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This study provides a low-cost, environmentally friendly, and biologically derived adsorbent
alternative for the removal of toxic dyes commonly found in industrial wastewater. The
modification of waste materials such as fish bones contributes to sustainable resource

utilization while achieving effective results in reducing dye pollution originating from the

SR,

textile, food, and chemical industries. The adsorption mechanism was investigated by kinetic
and diffusion models, since, they provide important data for the design and optimization of

such materials. The surface of fish bone particles was modified in two steps. Firstly, the

Keywords: particles (H) were silanized with 3-aminopropyltriethoxysilane (S). In the second step,
Fish bone modification was made by shift base reaction between the amine on the surface and 2-Ethyl-
Surface modification 2H-pyrazole-3-carbaldehyde (A). Adsorption experiments were conducted using fuchsine
Fuchsin solution at different initial concentrations (6.76, 3.38, 1.69, and 0.676 mg/L) and adsorption
Adsorption

Kinetic modeling

capacity (qe), removal efficiency (%), and kinetic parameters were comprehensively
investigated. The results showed a noticeable increase in adsorption capacity (0.08-0.94 mg/g)
with increasing initial concentration, while kinetic analyses indicated that the adsorption
process followed the pseudo-second-order kinetic model with a high degree of correlation,

suggesting that chemical interactions may play a dominant role in the adsorption mechanism.

INTRODUCTION

Globally, industrial activities lead to serious pollution of
water resources, a problem that becomes especially
pronounced due to dye waste originating from the textile,
food, leather, and chemical industries (Markandeya and
Shukla, 2022; Negi, 2025). Dyes possess high chemical
stability and complex molecular structures, making them
resistant to natural degradation processes and resulting in
persistent pollution within aquatic ecosystems. Some dyes, in
particular, exhibit toxic, mutagenic, and carcinogenic
properties, posing significant risks to both human health and
the environment. Therefore, the effective and economical

treatment of dye-containing wastewater has become a

priority research topic in environmental engineering and
sustainable development policies (Lellis et al., 2019; Tkaczyk
et al., 2020; Karabulut and Giirkan, 2023; Ambade et al., 2024;
Dutta et al, 2025). Although conventional wastewater
treatment methods such as chemical precipitation, ozonation,
membrane filtration, and biological processes are commonly
used, these methods often face limitations such as high
operational costs, secondary waste generation, and low
efficiency (Matesun et al., 2024; Sravan et al., 2024). Therefore,
in recent years, there has been growing interest toward
low-cost, and sustainable

environmentally friendly,

alternative  treatment technologies. = Among these

technologies, adsorption has gained prominence due to its

ease of application, high efficiency, and flexibility, making it
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a widely preferred method, particularly for dye removal
applications (Moosavi et al, 2020; Zhang et al, 2025).
Traditional adsorbents used in adsorption processes include
activated carbon, silica, alumina, and various synthetic
the

environmental impacts of these materials limit their

polymers; however, high production costs and

widespread use. Therefore, developing low-cost,
biodegradable adsorbents derived from renewable resources
has become highly important (Satyam and Patra, 2024;

Akhtar et al., 2024).

In recent years, there has been a growing focus on
developing low-cost and environmentally friendly adsorbent
materials. Agricultural and industrial wastes as adsorbents
offers a sustainable approach for both waste management
and water treatment (Mo et al., 2018, Ahmad, 2023; Alvez-
Tovar et al., 2025). Marine-derived biomaterials, particularly
the valorization of fish industry wastes, present remarkable
potential in this field. Marine-origin biomaterials stand out
as innovative and eco-friendly solutions in wastewater
treatment applications (Uranga et al., 2019; Rudovica et al.,
2021; Chellapandian et al., 2025). With the development of
aquaculture and the parallel growth of the aquaculture
processing sector, the availability of fish waste has also
increased (Bayrakli and Duyar, 2019; Bayrakl et al., 2019;
Bayrakli, 2023). Fish bones, shells of marine organisms, and
other residues from the seafood processing industry are
considered suitable raw materials for the production of
functional adsorbents due to their rich mineral content and
porous structures. Fish bones, a significant by-product of the
seafood processing industry, represent a potential raw
material for adsorption applications due to their high calcium
carbonate content and porous structure (Kizilkaya et al.,
2010). Fish bones are natural materials with high active
surface areas that are amenable to various surface
modifications and can be chemically stabilized. The
utilization of such waste contributes both to the production
of environmentally friendly materials and to marine waste
management policies (Bayrakl et al., 2019, 2024; Duyar and
Bayrakli, 2023). In this study, fish bone particles were
functionalized through surface modifications, and their
adsorption properties were thoroughly investigated for the
removal of the anionic dye fuchsine, which originates from
the textile industry. The results aim to highlight the potential
use of marine-derived materials in wastewater treatment
technologies and to contribute to the existing literature in this
field.

MATERIALS AND METHODS
Functionalization of Bone Surfaces

In this study, the surface modification of fish bone
particles (H) with 2-Ethyl-2H-pyrazole-3-carbaldehyde (A)

was performed according to our previous studies (Kizilkaya
et al., 2016, 2018). In summary, the surface modification was
carried out in two steps. In the first step, the bone particle
surfaces were silanized with 3-aminopropyltriethoxysilane
(S). The silanization process began by stirring the silane
solution (ethanol/water 9:1) for 30 minutes. Then, 5 g of H
was added and stirred at room temperature for 24 hours. The
resulting suspension was centrifuged and washed five times
with technical ethanol and dried at 45°C. The obtained
named HS. aldehyde
modification was performed on the surface using 2-Ethyl-

product was Subsequently,
2H-pyrazole-3-carbaldehyde. For the aldehyde modification,
an aldehyde solution (in ethanol) was prepared, and HS was
added; the mixture was refluxed at 70 °C for 6 hours. After
cooling, the mixture was left to rest at room temperature for
12 hours. Then, the mixture was washed five times with
technical ethanol by centrifugation and dried at 45°C. The

final product was named HSA.

Adsorption and Removal Studies

The experiments were conducted at room temperature
(23 £1°C). Using an adsorbent-to-solvent ratio of 1:200, after
adsorption and interaction times of 30 and 24 hours, the
liquid phase was taken from the solution, filtered through a
0.45 um syringe filter, and analyzed instrumentally to
complete the experiment. Fuchsine was used as the cationic
dye. Measurements were performed with a PG Instruments
T80-UV/VIS spectrophotometer available at our faculty.
Adsorption studies in aqueous media were carried out by
measuring the absorbance at the maximum wavelength
(Amax) of 550 nm wusing UV spectrophotometry. The
adsorption of fuchsine dye was investigated for all obtained
materials. The HSA product was treated with fuchsine
solutions at concentrations of 6.76, 3.38, 1.69, and 0.676 mg/L.
Experiments were completed by filtering the liquid phase
from the solution through a 0.45 um syringe filter after 24
hours of adsorption time at an adsorbent-to-solvent ratio of
1:200. The change in absorbance of the sorption solution was
analyzed by UV spectrophotometry to determine the amount

of adsorbed fuchsine.

RESULTS AND DISCUSSION

the
triphenylmethane group, widely used in the textile industry,

Fuchsine is a synthetic dye belonging to
characterized by high water solubility and vibrant colors. Its
chemical structure contains aromatic ring systems and amino
groups, providing bright pink and magenta hues. (Degano et
al., 2019; Tamburini et al., 2024). Due to its high chemical
stability and solubility, fuchsine poses a risk of persistent
pollution in wastewater. When discharged into aquatic

environments, particularly from textile and dye industries, it
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remains dissolved for extended periods, adversely affecting
ecosystems and human health. This underscores the
environmental necessity of effectively removing fuchsine in
wastewater treatment processes (Liu et al., 2022; Al-Qarhami
et al,, 2025). Studies on the adsorption-based removal of
fuchsine demonstrate that biologically derived adsorbents
with surface modifications can be especially effective.
Fuchsine can form electrostatic interactions, hydrogen bonds,
and 7-m interactions with adsorbent surfaces, enhancing
adsorption capacity (Rajumon et al., 2019; Mohammadzadeh
Pakdel et al, 2022). Therefore, developing low-cost,
sustainable, and eco-friendly adsorbents for the treatment of
dyes like fuchsine is of great importance. Figure 1 shows the
results of the amount adsorbed per gram (mg/g), mole
(umol/g) and percentage removal (%) of the fuchsin dye
adsorption of the bone particle surface modified HSA
product. When evaluating the adsorption experimental
results of fuchsine dye using the surface-modified fish bone-
based adsorbent, the effect of the initial concentration on
adsorption capacity and removal efficiency was clearly
observed. At an initial concentration (Co) of 6.76 mg/L, the
amount of dye adsorbed per gram of adsorbent (q.) was
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Figure 1. Results of the amount adsorbed per gram (mg/g), mole (umol/g) and percentage removal (%) of the fuchsin dye

adsorption of the bone particle surface modified HSA product

calculated as 0.94 mg/g (2.792 pmol/g), and under these
conditions, the removal efficiency reached 69.60%. When the
initial concentration decreased to 3.38 mg/L, the q. value was
recorded as 0.47 mg/g (1.389 umol/g) with a removal
efficiency of 69.26%. At a further reduced concentration of
1.69 mg/L, q. was 0.22 mg/g (0.652 umol/g) and removal
efficiency was 65.03%. At the lowest initial concentration of
0.676 mg/L, the adsorption capacity was measured as 0.08
mg/g (0.223 umol/g) with a removal efficiency of 55.47%.
These data indicate that adsorption capacity increases with
rising initial dye concentration, while removal efficiency
tends to decrease below a certain concentration threshold.
This is particularly attributed to the limited interaction
probability between dye molecules in solution and the
abundant active sites on the adsorbent surface at low
concentrations, leading to relatively lower removal
efficiencies. It can be concluded that surface-modified fish
bone-based adsorbents demonstrate a certain adsorption
capacity toward anionic dyes like fuchsine and can be
considered as low-cost, biologically sourced alternative
adsorbents. They hold promising potential for dye removal

in environmental applications.
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The adsorption capacities of fish bone were determined
and expressed in terms of milligrams of adsorbed substance
per gram of fish bone (mg/g), calculated using the relevant
equation (1) (Kizilkaya et al., 2010; Kizilkaya and Tekinay,
2011):

_ (Co=Cp)V
t w

In this equation, Co represents the initial concentration of
metal ions (mg/L), while C: indicates the metal ion
concentration at time t after adsorption (mg/L). V refers to the
volume of the metal ion solution (mL), and W denotes the

weight of the fish bone adsorbent used in the process (g).

The kinetic behavior of the adsorption process was
evaluated according to the pseudo-first-order model,
applying the Lagergren equation as shown in equation (2)
(El-Sikaily et al., 2007; Chairat et al., 2006; Cheung et al., 2000;
Kizilkaya, 2012a):

ln(qe - qt) =1In Gecal — kl -t 2

In the pseudo-first-order kinetic model, k: represents the
rate constant of adsorption (h'), while g. and gt correspond to
the amounts of metal adsorbed per gram of fish bone (mg/g)
at equilibrium and at any given time ¢, respectively. A linear
relationship was observed when plotting In(ge-q:) against ¢,
confirming the applicability of the pseudo-first-order model
to the adsorption process. The slope and intercept obtained
from this linear plot were used to determine both the pseudo-
first-order rate constant ki and the calculated equilibrium

adsorption capacity ge.ca.

Equation (3) was employed to represent the pseudo-
second-order kinetic behavior of the adsorption process
(Chiou and Li, 2003; Smiciklas et al., 2006; Kizilkaya, 2012b):

t -1 t
/qt - /kzqeml2 + /qe,cal 3

In the pseudo-second-order kinetic model, k2 (g
bone/mg-h) represents the rate constant of adsorption. A
linear relationship was observed when plotting t/q: against f,
indicating that the adsorption process follows pseudo-
second-order kinetics. The equilibrium adsorption capacity
(gecal) and the rate constant k2) were determined from the
slope and intercept of the t/q: versus t plot.

The initial adsorption rate, &, was calculated using the
rate constant k2 derived from the pseudo-second-order
kinetic model and is expressed by the following equation (4)
(Chiou and Li, 2003; Chairat et al., 2006):

h;

=k
qu,ca12

In this equation, the parameter /i denotes the initial rate
of metal adsorption, measured in milligrams of metal
adsorbed per gram of bone per hour (mg/g bone-h). The
constants k2, g.ca and h were calculated from the intercept and
slope of the line obtained by plotting t/q: against ¢.

The intraparticle diffusion (IPD) model developed by
Weber and Morris is commonly used to analyze the kinetics
of adsorption processes (Wu et al., 2009). Weber—Morris and
Urano-Tachikawa models were employed to describe the
diffusion behavior of fuchsine dye from aqueous solution.
The Weber and Morris diffusion model is expressed by the
following equation (5) (El-Sikaily et al., 2007; Hameed et al.,
2008; Greluk and Hubicki, 2009; Kizilkaya et al., 2012b):

qe = Kw.t%5 + C 5

In this equation, Kw (mg.g' h™% represents the
intraparticle diffusion rate constant according to Weber and
Morris, while C is the intercept value of the plot, which
provides insight into the boundary layer thickness (mg/g).
The amount of adsorption at any time, g, is plotted against
the square root of time (t°°) resulting in a linear relationship.
The intraparticle diffusion constant (Kw) is determined from
the slope of the g versus % plot. The intraparticle diffusion
coefficient (Dw) was calculated using the following equation
(6) (Selatnia et al., 2004; Freitas et al., 2008; Kizilkaya et al.,
2012a):

pw = ("/ge40) (7). qe)2 6

In this equation, Dw (m? h™) is the diffusion coefficient in

the solid and d (m) is the mean particle diameter.

Equation (7) was employed to describe the intraparticle
diffusion model developed by Urano and Tachikawa (1991)
as applied by (Freitas et al., 2008; Kizilkaya et al., 2012b):

2 D;
—log[1 = (%/q,)"| = 4m2 %/, 5 4o 7

In this equation, Di (m? min™) is the diffusion coefficient
in the solid. Di was calculated from the slopes of

—log[1-(qi/q.)*] versus t plots.

Based on the kinetic data presented in Table 1, the
adsorption of fuchsine dye using the surface-modified fish
bone-based adsorbent was evaluated according to the
pseudo-first-order kinetic model. The experimentally
obtained adsorption capacity values (qe,exp) were compared
with the adsorption capacities calculated from the model
(qe,ca) as well as the rate constant (ki) values. At an initial
concentration of 6.76 mg/L, the experimental adsorption
capacity was measured as 0.94 mg/g, whereas the model-

calculated value was 0.39 mg/g, with the corresponding rate
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constant 0.420 h! (k1). Under these conditions, the correlation
coefficient (R?) was 0.869, indicating a limited fit to the model.
Similarly, at an initial concentration of 3.38 mg/L, the
experimental qe was 0.47 mg/g, and the model value was
calculated as 0.20 mg/g. The R? value of 0.948 indicated the
best fit, suggesting that the pseudo-first-order kinetic model
better represents the adsorption process within the mid-
concentration range. At lower concentrations, such as 1.69
mg/L and 0.676 mg/L, a similar trend was observed. In both
cases, the experimental q. values differed from the model
values, with R? values of 0.905 and 0.898, respectively.
Overall, it can be concluded that the pseudo-first-order
kinetic model shows a better fit in the mid-concentration
range for fuchsine dye adsorption on surface-modified fish
bone; however, a perfect fit across all concentration ranges
was not achieved. This suggests that the adsorption
mechanism is not limited to physical adsorption alone and
that other processes such as chemical interactions or film

diffusion may also play significant roles.

The kinetic data for fuchsine dye adsorption using the
surface-modified fish bone-based adsorbent (Table 1) were
evaluated according to the pseudo-second-order kinetic
model. The results demonstrate that this model represents
the adsorption process with high accuracy. Across all
the

adsorption capacities (qeexp) closely matched the model-

concentration  ranges, experimentally  obtained
calculated values (qecat), with correlation coefficients (R?)
ranging from 0.9909 to 0.9980. An increase in adsorption
capacity was observed with rising initial concentrations. For
example, at an initial concentration of 6.76 mg/L, the
calculated geca was 0.95 mg/g, with a rate constant (kz2) of
3.43 g/mg-h and an initial adsorption rate (hi) of 3.11 mg/g-h.
Similarly, at 3.38 mg/L, qeca was 0.47 mg/g, ko was 6.37
g/mg-h, and hi was 1.41 mg/g-h. At lower concentrations,
such as 1.69 mg/L and 0.676 mg/L, qecal values were 0.22 mg/g
and 0.08 mg/g, while k; values increased to 20.23 g/mg-h and
31.92 g/mgh, the

concentration decreased, the rate constant (kz) increased,

respectively. Notably, as initial

whereas the initial adsorption rate (hi) decreased. This

indicates that adsorption occurs more rapidly at lower
concentrations but with a more limited total adsorption
capacity. These results reveal that the surface-modified fish
bone adsorbent is effective in removing fuchsine dye and that
the adsorption process follows the pseudo-second-order
kinetic model. This suggests that adsorption is largely driven
by chemical interactions, involving strong binding between
the active sites on the adsorbent surface and the dye
molecules. Considering the development of low-cost and
fish bone-based

materials show promise as an alternative and sustainable

environmentally friendly adsorbents,

option.

For the adsorption of fuchsine dye using the surface-
modified fish bone-based adsorbent, both the pseudo-first-
order and pseudo-second-order kinetic models were
individually evaluated, and the obtained data were
compared. Examination of the pseudo-first-order kinetic
the

experimental adsorption capacity (qeexp) and the model-

model revealed noticeable differences between
calculated adsorption capacity (qecal), especially at high and
low concentrations, with correlation coefficients (R?) ranging
from 0.869 to 0.948. This indicates that the pseudo-first-order
model only partially represents the adsorption process of
fuchsine dye. While this model is generally associated with
physical adsorption processes, the results of this study
suggest that physical adsorption alone cannot fully explain
the mechanism. In contrast, the pseudo-second-order kinetic
model results showed much closer agreement between
experimental and calculated qe values, with R? values
ranging from 0.9909 to 0.9980. Furthermore, the rate constant
(k2) and initial adsorption rate (hi) calculated in the pseudo-
second-order model exhibited systematic changes depending
on the initial concentration. This high degree of fit and
systematic variation strongly indicates that the adsorption
mechanism predominantly involves chemical adsorption
(chemisorption), with strong bonds forming between the
active groups on the adsorbent surface and the fuchsine dye

molecules. In conclusion, based on the evaluation of both

Table 1. Pseudo first and second order kinetic constants of fuchsin adsorption of HSA product

qe, exp Pseudo-first-order Pseudo-second -order
(mg/g) e, cal (mg/g) ki R? e, cal (mg/g) k2 R2 hi (mg/g.h)
(h) (g/mg.h)

0.94 0.39 0.420 0.869 0.95 3.43 0.991 3.11

0.47 0.20 0.341 0.948 0.47 6.37 0.990 1.41

0.22 0.08 0.439 0.905 0.22 20.23 0.998 1.00

0.08 0.04 0.485 0.898 0.08 31.92 0.991 0.19
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Table 2. Diffusion calculation results of fuchsin absorption of HSA product

Urano and Tachikawa Weber and Morris

Di (m*h) R? Kw (mg gth%) Dw (m?h) R?
9.762x1011 0.854 167.81x103 1.1559x1013 0.972
7.706x101 0.945 89.19x10° 1.3191x1013 0.969
1.013x10-10 0.923 42.821x10° 1.3799x1013 0.831
5.57x101 0.937 13.611x10° 1.1971x1013 0.943

kinetic models, the adsorption of fuchsine dye onto the
surface-modified fish bone adsorbent better fits the pseudo-
second-order kinetic model. The high correlation coefficients
the

experimental values serve as significant evidence that

and close agreement between calculated and
adsorption occurs mainly through chemical interactions in
the system. In this context, the study results demonstrate that
surface-modified fish bone-based adsorbents offer an

effective and sustainable solution, particularly for

environmental applications such as dye removal.

The Urano and Tachikawa model is a kinetic model
commonly used to investigate the effect of film diffusion in
adsorption processes. Film diffusion refers to the movement
of solvent or dissolved substances through a thin liquid layer
that exists between the bulk solution and the adsorbent
surface before the adsorbate reaches the adsorbent. This thin
film can create resistance to mass transfer and may act as a
rate-limiting step in the overall adsorption process. The
model enables the calculation of parameters such as the film
diffusion coefficient (Di), which quantifies the rate of mass
transfer through the film layer. Thus, it allows evaluation of
whether film diffusion acts as a limiting step in adsorption.
The Urano and Tachikawa model serves as an important tool
for understanding adsorption mechanisms by helping to
distinguish different mass transfer steps. It is widely used in
environmental engineering and chemical process
applications to optimize adsorption by improving process
conditions. In summary, the Urano and Tachikawa model
mathematically describes the kinetic effect of film diffusion
in adsorption and quantitatively determines the magnitude
of this effect (Urano and Tachikawa, 1991; Freitas et al., 2008;
Yao and Chen, 2017; Lopici¢ et al., 2019). The Urano and
Tachikawa model as the role of film diffusion in the
adsorption of fuchsine dye onto the surface-modified fish
bone-based adsorbent was investigated in Table 2. The
obtained film diffusion coefficient (Di) values range between
5.57 x 10" m?/h and 1.013 x 10" m?/h. These values indicate
that mass transfer through the film layer on the modified fish
bone surface is relatively slow but cannot be neglected.
Additionally, correlation coefficients (R?) vary from 0.854 to

0.945, suggesting that while film diffusion contributes to the

adsorption process, it does not solely control it. Particularly
in concentration ranges where R? values exceed 0.9, film
diffusion appears to play a more significant role as a rate-
controlling step affecting adsorption speed. Overall, the
results from the Urano and Tachikawa model suggest that
fuchsine dye adsorption onto the surface-modified fish bone
adsorbent is partially controlled by film diffusion, but the
adsorption cannot be fully explained by this mechanism
alone. The adsorption process occurs as a combined effect of
surface interactions as well as film and intraparticle diffusion

steps.

The Weber and Morris model is a widely used kinetic
approach to investigate the role of intraparticle diffusion in
adsorption processes. This model provides important
parameters to evaluate the rate of mass transfer occurring
within the internal structure of adsorbent particles and
whether this step acts as a rate-limiting factor (El-Sikaily et
al., 2007; Hameed et al., 2008; Greluk and Hubicki, 2009; Wu
et al., 2009; Chu et al., 2025). The results presented in Table 2
include values for Kw (intraparticle diffusion rate constant),
Dw (intraparticle diffusion coefficient), and R? (correlation
coefficient). The Kw range from
13.6 to 167.8x10° mg-g'h?5 As an indicator of the

intraparticle diffusion rate, higher Kw values suggest faster

values

intraparticle diffusion. These results indicate variations in

diffusion rates depending on adsorption conditions.
Specifically, higher Kw values reflect increased kinetic
facilitation at this stage and highlight the significant role of
diffusion. The Dw values range narrowly between 1.16 x10-13
and 1.38 x10-'3 m?h-!, indicating generally slow intraparticle
diffusion. Factors such as the pore structure of the adsorbent,
particle size, and surface properties strongly influence these
diffusion coefficients. The low Dw values suggest that
intraparticle diffusion could be a rate-limiting step,
potentially slowing down the overall kinetics. Correlation
coefficients (R?) vary between 0.831 and 0.972. High R? values
(especially above 0.97) demonstrate strong agreement
between the model and experimental data, indicating that
intraparticle diffusion is an important mass transfer step in
the adsorption kinetics and that the model accurately

represents the process. Lower R? values suggest that other
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mechanisms such as film diffusion or chemical adsorption
may also contribute. Overall, the data show that intraparticle
diffusion plays a significant role in the adsorption of fuchsine
dye onto the surface-modified fish bone adsorbent. However,
the low intraparticle diffusion coefficients indicate that the
process proceeds relatively slowly, pointing to the need for
optimizing the adsorbent pore structure and surface
properties to enhance adsorption rates. Therefore, strategies
such as increasing pore volume, improving pore accessibility,
and modifying surface chemistry could be pursued to
enhance both adsorption capacity and kinetics. In conclusion,
the Weber and Morris model parameters reveal that
adsorption is partially controlled by intraparticle diffusion,
which significantly influences adsorption performance.
These insights can guide the design and application of
modified fish bone-based adsorbents, contributing to the
effective and  sustainable

development of more

environmental solutions.

The

adsorption of fuchsine dye onto the surface-modified fish

kinetic and diffusion models related to the

bone-based adsorbent were comprehensively evaluated,
considering the mechanisms influencing the overall process.
Within this scope, the results of the pseudo-first-order kinetic
model, pseudo-second-order kinetic model, Urano and
Tachikawa model, and Weber and Morris model were
comparatively analyzed. The pseudo-first-order kinetic
model showed limited agreement in describing the
adsorption process. Deviations between experimentally
obtained values and model calculations were observed,
suggesting that physical adsorption alone does not
sufficiently represent the adsorption mechanism. In contrast,
the pseudo-second-order kinetic model exhibited very high
correlation coefficients, indicating that the adsorption
process is primarily chemical in nature and dominated by
chemical interactions occurring on the adsorbent surface. The
close agreement between experimental data and model
calculations supports the dominant influence of this model
on the process. The Urano and Tachikawa model, which
evaluates the effect of diffusion, indicated that mass transfer
from the solution to the adsorbent surface via film diffusion
contributes to the adsorption process to a certain extent.
However, film diffusion alone was not the rate-determining
step, as reflected by lower correlation coefficients compared
The Weber and Morris model
highlighted the significance of intraparticle diffusion,

to the kinetic models.

showing that the adsorption process is partially controlled by
diffusion within the adsorbent particles. The strong model fit
especially points to the importance of the adsorbent pore
structure and internal characteristics on the adsorption
kinetics. However, the relatively low intraparticle diffusion

coefficient suggests that this step could be rate-limiting.

Overall, the evaluation demonstrates that the adsorption of
fuchsine dye onto the surface-modified fish bone adsorbent
is a multi-mechanistic process. In addition to chemical
adsorption, film diffusion and intraparticle diffusion
mechanisms also influence the process. The high conformity
of the pseudo-second-order kinetic model underscores the
dominance of chemical interactions, while diffusion models
indicate that mass transfer steps cannot be neglected. This
comprehensive analysis emphasizes the need to consider
both surface chemistry and structural properties of the
adsorbent to enhance its efficiency and performance in

environmental applications.

CONCLUSION

This study holds significant importance as it offers a
biologically sourced, low-cost, and environmentally friendly
adsorbent alternative for the removal of toxic dyes
commonly found in industrial wastewater. The modification
and utilization of waste materials such as fish bones
contribute to sustainable resource management while
enabling the development of value-added products. Dye
pollution, originating particularly from the textile, food, and
chemical industries poses a serious threat to aquatic
ecosystems. The effective removal of fuchsine dye in this
study presents promising results for the treatment of other
structurally similar anionic dyes. The findings shed light on
the development of more economical and ecological
solutions compared to conventional wastewater treatment
methods. Moreover, the detailed investigation of adsorption
mechanisms through kinetic and diffusion models provides
critical information for the design and optimization of such
materials. The multidisciplinary approach of this study
serves as a valuable reference for researchers in
environmental engineering, materials science, and chemistry.
In this research, the efficacy of HSA adsorbent —obtained by
chemically functionalizing fish bone waste was evaluated for
the removal of fuchsine dye from aqueous solutions.
Experimental results demonstrated that the modified fish
bone adsorbent exhibited high adsorption capacity for
fuchsine, with adsorption capacity increasing alongside
initial dye concentration. Kinetic analyses revealed that the
adsorption process followed a pseudo-second-order kinetic
model, indicating that chemical adsorption is the dominant
mechanism. Diffusion studies conducted using Weber-
Morris and Urano-Tachikawa models showed that both
intraparticle diffusion and film diffusion contribute to the
adsorption process but neither acts as the sole rate-limiting
step. Notably, a removal efficiency of 69.60% was achieved at
the highest concentration tested (6.76 mg/L), proving the
potential of this material as an alternative for industrial

wastewater treatment. One of the key contributions of this
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study is providing an environmentally friendly and cost-
effective solution to the waste management challenges faced
by the seafood processing industry. The valorization of
biological wastes such as fish bones serves as an important
example in the development of sustainable water treatment
technologies. While the results demonstrate the applicability
of modified fish bone adsorbents particularly for treating
textile and dye industry wastewater, future studies are
recommended to test different dyes and real industrial
wastewater samples. In conclusion, this research makes a
significant contribution to the development of innovative
and sustainable solutions in waste management and water
treatment technologies, offering practical insights for

industrial applications.
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