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n this study, the isotherm, kinetic, and thermodynamic properties of
diamine green B dye adsorption were investigated using enzymatic metal—
organic frameworks. First- and second-order kinetic models, along with the
Elovich kinetic model, as well as Langmuir and Freundlich isotherm models,
were applied to evaluate the data. Based on previous studies, the dye adsorption

Kc.ayvv.ords: . efficiency of this material was assessed by examining the effects of contact
Diamine Green B Adsorption . - . . .

Fa BTC time, adsorbent dosage, and initial dye concentration. The optimal adsorption
& conditions for this nano-adsorbent were determined to be a contact time of 45 min
Dye removal

and an adsorbent dosage of 5 g/L. The calculated thermodynamic parameters
(4G, 4H, and AS) indicate that the adsorption of the dye onto the enzymatic
organometallic adsorbent is spontaneous, endothermic, and associated with an
increase in randomness. The process followed the Elovich kinetic model. Among
the tested isotherm models, the Freundlich isotherm provided the best fit to the
experimental data. Prog Color Colorants Coat. 19 (2026), 507-517© Institute for
Color Science and Technology.

Laccase enzyme
Kinetics thermodynamic
Isotherm

1. Introduction
Metal-organic frameworks (MOFs) are bi- or three-
dimensional nanoporous materials, generally crystalline,
formed by metal ions or metal clusters connected
through multidentate organic ligands. One of the most
recent applications of MOFs involves the immo-
bilization of enzymes. Moreover, the hybrid organic—
inorganic nature of certain MOFs appears to promote
interactions with enzymes, as solid active biocatalysts
can form simply by bringing the two components into
contact, even when the material lacks sufficiently large
pores to accommodate the enzyme [1].

The aromatic components in dye structures increase
their toxicity and prevent biodegradability. Diamine
green B, with the molecular formula CssH2:NsNa2010S,
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is an anionic azo dye commonly used for dyeing fibers.
Surface adsorption is one method used for removing
such dyes. Nanostructured adsorbents, due to their high
surface-to-volume ratio, offer greater adsorption
capacity compared to conventional adsorbents. Their
higher porosity further contributes to this increased
capacity [2].

Additionally, nanostructured adsorbents generate
less waste, which can be more easily collected. In
addition, the reusability of the adsorbent supports the
economic viability of this process. Among mesoporous
silica adsorbents, the MCM and SBA families of
molecular sieves have attracted attention due to their
high surface area, high porosity, uniform pore size
distribution, and tunable surface characteristics.
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To expand the range of applications, modifications can
be made within the channel walls or by attaching
functional groups to the surface of these materials. New
structures have also been developed using nonionic
surfactants in acidic media. One of the most recent
applications of MOFs involves the immobilization of
enzymes. Enzymes are proteins that facilitate chemical
reactions in living organisms through catalysis. They
are widely used across various industries due to their
high specificity, catalytic efficiency, and environmental
compatibility. Enzymatic immobilization techniques are
used to protect enzymes and improve their stability.
Laccase enzymes can be readily obtained from various
sources and are widely used in biotechnological
processes due to their ability to catalyze oxidation
reactions using only atmospheric oxygen as the electron
acceptor. Unlike other oxidases that require cofactors,
this property makes laccases particularly suitable for
applications in bioremediation, biosensing, and several
other processes that will be discussed further [3].

A variety of materials and nanomaterials can be
used for enzyme immobilization, including natural
polymers such as collagen, alginate, chitosan, and
cellulose, as well as inorganic materials like zeolites,
ceramics, silica, charcoal, and glass. Enzymes can be
immobilized onto these carriers through adsorption,
covalent bonding, pore entrapment, encapsulation,
crosslinking, or ligand affinity. Several techniques are
available to synthesize or prepare these materials for
enzyme anchoring, including electrospinning, matrix-
assisted pulsed laser evaporation (MAPLE), soft
plasma polymerization, 3D and laser printing, and the
use of crosslinked enzyme aggregates, nanoflowers,
and MOFs [4].

MOF materials with pore sizes in the mesoporous
range (diameters greater than 2.0 nm) can encapsulate
certain small enzymes. In addition, the hybrid organic—
inorganic nature of some MOFs appears to promote
interactions with enzymes, allowing the formation of
solid, active biocatalysts simply by bringing the two
components into contact, even when the material lacks
sufficiently large pores to accommodate the enzyme
fully. Laccase is a multicopper oxidoreductase enzyme
that can oxidize various organic compounds, including
dyes. Laccases tend to be unstable at room temperature,
and their conformation often changes in strongly acidic
or alkaline environments, reducing their effectiveness.
Rationally linking enzymes to suitable supports can
significantly improve the stability and reusability of
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native enzymes. However, during the immobilization
process, several factors may lead to a reduction in
enzymatic activity. Therefore, selecting an appropriate
support is essential to maintain the activity and cost-
effectiveness of immobilized catalysts. MOFs are
porous and structurally straightforward hybrid support
materials. Additionally, the coordination properties of
the metal-ligand framework in MOFs may produce a
synergistic effect with the metal ions at the active sites
of metalloenzymes, thereby improving their catalytic
activity [5, 6].

In this study, laccase enzyme was coated onto a
metal-organic nanostructured adsorbent. In these cubic
nanoparticles, half of the octahedral sites and one-
eighth of the tetrahedral sites are occupied by trivalent
iron ions. The addition of laccase to these nanoparticles
yields cluster-shaped materials capable of removing
dyes from industrial wastewater. Nanostructured
materials with magnetic and electrical properties are
converted into magnetically coated materials. Surface-
supported metal-organic frameworks (SMOFs), also
known as porous coordination polymers, have drawn
increasing interest from researchers in recent years [7].
These structures represent a new class of porous
materials formed by connecting metal ions or clusters to
polydentate allylic ligands through covalent bonds.
Compared to other porous materials such as zeolites,
silica, and activated carbon, coordination polymers
have been proposed as versatile materials due to their
tunable pore surface, size, shape, and functional groups.
Magnetic metal-organic nanocomposites possess the
ability to adsorb and degrade dyes in photodegradation
processes, even in the absence of light. In this study, a
low-cost enzyme was used in the sequential removal of
Diamine Green B dye. This capability is attributed to
the easy separation of metal-organic materials under a
magnetic field, which significantly reduces operational
costs. Laccase catalyzes the single-electron oxidation of
compounds using molecular oxygen as the electron
acceptor, generating active radicals that degrade dye
molecules [6-8].

2. Experimental

2.1. Materials

The materials used in this study included laccase
enzyme derived from Aspergillus niger, Diamine green
B dye, benzene tricarboxylic acid (HsBTC), the solvent
N,N-dimethylformamide, ethanol, methanol, iron(lll)
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nitrate nonahydrate (Fe(NOs);:9H-0), nitric acid, sodium
hydroxide, and hydrochloric acid. All chemicals were
purchased from Sigma-Aldrich, Finland. Enzyme-
enhanced metal-organic nanoadsorbents, prepared using
modified laccase enzyme and previously characterized
by Scanning electron microscope (SEM) and X-ray
techniques, were employed in earlier work by this

group [1].

2.2. Methods
2.2.1. Synthesis of Laccase@Fe-BTC powder

Fe-BTC powder was synthesized via a solvothermal
process using chemical precursors in an autoclave
system. Initially, HsBTC and Fe (NO:);-9H.O were
dissolved separately in DMF and then mixed to form a
homogeneous solution. The mixture was sonicated and
subsequently heated at 110 °C for 6 h to promote the
formation of MOF carriers. After synthesis, the
obtained Fe-BTC particles were collected, washed,
and dried to vyield uniform MOF carriers with
controlled morphology.

Subsequently, the prepared Fe-BTC carriers were
used as supports for enzyme immobilization. Laccase
was immobilized onto the surface of Fe-BTC by
incubating 7 g of the dried material in a phosphate
buffer solution containing 1 ppm laccase for 48 h in a
hot water bath, leading to the formation of biocatalyst
particles (Lc@Fe-BTC), as illustrated in Figure 1.

To prepare and analyze the samples, a spectro-

I~

HBTC + DMF

/
2 L
Fe(NO3)39HXO in DMF

photometer and a Philips X-ray diffractometer (A =
1.54056 A, 40 kV, 35 mA) were used to determine the
crystallinity and structural composition of the
synthesized material. IR spectra were recorded using a
Bruker Vertex 70 spectrometer (Germany) over a wave-
number range of 4000-400 cm™. Morphological
analysis was performed using a field emission scanning
electron microscope (FESEM). Brunauer-Emmett-
Teller (BET) analysis for specific surface area, func-
tional groups, pore size distribution, and specific pore
volume of the prepared samples was carried out using a
TriStar 11 3020 instrument (Micromeritics, USA).

2.2.2. Adsorption experiments

Decolorization efficiency and the amount of dye
adsorbed onto the MOF adsorbent (in mg/g, referred to
as adsorption capacity) were calculated using equations
1 and 2, respectively. In this study, key parameters
affecting the adsorption process, including dye
concentration, adsorbent dosage, and contact time, were
investigated using an experimental design approach. In
these equations, Co, is the initial dye concentration
(mg/L), C. is the equilibrium concentration (mg/L), g. is
the adsorption capacity (mg/g), M is the mass of
adsorbent (g), and V is the volume of the solution (L).
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Figure 1: Schematic illustration of the preparation of Lc@Fe-BTC.
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3. Results and Discussion

3.1. Adsorbent Characterization

X-ray diffraction (XRD) was used to assess the
qualitative properties, including crystal orientation, the
presence of sharp peaks, purity, crystallinity, and the
single-phase nature of the material. Using the intensity
and average peak width, the crystallite size was
calculated using the Scherrer equation. In equation 3, L
is the average crystallite size, K is the Scherrer constant
(0.9), 4 is the X-ray wavelength (1.54060 A), @ is the
diffraction angle of each peak, and £ is the full width at
half maximum (FWHM) of the peak in radians.
Comparison between the XRD patterns of enzyme-
containing and enzyme-free nanosorbents shows a
significant difference in peak intensity, for example, in
the sample containing LC, although the peaks are
relatively similar to those without LC, the peaks have a
much higher intensity, and this is exactly consistent
with comparisons with other sources in this field
(Figures 3 and 4). The average crystallite size L,
calculated using the Debye-Scherrer equation (equation
3), was 52.8 nm [9, 10].

L=K A /PBCoso 3)
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Figure 2: FTIR of the Fe-BTC sample.
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Figure 3: XRD of the LC @Fe-BTC sample.
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Figure 4: XRD of the Fe-BTC sample.
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Scanning electron microscopy (SEM) images
provide valuable insight into the morphology and
structural organization of the synthesized Fe-BTC and
Lc@Fe-BTC materials. As shown in Figure 5, Fe-BTC
exhibits a heterogeneous morphology composed of
densely packed clusters and agglomerates of irregular
nanoparticles that fuse into porous secondary structures
with rough surfaces and abundant interparticle voids.
The nanoscale size of the primary particles contributes
to a high surface area and interconnected channels,
features that are advantageous for adsorption processes
and typical of Fe-BTC formed via solvothermal
synthesis. In Figure 6, the Lc@Fe-BTC sample shows
clear morphological changes after enzyme immo-
bilization: while the clustered architecture is preserved,
the surface appears more compact and slightly smoother
due to the coating of laccase, which partially fills surface
cavities and intergranular spaces and creates a more
cohesive structure. Comparison of the two images
indicates that the immobilization process does not
disrupt the framework; instead, the uniform distribution
and repetitive geometric organization remain intact,
confirming structural stability and successful func-
tionalization. The observed nanoparticle aggregation and
resulting mesoporous voids enhance mass transfer and
facilitate dye diffusion toward active sites, while the
rough porous texture increases the number of accessible
binding sites [11]. Overall, SEM analysis confirms
successful Fe-BTC nanostructure synthesis and demons-
trates that laccase immobilization modifies surface
characteristics without compromising the hierarchical
porous architecture required for efficient adsorption and
biocatalytic performance. According to the particle size
distribution obtained by the dynamic light scattering
(DLS) method, these particles have an average diameter
of 30-36 nm (Figure 7).
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3.2. Response Surface Statistical Method

The analysis was conducted using the response surface
methodology (RSM) with a central composite design,
involving three variables at three levels [12]. The
variables included dye concentration, contact time,
and the amount of enzymatic adsorbent (Table 2).

Signal A = SE1
Mag= 50.00KX

200 nm EHT = 2600 kV
?7: WD = 95mm

Figure 5: SEM image of Fe-BTC.
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Figure 6: SEM image of LC@Fe-BTC.

Table 1: Immobilization efficiency and catalytic
performance of in-situ biocatalysts Lc@Fe-BTC-x,
where x refers to the synthesis preparation time.

Biocatalyest Enzyme Enzyme
/ y immobilizeda/%

Lac@Fe-BTC-1h 98
Lac@Fe-BTC-1 h 99
Lac@Fe-BTC-4 h 100
Lac@Fe-BTC-22 h 100

20

10 -

0-20 20-24 24-30 30-36 36-42 42-48 48-54

Nanoparticle size (nm)

Figure 7: Particle size intensity distribution of the Fe-
BTC sample obtained by the DLS method, showing an

average particle size of 30-36 nm based on intensity.

Table 2: Range of variables used in the central
composite design (CCD) method.

Variable Symbol
EXEEEEN
Time
. A 2.
(Minutes) S 825 60
Dye
concentration B 90.7 397.15 611.39
(mg/I)
Adsorbent
1 3 5
(a/)

3.21. Modeling dye removal using an
enzymatically functionalized adsorbent via
multivariate linear regression

Multivariate linear regression (MLR) was used to
model the adsorption of the target dye [13]. The
design variables were calculated using a quadratic
regression equation (equation 4), where B; represents
the linear coefficient, B; the squared coefficient, and
Bj; the interaction coefficient (all of which are fitting
constants). X;, X% and X.X; denote the independent
variables, Bo is the intercept, and Y is the response.
Based on the values predicted by the model, 15
experiments were conducted for each factor [14, 15].

Y:Bo-i-ZBi-XH-ZBii-XiZ +> 3 Bij- Xi- X 4

The number of test points was determined using
equation 5, where K represents the number of
variables and Co denotes the number of centre points.
In this study, both K and Co were set to 3.
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N=2K(K-1)+C0 (5)

Based on the values determined by the model, 15
experiments were conducted for each factor, with their
characteristics presented in Table 3.

The selected software was used to design the
experiments. The resulting model is represented by
equation 4. Diagrams illustrating the effects of
primary factors, factor interactions, and the response
surface were generated based on the analysis of
variance (ANOVA) table. Design-Expert software was
employed for modeling using the MLR method [16-
18].

The equation obtained from fitting the response
surface for the response parameter R is presented as
equation 6.

%R=87.61+10.32A-3.99B+18.32C-0.61AB—0.90AC+
5.33BC—6.51A%-1.84B2-9.22C? (6)

A statistical evaluation of equation 6 was
conducted using the F-test, which measures the
deviation of the data from the mean, along with
ANOVA for the quadratic response surface model.
The ANOVA results confirm the model's validity. The
F-value of 73 is relatively high, indicating that the
model provides a good fit for the experimental data.
Additionally, the p-value is less than 0.05, confirming
the statistical significance of the model. In this model,
the parameters BC, C2, A2, C, B, and A were identified
as significant factors. The equation obtained from
fitting the response surface for the parameter q is
presented as equation 7.

q=101.63+16.48A+65.67B—50.71C+10.23AB—-15.44
AC—23.94BC—3.80A%-13.44B%+23.17C? @)

In this model, the p-value is less than 0.0001 and
the F-value is 56.45, indicating strong statistical
significance. The parameters C?, BC, AC, C, and B
were identified as influential factors. Statistical
evaluation of Equation (7) was performed using the F-
test and ANOVA for the quadratic response surface
model, with the results presented in Table 4. The
ANOVA data confirm the accuracy of the quadratic
model. The F-value reflects the deviation of the data
from the mean [19, 20]. For a model that accurately
predicts experimental results, a high F-value and a p-
value less than 0.05 indicate statistical significance.
The adjusted R? (R%&Zp) and predicted R? (R%,.4)
values are 0.9786 and 0.9333, respectively,
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demonstrating strong agreement and indicating that
the model provides a reliable fit to the experimental
data.

Table 3: Characteristics of the dye solution and other
components used in the experiments.

N Time Dye Adsorbent
(min) A | (mg/l) B (a/l) C
5 300

1 5
2 5 399 1
3 5 100 3
4 60 300 1
5 5 500 3
6 32.5 500 1
7 60 500 3
8 32.5 100 5
9 32.5 300 3
10 60 100 3
11 32.5 300 3
12 32.5 500 5
13 60 300 5
14 32.5 300 3
15 32.5 100 1

Table 4: P-values and F-values obtained from
response surface analysis for the response variable

%R

Model 72.07 0.0001<
A 103.9 0.0002
B 4211 0.0013

C 389.41 0.0001<
AB 0.33 0.5929
AC 0.42 0.5464
BC 24.98 0.0041
A2 20 0.0066
B2 4.25 0.0942
@2 40.01 0.0015
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Table 5: P-values and F-values obtained from
response surface analysis for the response variable q.

Parameter F value P value

Model 56.50 <0.0001
A 16 0.0002

B 258.44 0.0102

Cc 153.39 <0.0001
AB 3.2 1.0001
AC 7.16 0.1339
BC 17.52 0.045
A2 0.4 0.0088
B? 4.64 1.0839
@2 15.99 0.0119

Based on the results, increasing the contact time
between the adsorbent and the dye leads to an increase
in the removal percentage. After 45 minutes, the trend
stabilizes due to the saturation of available adsorption
sites. Similarly, the increase in removal percentage
with higher adsorbent dosage can be attributed to the
greater number of active sites available for dye
adsorption [21].

To evaluate the effect of enzymatic adsorbent
dosage, various amounts of the organometallic
enzyme-based adsorbent were tested at an initial dye
concentration of 10 mg/L. The highest dye removal
was observed with 5 g/L of adsorbent. Beyond this
amount and after 45 minutes of contact time, the
removal percentage remained constant (Figure 8).

Figure 8: Response surface curve showing the effect
of adsorbent dosage and contact time on adsorption
capacity.

As the dye concentration in the solution increases,
the removal percentage decreases. This reduction in
adsorption efficiency can be attributed to the
decreased ratio of available active sites on the
adsorbent to the amount of dye present. As a result, a
smaller fraction of the dye can be adsorbed onto the
surface. The initial dye concentration is correlated
with the amount of dye removed. The removal
efficiency depends on the initial dye concentration, the
number of enzyme active sites on the adsorbent
surface, and the contact time. Although the total
amount of dye removed may increase with higher dye
concentrations, the removal percentage declines due to
site saturation. Similarly, prolonged contact time
enhances adsorption up to a point, but beyond this,
increased dye concentration leads to a further decrease
in removal efficiency [22-24].

3.3. Adsorption kinetics

The adsorption kinetics study was conducted to evaluate
the effect of contact time and to determine parameters
derived from kinetic models. The experimental data
were analyzed using three kinetic models: pseudo-first-
order, pseudo-second-order, and Elovich. The following
equations (Egs. 8 and 9) represent the pseudo-first-order
model:

(dot/dt)= K1(qe-qt) 8
log(ge-qt)=log(qe)-(K1/2.303)*t 9)

In equation 9, ¢, and g. represent the adsorption
capacities at time t and equilibrium, respectively, in
mg/g. K: is the rate constant of the pseudo-first-order
model. The linear form of the pseudo-first-order
kinetic equation is given by equation 9. The values of
Ki and q. can be determined from the slope and
intercept of the linear plot of log(q. — q;) versus t [25].

The pseudo-second-order Kinetic model is
represented by equations 10 and 11. In equation 10, K-
is the rate constant of the pseudo-second-order
equation. The linear form is given in equation 11,
where g. and K can be calculated from the slope and
intercept of the plot of t/q, versus t.

(d(g)t/dt)= K2 ) ge- qt) (10)
(tql)= (1/Kg?)+(1/ge)*t (11)
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The Elovich model is represented by equations 12
and 13:

dqt/dt=a exp(-bqt) (12)
qt= (13)

In equation 12, q; is the amount of dye adsorbed at
time t (mg/g), o is the initial adsorption rate and
reflects the rate of chemisorption at zero surface
coverage, and b is the desorption constant, which is
related to surface coverage and activation energy.
equation 13 is the simplified linear form of the
Elovich equation. The values of 1/b In(af) and 1/b
correspond to the intercept and slope, respectively, of
the plot of ¢, versus In(t).

3.4. Adsorption Isotherm

The adsorption isotherm was evaluated using the
Freundlich and Langmuir models. The following
equations describe the Freundlich and Langmuir

isotherms. The Freundlich model is represented by
equations 14 and 15:

logge =logkf+(1/n)logCe (14)
ge=((QmKacCe)/(1+KaCe)) (15)

In equation 14, K_f is the Freundlich constant,
which relates to the binding energy of the adsorption
process, and 1/n is the heterogeneity factor, indicating
the non-uniformity of the adsorbent surface. In equation
15, g. represents the equilibrium adsorption capacity
(mg/g), O. is the maximum adsorption capacity (mg/g),
C. is the equilibrium dye concentration (mg/L), and K,
is the adsorption equilibrium constant. The Langmuir
model is expressed in Equation (16), where the
intercept and slope of the plot of C./q. versus C.
correspond to 1/(K.Q.) and 1/Q,, respectively.

) (16)

The results of the Elovich kinetic model for the
adsorption of Diamine Green B dye onto the composite
nanoadsorbent are presented in Figure 9. The pseudo-
first-order kinetic model for the adsorption of Diamine
Green B dye onto the composite nanoadsorbent is
illustrated in Figure 10. The results of the pseudo-
second-order kinetics for the adsorption of Diamin
green B dye onto the composite nanoadsorbent are
shown in Figure 11.
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Figure 9: Elovich adsorption kinetics of Diamine Green
B dye on the composite nanoadsorbent.

y =-0.0207x + 1.5637
R2=0.888

log (qe-qt)

0 20 40 60 80
t (min)

Figure 10: Pseudo-first-order kinetics for the
adsorption of Diamine Green B dye on the composite
nanoadsorbent.

0.35
0.3
0.25
0.2

t/qt

0.15

01
0.05 y = 0.0035x + 0.098
R2?=0.8751
0 20 40 60 80
t (min)

Figure 11: Pseudo-second-order kinetics for the
adsorption of Diamine Green B dye on the composite
nanoadsorbent.

The Freundlich adsorption isotherm for Diamine
Green B dye on the composite nanoadsorbent is shown
in Figure 12. The Langmuir adsorption isotherm for the
adsorption of Diamine Green B dye on the composite
nanoadsorbent is shown in Figure 13.
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3.5. Adsorption thermodynamics

In the thermodynamic analysis of the adsorption
process, three parameters must be determined: the
standard enthalpy change AH®, the standard free energy
change AG®, and the standard entropy change AS°. The
values of AH® and AS°® are obtained using equations 17
and 18. These parameters can be determined from the
linear plot of In k versus T—1, with the slope and width
measured from the origin. The Gibbs free energy is
calculated through equation 19.

Ln kd = AS°/R - AH°/ RT 17)
Kd = ge/Ce (18)
AG°=-RT Inkd (19)

In these equations, R is the universal gas constant, T
is the absolute temperature (in Kelvin), and K_d is the
equilibrium constant, defined as the ratio of the amount
of dye adsorbed on the organometallic adsorbent to the
amount remaining in the solution [26].

The calculated thermodynamic parameters presented
in Table 6 show that AH® has positive values, indicating
that the adsorption process is endothermic. This finding
is consistent with earlier results, which showed an
increase in adsorption capacity with rising solution
temperature. The positive values of AH® also suggest
the formation of strong chemical interactions between
the dye molecules and the adsorbent surface. As shown
in Table 6, the other thermodynamic parameter, AS°®,
also has positive values, indicating a high affinity of the
adsorbent for the dye and improved adsorption
efficiency with increasing temperature in the solid-
liquid phase. In contrast, the negative values of Gibbs
free energy, AG°, confirm that the dye adsorption

process is spontaneous [27, 28].

The increase in negative AG° with rising
temperature from 288 to 303 K may be attributed to the
dehydration of both the dye molecules and the
adsorbent surface, which enhances their interaction
and makes adsorption more favorable at higher
temperatures. The correlation coefficient (R2 was 0.978
at all three temperatures, indicating an excellent fit of

4.5
4

log ge(mg/g))
N
(8]

1 y = 0.7163x + 3.2312
05 R2=0.9843
0
0 05 1 15 2 25

log ce t(mg/1)

Figure 12: Freundlich adsorption isotherm for diamine
green B dye on the composite nanoadsorbent.

0.00018
0.00016
0.00014
0.00012

0.0001
0.00008
0.00006
0.00004
0.00002

0
0 0.05 0.1 0.15 0.2 0.25

1/ge(mg/q))

y = 0.0007x + 2E-05
R2=0.9722

1/ce (I/mg)

Figure 13: Langmuir adsorption isotherm of diamine
green B dye on the composite nanoadsorbent.

Table 6: Thermodynamic variables of dye adsorption on enzyme-containing and enzyme-free organometallic
adsorbents.

Sormole T AH AS AG
P ) KJ/mol Jimol K KJ/mol
288

LC @Fe-

BTC 298
303

288

Fe-BTC 298
303

114

52

-2.918
50 -3.418
-3.668

-1.04

22 -1.26
-3.668
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the thermodynamic model. Additionally, an increase in
In K _d values with temperature was observed, further
supporting the temperature-dependent nature of the
adsorption process. The increase in dye removal with
higher adsorbent dosage is attributed to the expansion of
surface area, providing greater access to both adsorption
and enzymatic degradation sites. As the active surface
area of the catalyst increases, the bleaching capacity also
improves. This effect arises from the combined
contribution of adsorption and enzymatic decom-
position in the initial phase. Eventually, as the available
sites become saturated, the system reaches a stable
number of active sites, resulting in a plateau in both
adsorption efficiency and removal capacity. As the
adsorbent dosage continues to increase (at a constant dye
concentration), excess active sites remain unoccupied,
resulting in no further improvement in the removal
percentage. Consequently, the equilibrium adsorption
capacity (q.) decreases. The results of this study are
consistent with those reported by Mousavi et al. [14],
who investigated the removal of Azo Orange 7 dye
using a single-layer carbon nanotube adsorbent, as well
as with the findings of Sheshmani et al. [19], who
studied dye removal using chitosan-based adsorbents. In
the present study, an increase in contact time resulted in
higher dye adsorption efficiency, which can be attributed
to an increased number of collisions and a greater
probability of interaction between the dye molecules and
the adsorbent surface. These findings align with those of
Hamzeh et al. for the removal of Azo Orange 7 dye and
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