˃ temperature ˃ pH). The fish scale attained a high sorption capacity (Langmuir capacity of 520 mg 
g−1 at pH 5.3, 283 K) towards methyl orange. The thermodynamics analyses implied that the physisorption was an exothermic 
and spontaneous process (ΔG0 = negative, ΔH0 = −9.17 kJ mol−1 and ΔS0 = + 0.03 J mol−1 K−1). The interaction of fish 
scale biosorbent with methyl orange dye was also explored with the assistance of a mechanistic pathway. The results indicate 
that the fish scale could be employed as an effective biosorbent for the removal of methyl orange dye from aqueous solution.
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1  Introduction

In this modern era, dyes are widely used in textiles, printing, 
cosmetics, rubber, paper, food, leather, and pharmaceutical 
industries to color their products [1]. These industries gen-
erate color effluents that are exceedingly toxic to the envi-
ronment. These dyes can damage aquatic life and organs of 
human beings as well as exhibit negative effects on photo-
synthesis [2]. Due to its complex structure and water solubil-
ity characteristics, dye removal from effluent is very tough 
by means of conventional physicochemical methods, such as 
membrane filtration, coagulation, chemical oxidation, chem-
ical precipitation, and osmosis [3]. Moreover, most dyes are 
inactive towards environmental conditions, such as microbial 
interaction, heat, and light [4]. Therefore, researchers have 
paid considerable attention to optimize removal solutions of 
dyes from aqueous medium [5, 6]. However, the adsorption 
process endows the capability of dye removal with remark-
able advantages over other conventional methods, such as 
simplicity, high efficiency, low treatment cost, low sludge 
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generation, and non-generation of toxic materials. Among 
the reactive dyestuffs, methyl orange (MOH) is photo-phys-
ically and chemically inactive and may be responsible for 
respiratory tract malfunction, allergic dermatitis, eye irrita-
tion, gastrointestinal irritation with vomiting, diarrhea, and 
nausea [7, 8]. The MOH is chosen here on account of its 
use in printing papers, food, textiles, research laboratories, 
and pharmaceutical industries. The abundant availability of 
biomass makes it an eco-friendly and economically viable 
material to apply in numerous fields [9], including adsorp-
tion. Sometimes, easy activation of biomass is a key strategy 
to turn it into a promising adsorbent, as reported by Niero 
et al. [10]. Sardinella brasiliensis scale, Catla catla scale, 
fish scale chitin, etc. were utilized as promising adsorbents 
for dye removal [10–13].

The present work is an attempt to explore the possibil-
ity of utilizing bio-based waste materials, Labeo rohita 
fish scale, as an adsorbent to assess the adsorption behav-
ior for the removal of the most common and well-known 
dye, methyl orange. The cycloid scales are uniform and 
contain generally 41% protein, 13% lipid, and 15% ash, the 
balanced consisted (31%) nitrogen-free extract containing 
carbohydrate, etc. [14]. As the fish scale contains protein, it 
might be a potential immobilizer of unsafe chemicals from 
the environment due to the capability of proteins to chelate 
heavy metal ions, as similarly reported by Tamás et al. [15]. 
Moreover, acid treatment on the fish scale makes its surface 
uneven and porous, which is an additional advantage for the 
adsorption of adsorbate species. So, the adsorption behavior 
of the fish scale towards methyl orange on physicochemi-
cal aspects was systematically assessed with insight into the 
proposed mechanism. The −NH2 and ˃ NH groups of amino 
acids were illustrated to interact with the −SO3

− group of 
methyl orange dye. The influence of temperature, adsorbent 
dose, contact time, and sorbate concentration was investi-
gated to explore the removal efficiency and reaction pathway 
of methyl orange adsorption from aqueous solution.

2 � Materials and methods

2.1 � Materials and analytical tools

Methyl orange (C14H14N3SO3H), an anionic dye, was 
utilized as received. A stock solution of MOH (1000 mg 
L−1) was prepared and diluted as per the initial concentra-
tion requirement. A ELICO India (model: LI) pH meter 
was used for analysis. The scanning electron microscope 
(SEM) of JEOL, Japan (model: JSM 6390LV), was used 
for morphology analysis. An N2 (gas) adsorption-desorption 
isotherm was tested to study BET surface area and poros-
ity (Quantachrome Autosorb-1C surface analyzer). The 
attenuated total reflection (ATR) Fourier transform infrared 

spectroscopy (FT-IR) study was performed within the range 
of 4000 to 650 cm−1 wavenumber by 500 cm−1/min scan 
rate, purchased from PerkinElmer, USA. The UV/vis spec-
trophotometer (HITACHI, model U-3210) was used to 
determine dye concentration at 464 nm. The color of methyl 
orange is associated with the presence of certain groups 
in the molecules called “chromophores,” and the color is 
augmented by the presence of certain groups called “aux-
ochromes.” The group −SO3H is unable to produce color 
itself but can deepen the color produced by the azo group 
(−N=N−) in the dye. Dye (methyl orange) = chromophore 
(azo group) + auxochrome (−SO3H) [16]. The physical 
characteristics of MOH were presented in Table S1 (S = 
supporting information). In supporting information section, 
MOH solution preparation and its spectrophotometric esti-
mation were presented.

2.2 � Preparation of biosorbent

The fish scale was collected, ground finely, and cleaned very 
carefully by washing with distilled water and ethanol several 
times. It was treated with 0.1 M HCl for 3 h and afterward 
washed thoroughly with distilled water to remove excess 
acid. This acid-treated fish scale (Fig. 1) was dried in an air 
oven at 80–100 °C for 3 h. Thereafter, the mesh size of the 
fish scale collected was ranged from 25 to 50 μm for use in 
adsorption study.

2.3 � Batch adsorption

A 50-ml aliquot of MO-H with 0.2 g of adsorbent was 
taken into a 100 ml well-capped polyethylene bottle for 

Fig. 1   Pathway of biosorbent preparation and activation by acid treatment
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mechanical agitation. The adjusted solution pH was~5.3 
by 0.1M HCl/NaOH. The agitation (shaking) speed used 
was of 300 ± 5 rpm. The filtered solution was used to 
determine the concentration of unreacted dye. The adsorp-
tion capacity qe (mg/g) of MO-H was determined [17] by 
Eq. (1):

where m (g) is the mass of adsorbent, V (L) is the volume 
of MOH solution, and C0 and Ce (mg/L) are the initial 
and equilibrium concentration of MOH solution, respec-
tively. The influence of pH on the adsorption of MO-H by 
fish scale was tested in the pH range between 2 and 10, 
adjusted initially (pHi) by acid/base at 303 K. The agita-
tion time was fixed at 2 h as this effect was investigated 
initially. The scale size and agitation speed used were 
mentioned above.

This kinetic study was done at pH 5.3 (± 0.1) at 283 
K, 303 K, and 323 K with a fluctuation of ± 1.0 K. Here, 
500.0 ml of 200 mg L−1 MO-H solution was mixed with 2.0 
g of scale in a bottle and kept in a thermostat bath to reach 
anticipated temperature. The agitation speed was fixed at 
300 ± 5 rpm. A definite volume of 2 ml was collected at 
5.0-min intervals from the start to the point of equilibrium 
in a 50 ml beaker. Afterward, the solution was transferred 
to a 25 ml volumetric flask and made up the volume with 
distilled water for analysis by spectrophotometer. To com-
prehend the adsorption phenomenon along with process 
optimization and efficient utilization of the adsorbent, the 
adsorption data was kinetically analyzed by kinetic model 
equations.

The pseudo-first-order and pseudo-second-order Eqs. (2) 
and (3), respectively [18], were used to fit kinetic data:

where qt reflects adsorption capacity (mg g−1) at time t, qe 
shows the same (mg g−1) at equilibrium point, K1 signi-
fies the rate constant (min–1) for pseudo first order, and K2 
reflects the rate constant (mg g−1 min−1) for pseudo-second-
order equation at time t (min).

The equilibrium studies were performed by the batch 
method at 283 K, 303 K, and 323 K (pH~5.3 ± 0.1). The 
concentration of MO-H solution used in the study ranged 
from 40.0 to 320.0 mgL−1. The dose of the adsorbent was 
0.4 g made for 100 ml of MO-H. The agitation time was set 
for 2 h at 300 ± 5 rpm speed. After reaching equilibrium, the 
solution was filtered, and the pH was adjusted to 5.3 (± 0.1) 
to be analyzed by a spectrophotometer. The isotherm equi-
librium data obtained by batch method were analyzed using 

(1)qe =
(

C0–Ce

)

V∕m

(2)qt = qe
{

1 − exp
(

k1t
)}

(3)qt = k2qe
2 t∕

{

1 +
(

k2qt
)}

the isotherm model equations, Langmuir [19], Freundlich 
[20], and Redlich-Peterson [21] isotherm Eqs. (4, 5, and 6):

where n denotes sorption intensity, Kf represents Freundlich 
constant, qe (mg g−1) represents the amount of MOH sorp-
tion, Ka represents the Langmuir constant (L mg−1), Ce (mg 
L−1) shows the concentration at equilibrium point, qm shows 
the monolayer adsorption capacity (mg g−1), and α, β, and γ 
(0 < γ < 1) are the three isotherm constants which illustrate 
the feature of the isotherm, respectively.

The parameters associated with thermodynamic study 
were illustrated by Eqs. (7–9) [22]:

where b be the constant in L mol−1, R = 8.314 J mol−1 K−1, 
i.e., the ideal gas constant, ∆G0 (Gibbs-free energy),∆H0 
(standard enthalpy), and ∆S0 (standard entropy) are in J 
mol−1, J mol−1, and J mol−1 K−1, respectively.

3 � Results and discussion

The results of SEM and BET studies described the influence 
of surface morphology on the adsorption of MO-H on fish 
scale. The results reported herein were the influences of pH, 
contact time for kinetics at different temperatures, initial dif-
ferent adsorbent doses, and equilibrium studies with varying 
concentrations of MO-H. The affinity of the dye towards 
biosorbant is demonstrated by a mechanistic pathway.

3.1 � SEM, BET surface area, and FT‑IR analysis

The surface characterization of fish scale is shown in Fig. 2. 
The SEM micrographs in Fig. 2a and b reveal the clear, dis-
tinct porous morphology of the processed scales. The prepa-
ration pathway along with acid treatment of biosorbant helps 
to generate pores during the elimination of organic/inorganic 
compounds. These exposed pores quickly allow adsorbate 

(4)qe =
qmKaCe

1 + KaCe

(5)qe = KfCe
1∕n

(6)qe =
�Ce

1 + β.C
γ
e

(7)ΔG0 = −RT ln b

(8)ln
b1
b2

= −
ΔH0

R

(

1

T1

−
1

T2

)

(9)ΔG0 = ΔH0 − TΔS0
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to be entrapped on their surface. The BET surface area and 
pore volume are 190 m2 g−1 and 0.23 cm3 g−1, respectively. 
This specific surface area is high enough to accommodate 
MOH molecules on the active surface of biosorbent. The 
Langmuir surface area is 236 m2 g−1, which is higher than 
the BET surface area value. Here, Langmuir surface area is 
based on monolayer adsorption of an adsorbate which is not 
absolutely real for freely accessible surface because there 
will be lateral interactions among adsorbate molecules as 
well as different affinity of the adsorbate molecules towards 
the adsorbent. The average pore diameter is 44 nm, which 
reveals its mesoporous structure. The hysteresis loop in 
Fig. 2c isotherm belongs to type IV, which is also associated 
with the mesoporous structure. The size of the MOH is 1.2 
nm [23], while the pore diameter is 44 nm (Fig. 2d). Thus, 

the pores can easily accommodate many adsorbates, i.e., 
MOH molecules on their active surface sites from the bulk 
phase of the dye solution. The significance of the mesopo-
rosity in dye removal was also explored by Hadi et al. [24] 
on activated carbon. Figure 2e shows the FT-IR spectrum 
of fish scale before and after dye adsorption. The band at 
2924.0 cm−1 for both fish scale and dye-adsorbed fish scale 
is owing to the asymmetric −CH3 stretching vibration [25]. 
The bands at 1443.3 cm−1, 1547.6 cm−1, and 1652.6 cm−1 
endorse the integrity of the proteins inside the fish scale. The 
bands at 1422.0 cm−1 and 1604.2 cm−1 are characteristics of 
in-plane C–H bending (−C=C–H) and −N=N stretching of 
the methyl orange dye molecule, respectively. The band at 
1366.2 cm−1 corresponds to the −S=O stretching vibration, 
which confirms the presence of sulfonic group in the dye. 

Fig. 2   SEM images of fish 
scale a before acid treatment, 
b after acid treatment, BET c 
adsorption-desorption isotherm 
of N2 gas on fish scale, d pore-
size distribution on fish scale 
surface, and e ATR FTIR analy-
sis of pure fish scale and methyl 
orange adsorbed fish scale



3527Biomass Conversion and Biorefinery (2024) 14:3523–3534	

1 3

The bands at 1122.4 cm−1 and 1192.2 cm−1 are characteris-
tics of the −C–N bond, which confirms the presence of an 
azo group in the dye. In dye-adsorbed fish scale, the band 
at 814.6 cm−1 is characteristic of distributed benzene ring, 
which supports the aromatic nature of the dye. The band at 
696 cm−1 corresponds to −C–S stretching vibration, which 
is presumably due to the presence of dye in the fish scale.

3.2 � Methyl orange adsorption study

3.2.1 � Response surface methodology and ANOVA study

This optimization study was performed by the central com-
posite design method in Design-Expert 9 (DX9) software 
[26]. Twenty different experiments were run with three inde-
pendent variables as shown in Table S2. The effect of param-
eters such as temperature (T), pH, and initial concentration 
of the adsorbate (Ci) on response, i.e., adsorption capacity

(q, mg/g), were investigated and summarized in Table 1. 
High and low values were set as per the scale-up of the 
adsorption phenomenon. The experimental results were fit-
ted with second-order polynomial model Eq. (10):

where y is the response, x is an independent variable, β0 
is the constant coefficient, βi is the linear coefficient, βii is 
the quadratic coefficient, and βij is the ij interaction coef-
ficient. The positive coefficient values reveal synergistic 
effects, whereas negative values reveal antagonistic effects 
of parameters on adsorption either for individual or in com-
bination as shown in Eq. 11 [27].

(10)
y = �0 +

∑3

i=1
�ixi +

∑3

i=1
�iixi

2 +
∑3

i=1

∑3

j=i+1
�ijxixj

(11)

Adsorption capacity (mg∕g) = 115.8–23.56 A − 0.1066 B + 48.16 C

+ 8.30 A2 + 30.58 B2 + 17.32 C2

+ 4.69 AB − 7.44CA − 5.0BC

Here factor A (temperature) shows an antagonistic effect, 
whereas factors B (pH) and C (Ci) express progressive 
effects on adsorption capacity as shown in the following 
Eq. (11). The regression coefficient (R2) is 0.90, indicating 
models are fit best for factors or parameters. The small dif-
ference (0.1) between (R2) and R2 (Adj) signifies its close 
agreement between predicted and experimental adsorp-
tion capacity. The coefficient of factor B (pH) is very low 
negative, and with the rise of pH, the adsorption capacity 
increases rapidly up to pH 4 and then again decreases rapidly 
from pH 7.5 to 9. ANOVA can determine the significance 
of models. The F-value is 9.49, which implies the model is 
significant, and P-values are less than 0.05, which implies 
the model terms have a significant effect on the adsorption 
phenomenon. The higher the value of the coefficient, the 
greater its influence on the adsorption process which follows 
the order Ci ˃T ˃ pH. This order can be attributed to the fact 
that the adsorption process primarily takes place between the 
adsorbent and adsorbate, so the adsorbate concentration (Ci) 
has a great influence on the adsorption process. However, 
the adsorption capacity decreases remarkably with a small 
rise in temperature, indicating physisorption type interaction 
which is also comparable with the thermodynamic study. 
On the other hand, the influence of pH change on adsorp-
tion capacity is the least which can be corroborated with 
the obtained results in the pH effect study. Figure 3a, b and 
c shows the plots of 3D responses where the MOH adsorp-
tion capacity is plotted against two parameters, keeping the 
other constant. Figure 3d exhibits standardized effects on 
adsorption where color points reflect in terms of normal %. 
It shows that most points are very close to the normal line, 
which implies that the model setup is substantial to describe 
the factor-dependent response. The dye adsorption capac-
ity increased with the increase of Ci due to the opening of 
more accessible interaction sites, but the negative coefficient 
of temperature factor implies that the reaction is exother-
mic, which is corroborated by the values obtained from the 

Table 1   Parameters listed from 
analysis of variance (ANOVA) 
for quadratic model

Source Sum of squares Degree of 
freedom

Mean square F-value p-value Coefficient

Model 56763.64 9 6307.07 9.49 0.0008 115.80 (intercept)
A-Temp 7583.33 1 7583.33 11.41 0.0070 −23.56
B-pH 0.1551 1 0.1551 0.0002 0.9881 −0.1066
C-Ci 31680.79 1 31680.79 47.65 < 0.0001 48.16
AB 175.78 1 175.78 0.2644 0.6183 4.69
AC 442.53 1 442.53 0.6656 0.4336 −7.44
BC 205.03 1 205.03 0.3084 0.5909 −5.06
A2 993.72 1 993.72 1.49 0.2495 +8.30
B2 13474.51 1 13474.51 20.27 0.0011 +30.58
C2 4322.87 1 4322.87 6.50 0.0289 +17.32
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thermodynamic study. On the other hand, at lower pH, the 
adsorbent (fish scale) surface becomes protonated and deliv-
ers an electrostatic attraction between the adsorbent surface 
and dye molecule. According to pK value, the MO-H exists 
in the pH range (3.5 to 7.0) as MO−, and the surface of the 
fish scale remains positively charged. So, the electrostatic 
attraction is assumed to be the source of binding force for 
MO− in the adsorption process onto the positive surface of 
the fish scale.

3.2.2 � Effect of pH

The adsorption range of MO-H is governed by solution 
pH. The pH dependence of dye adsorption onto biosorb-
ent (S-NH2) was investigated within 2.0 to 10.0 pHi using 
200 mgL−1 initial concentration of MO-H with fixed adsor-
bent dosage where the adsorbent exhibits a pH-dependent 
surface charge (Fig. 4a). The results show that the MO-H 
adsorption increases from pH 2.0 to 3.5, remains nearly 

Fig. 3   Three-dimensional response surface plot interaction. a Influence of temperature (T) and pH, b influence of temperature and Ci and T, c 
influence of Ci and pH, and d color points by value of adsorption capacity in terms of normal plot of residuals
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constant up to pH 7.0, and then decreases with increas-
ing pH from 7.0 to 10.0. The overall pH-dependent 

phenomenon is described stepwise by the proposed mecha-
nism in Eqs. (12–14):

(12)

Fig. 4   a Effect of 2.0 to 10.0 
pH on MO-H adsorption by fish 
scale. b Plot of qt versus t of 
MO-H adsorption kinetic data 
on fish scale, Ci of MO-H: 200 
mg L−1, pH 5.3 (± 0.1). c The 
pseudo-second-order plot of 
MO-H adsorption kinetic data 
on fish scale at pH 5.3 (± 0.1). 
d Intraparticle diffusion plot for 
MO-H adsorption on fish scale 
for three different temperatures

(13)

(14)

where S-NH2 represents the fish scale surface which has 
some amine (−NH2)-containing groups.

The phenomenon can be attributed to the protonation 
(H+) at lower pH on the adsorbent (fish scale) surface, which 
arranges for a significant electrostatic attraction between the 
adsorbent surface and dye molecule as revealed in Eq. 12. 
Thus, the optimum range of pH for MO-H adsorption is 
found to be 3.5 to 7.0, which is pronounced by Eq. 13. 
According to pK value, the MO-H exists in the pH range 
(3.5 to 7.0) as MO−, and the surface of the fish scale remains 

positively charged. So, the electrostatic attraction is assumed 
to be the source of the binding force of MO− for the adsorp-
tion onto the positive surface of the biosorbant. After pH 
7.0, a competition between hydroxyl (OH−) ions and ani-
onic dye molecules (MO-) takes place, and consequently, 
the high mobility of hydroxyl (OH−) ions towards adsorption 
sites inhibits dye adsorption. Thus, the adsorption capac-
ity gradually decreases over pH 7.0 which is illustrated by 
Eq. 14 [28].
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3.2.3 � Effect of fish scale dose

Figure S2 shows that with the rise of the dose of the adsor-
bent, the percentage of color removal is gradually increased, 
and for 1g of adsorbent, it becomes saturated which is simi-
lar to the reported results by Buema et al. [29]. For 1 g of 
adsorbent dose, the % of color removal is highest (93.8 %).

3.2.4 � Kinetic study

The different adsorption capacities (qt, mg g−1) for MO-H 
in the adsorption reactions by fish scale at pH 5.3 (±0.1), 
with increasing contact time (t, min), are shown in Fig. 4b. 
The times needed to reach equilibrium of adsorption reac-
tion at 283 K, 303 K, and 323 K are 45 min, 35 min, and 
30 min, respectively. The stated parameters have been cal-
culated using the slopes and intercepts of the linear plots 
of the pseudo-first-order and pseudo-second-order kinetic 
equations and are shown in Table 2. It is observed that the 

pseudo-second-order model equation fits better (0.99 < R2 
< 1.0) (Fig. 4c) than that of the pseudo-first-order equation 
(0.96 < R2 < 0.98) (Fig. S3), and the pseudo-second-order 
model can substantially describe the kinetic nature of the 
adsorption reaction. Here, k2 and the adsorption capacities 
(qe, mg g−1) of MO-H obtained here are found to increase 
and decrease, respectively, with the increase of temperature. 
The decrease in qe with increasing temperature indicates the 
MO-H adsorption onto the fish scale is of an exothermic 
nature.

3.2.5 � Diffusion kinetics

To predict the rate of adsorption reaction, the diffusion 
model was used by many researchers (Allen et al., 1989) 
as follows:

(15)qt = kid t
0.5 + C

Table 2   Parameters obtained 
from kinetic study for MO-H 
adsorption onto fish scale at 
three different temperatures

Kinetic equation Parameters 283 K 303 K 323 K

Pseudo first order k1 (min−1) 8.59 × 10−2 14.26 × 10−2 16.37× 10−2

qe (mg g−1) 24.18 22.23 30.11
R2 0.96 0.98 0.97

Pseudo second order k2 (mg g−1min−1) 4.87 × 10−3 11.65 × 10−3 23.97 × 10−3

qe (mg−1g−1) 40.32 33.3 28.49
R2 0.99 0.99 0.99

Fig. 5   a Plot of Ce versus qe 
for MO-H adsorption on fish 
scale at pH 5.3 (± 0.1). The Fre-
undlich isotherm fitting plot of 
MO-H adsorption equilibrium 
on fish scale at pH 5.3 ± 0.1. c 
Plot of ΔG0 versus temperature 
of MO-H adsorption onto the 
fish scale at pH 5.3 (± 0.1)
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where kid (mg g−1 min−0.5) describes the intraparticle dif-
fusion rate constant and C describes film thickness as well 
as boundary layer effect calculated from intercept. Sorption 
process is a multistep process and the rate-limiting step, may 
be layer diffusion or pore diffusion controlled [30]. The plot 
of qt versus t0.5 is shown in Fig. 4d. The nonlinearity of the 
points at temperatures of 303 K and 323 K suggests the 
adsorption reactions rates are composed of two segments, 
which are almost straight lines associated with different 
slopes. At the initial stages, the qt values sharply increase 
with time, which indicates film or boundary layer diffusion 
takes place at this stage, and at the latter stage, a horizontal 
portion is obtained, indicating pore diffusion predominates, 
which is corroborated with the pores shown in Fig. 2d. But 
at 283 K, it shows one linear segment, which indicates that 
the rate-determining step is governed by the layer diffusion. 
This can be ascribed by the transport of adsorbate molecules 
from bulk solution to the exterior surface of an adsorbent 
through a liquid film or layer.

3.2.6 � Isotherm study

The isotherm data (Fig. 5a) for the adsorption of MO-H by 
fish scale at different temperatures is evaluated by linear 
regression using different adsorption model equations. Fig-
ure 5b, Fig. S4, and Fig. S5 show linear analysis of Freun-
dlich isotherm, Redlich-Peterson isotherm, and Langmuir 
isotherm, respectively. The isotherm analyses of MO-H 
adsorption equilibrium data for fish scale indicate that the 
present data has been defined best using the Freundlich 
isotherm. The Redlich-Peterson isotherm (three-isotherm 
parameter equation) and the Langmuir isotherm (two-iso-
therm parameter equation) are equally followed at all the 
three studied temperatures. The equilibrium data fit parame-
ters are shown in Table 3, which demonstrate the Freundlich 
model as the best fit, indicating the MO-H adsorption onto 
fish scale does not predominantly take place by monolayer, 
but the surface coverage is theoretically increased with the 

rise of the concentration of adsorbate. Freundlich constants 
“n” are found to lie within 0.96 to 1.28, suggesting a high 
adsorption capacity. The R2 value, required to best describe 
the Redlich-Peterson model, is 0.91, which is far away from 
unity, indicates that the MO-H adsorption onto the fish 
scale takes place through multilayer process. Here, the Fre-
undlich model is a better fit as its R2 value (0.95) is a little 
higher than that of the Langmuir model fit (0.93), but their 
R2 values are close to 1.0 indicating that both can describe 
the adsorption phenomenon. The Langmuir capacity is 520 
mg g−1, which is notable compared to the previous reports 
(Table 4). This finding suggests that the fish scale is a prom-
ising adsorbent for MO-H adsorption from aqueous solution.

3.2.7 � Temperature effect and thermodynamic study

The adsorption phenomenon with respect to temperature 
is investigated, and thermodynamic parameters, such as 
standard Gibbs-free energy change (∆G0), standard enthalpy 
change (∆H0), and standard entropy change (∆S0), are deter-
mined from the slope and intercept (Fig. 5c) based on the 
assumption that the active coefficient of the solutes added in 
solution is unity (Eqs. 7–9) [42]. The obtained data for the 
sorption of MO-H is given in Table 5.

Table 3   Parameters obtained from the analysis of the isotherm model 
equations at pH = 5.3 ± 0.1 at three different temperatures

Isotherm models Parameters 283 K 303 K 323 K

Freundlich KF 1.50 1.11 0.92
n 0.97 1.06 1.27
R2 0.95 0.97 0.98

Langmuir qm (mg g−1) 520.32 85.47 89.28
Ka (L mg−1) 2.78 0.01 0.01
R2 0.93 0.95 0.94

Redlich-Peterson α 0.68 0.90 1.81
β 0.01 0.02 0.02
R2 0.91 0.95 0.94

Table 4   Comparison of MO-H adsorption capacity of some reported 
adsorbents

Adsorbent T (K) Adsorption  
capacity (mg g−1)

Ref.

Graphene oxide 303 0.1 [31]
AC/Fe2O4 293 20 [32]
Camel thorn plant 293 21 [33]
Cocoa pod husk 298 27 [34]
Multiwalled CNTs 313 55 [35]
Coffee waste 298 63 [36]
Al-CNTs 298 70 [37]
PANI-coated fiber 298 76 [38]
Protonated chitosan 293 89 [39]
Ni-polymer 298 125 [40]
Glycerol-LDH 298 444 [41]
Labeo rohita fish scale 283 520 This work

Table 5   Parameters obtained from the thermodynamic analyses for 
MO-H adsorption on scale at pH 5.3 (± 0.1)

Temperature KF ΔG0

(kJ mol−1)
ΔH0

(kJ mol−1)
ΔS0

(kJ mol−1 K−1)

283K 2.541 −0.953 −9.175 0.029
303K 1.278 −0.466
323K 0.833 −0.021
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The negative ∆G0 values indicate that the process is 
spontaneous. It is also evident from Table 5 that the ΔG0 
values gradually increase with the increasing temperature 
of the reaction mixture, which signifies that the adsorption 
process gradually diminishes with rising temperature. Thus, 
the adsorbent is more efficient at lower temperatures. The 
negative ∆H0 describes the process as exothermic, whereas 
at higher temperatures, the adsorption is dropped, agree-
ing with the La Chattelier’s principle. The + ∆S0 indicates 
the greater affinity of fish scale in aqueous solution with an 
increase in degrees of freedom at the interface. The random-
ness at the interface of solid-liquid is presumably due to 
the release of hydrated molecules replacing MO−. From the 
lower negative value of ΔH0, it is clear that the adsorption 
is exothermic and corroborated by the physisorption type 
reaction as revealed by the mechanism study [21].

3.2.8 � Adsorption mechanism

Fish scale contains huge amount of useful materials, includ-
ing collagens fat, vitamins, and inorganic compounds. Inter-
estingly, collagen contains essential proteins in organisms. 
The carboxyl groups and amino functionalities in these 

compounds trigger the adsorption process of MO-H. Below 
pH 7, the C-terminal amino acids of protein are stabilized by 
H+ ions, and consequently, the cationic N-terminal takes part 
in interacting with the sulfur and oxygen center of methyl 
orange. The glycine, proline, and hydroxyproline are the 
three major amino acids in fish collagen as reported before 
[43]. Figure 6 shows the electrostatic interaction between 
sulfonate group (R-SO3

−) of methyl orange and −NH2 and 
> NH groups of amino acids (glycine, proline, and hydroxy-
proline) of biosorbent fish scale.

4 � Conclusions

The fish scale, a bio-waste material, was successfully used to 
clean dye-contaminated water. Results indicate a remarkable 
removal efficiency of biosorbent (Langmuir capacity 520 mg 
g−1, 283 K) for MO-H dye. Response surface methodology 
and ANOVA optimize the variable parameter ranges and 
prove the order of their influence as Ce ˃ T ˃ pH on adsorp-
tion process. The optimum conditions of pH, concentration 
of MOH, and temperature are observed to be 5.3 (± 0.1), 200 
mg/L, and 283 K, respectively. At pH~5.3, the color removal 

Fig. 6   3D interaction of MO− 
with glycine (1), proline (2), 
and hydroxyproline (3) in acid 
medium
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% increases (~94%) with increasing adsorbent dose and con-
tact time. The best fit of the Freundlich isotherm model indi-
cates multilayer adsorption on a scale surface. On the fish 
scale, MO-H adsorption is exothermic (∆H0 = −9.175 kJ 
mol−1) and entropically favorable (∆S0 = + 0.029 kJ mol−1 
K−1). The lower value of ∆H0 indicates the physisorption 
nature of adsorption. The adsorption mechanism demon-
strates the affinity of dye towards proteins such as proline, 
hydroxyproline, glycine, etc. available in fish scale biosorb-
ent. The sulphonate group (R-SO3

−) of methyl orange takes 
part in binding interactions with the −NH2 and ˃ NH groups 
of amino acids, such as glycine, proline, and hydroxyproline.
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tary material available at https://​doi.​org/​10.​1007/​s13399-​022-​02614-x.
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