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Industrial effluents have emerged as a critical environmental challenge due to
limited water resources, their toxic nature, and carcinogenic properties.
Therefore, it is essential to treat industrial wastewater and eliminate toxic
pollutants. This study focuses on synthesizing nanocrystals of zeolite imidazole
frameworks (ZIF-8) by doping with iron to create a porous ZnFe/ZIF-8 (ZFZ)
composite using a green method (water solvent) to enhance performance and
synergistic effects. The morphology of ZFZ nanocrystals was analyzed using a
variety of complementary characterization techniques (Fourier Transform
Infrared (FTIR), X-ray diffraction (XRD), and scanning electron microscope
(SEM)). The ZFZ and ZIF-8 were assessed for the removal of Direct Red 23 (DR-
23) dye from wastewater by varying the effective variables (pH, dye dosage,
initial concentration, an(d contact time). For comparative analysis, ZIF-8 was
also synthesized and used in conjunction with ZFZ to remove the DR-23 dye.
The results demonstrated that ZFZ possesses a significantly higher adsorption
capacity (383 mg/g) for DR-23 than ZIF-8 (94.79 mg/g), representing a
fourfold enhancement. At a contact time of 120 minutes, the ZFZ composite
achieved a maximum removal efficiency of 92.3% with 0.006 g of adsorbent at
pH 3. Analysis of the equilibrium adsorption data for anionic dyes confirmed a
strong alignment with the Langmuir model (R? = 0.99), consistent with a
homogeneous, monolayer adsorption process. Additionally, the adsorption
mechanism on ZFZ and ZIF-8 composites followed second-order kinetics with
R?=0.99. These findings confirm that synthesized ZFZ is an efficient adsorbent
for the remediation of dye-contaminated wastewater.

“Corresponding author Tel.: +98 912 2162060
E-mail: mohammadnezhad@qut.ac.ir

DOI: 10.22104/aet.2026.7493.2087
COPYRIGHTS: ©2026 Advances in Environmental Technology (AET). This article is an open access article distributed under the terms
and conditions of the Creative Commons Attribution 4.0 International (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/)



mailto:mohammadnezhad@qut.ac.ir
https://doi.org/10.22104/aet.2026.7493.2087
https://creativecommons.org/licenses/by/4.0/
https://aet.irost.ir/

R. Soleimani et al./ Advances in Environmental Technology 12(3) 2026, 256-273. 257

1. Introduction

Water resources are vital for all life, yet they face
considerable challenges today due to industrial
pollutants. The rapid expansion of industrial
factories across various sectors has led to effluents
and pollution of both surface and groundwater,
constituting a significant threat to the
sustainability of society and other species [1, 2].
Produced wastewater mainly contains polycyclic
aromatic hydrocarbons and organic

compounds [3]. Common contaminants include

volatile

heavy metal ions, phenols, pesticides, herbicides,
fertilizers, hydrocarbons, detergents, industrial
effluents, pharmaceutical active compounds, and
organic dyes [4-6]. Organic dye contamination in
water resources is concerning due to the dyes'
chemical stability and resistance to degradation,
which can cause genetic mutations and cancer in
humans and harm the environment [7]. Organic
pollutants and azo dyes are among the most
pressing environmental concerns globally due to
their toxicity and persistence in wastewater.

Removal methods include adsorption,
photocatalysis, coagulation-flocculation,
ultrafiltration, and other chemical and membrane
processes, each with limitations such as the
production of toxic secondary pollutants and
economic challenges [8]. Currently, adsorption is a
leading wastewater treatment method due to its
practicality, simple design, affordability, and
environmental sustainability, attracting significant
interest from scientists across various industries
[9]. For instance, Azizi et al. demonstrated the
effective use of a modified graphene oxide
adsorbent to remove Direct Red 81, achieving high
removal efficiencies and notable reusability [10].

Membrane processes, such as nanofiltration (NF),
also present a viable alternative, particularly for
ionic dyes. Askari et al. studied the decolorization
of Reactive Blue 19 and Acid Black 172 using a
polyamide NF membrane, achieving high removal
efficiencies of up to 97% and 94%, respectively, at
optimized conditions and highlighting NF as a
lower-pressure alternative to reverse osmosis [11].
Metal-Organic Frameworks (MOFs) are highly
porous, crystalline materials characterized by large
structures composed of metal ions and organic

linkers, forming scaffold-like architectures through

coordination bonds [12]. Due to their diverse and
regular structures, chemical stability, and robust
mechanical strength, MOFs have rapidly gained
attention across various scientific fields. Their
extensive surface area, ultra-high porosity, and
uniform pore dimensions, as well as adjustability,
flexibility, and suitable selectivity, make them a
viable alternative to other adsorbents [7, 13]. Over
the last decade, MOFs have demonstrated promise
in sensing, catalysis, separation, drug delivery, gas
storage, and adsorption. Although extensive
research exists on MOF development and
applications, recent interest has focused on MOF
composites with sodalite structures as hybrid
templates and their complexes with various metals
[14-17]. Among these, Zeolite imidazolate
frameworks (ZIFs), a prominent subclass of MOFs
featuring a zeolitic topology, have garnered
significant attention. ZIFs, containing metal ions
like Fe, Cu, Co, and Zn linked by imidazolium bonds
(M-Im-M), exhibit characteristics of both zeolites
and MOFs. Their substantial surface
adjustable size, crystal unimodal
micropores, abundant functionality, and chemical
and thermal stability make them excellent
substrates for dye adsorption [3, 18].

Recently, hybrid MOFs incorporating metal
complexes with unique structural capabilities have
garnered significant scientific interest. Combining
metals in the synthesis process of ZIF-8 has a better
performance than pure ZIF-8 [19, 20]. Iron-based
MOFs are a promising class of adsorbents for dye
removal due to unsaturated metal active sites that
facilitate strong interactions and enhance
performance. For instance, Haque et al. studied
the Fe-MOF-235 composite with anionic methyl
orange (MO) and cationic methyl red (MR) dyes,
achieving satisfactory results for both [21]. In a
study [22], MOFs were investigated for removing
Basic Blue 41 (BB41) dye, and the synthesized
nanomaterials decolorized BB41 from wastewater.
Shu-Hui et al. found that Cr-MIL-100 and Fe-MIL-
100 metal hybrids adsorbed methylene blue dye
with an adsorption performance of 211.8 and 1045.2
mg/g, respectively. Furthermore, MIL-100(Fe)
exhibited high adsorption efficiency for malachite
green (MG) pigment [23]. Ghasempour et al.
studied the synthesis of Fe/MOF for dye
elimination, using a variety of synthetic dyes. They
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have shown an adsorption efficiency of 233 mg/g
for dyes. The hydrolytically stable, highly porous
Fe/MOF, with specific functional sites,
enhanced dye elimination through improved H and
-1 bonding interactions [24].

Employing bimetallic MOFs with crystalline,
scaffold-like structures through a green approach
could significantly enhance the treatment of
anionic dyes from wastewater. This study employed
a green method to synthesize a porous ZnFe/ZIF-8
(ZFZ) bimetallic composite with metal clusters and
unsaturated sites, aiming to enhance performance
through synergistic effects. The adsorption
properties of ZFZ for Direct Red 23 (DR-23) removadl
were evaluated using UV-Vis spectroscopy and
compared to the reference adsorbent (ZIF-8).
Various adsorption kinetics mechanisms (reaction
rate analysis) and adsorption isotherms (multilayer
analysis) were explored.

shows

2. Materials and methods
2.1. Materials

2-methylimidazole (C4HsN2), zinc sulfate
(Zn(SO4)2-7H,0), iron sulfate (Fe(SO4)2-7H,0),
ethanol (EtOH), sodium hydroxide (NaOH), and
98% hydrochloric acid (HCL) were purchased from
Merck (Germany) and used as received. DR-23 dye
(@ common dye in textile industries)
(C35H25N7N0201052, Mw= 813.72 g/mol)
provided by Aldrich. Figure 1 indicates the chemical
structure of the DR-23 dye.

wdas

2.2. Synthesis
2.2.1. Synthesis of ZIF-8

ZIF-8 nanocrystals were synthesized by dissolving
575 mg of zinc sulfate and 1320 mg of 2-
methylimidazole separately in 30 mL of deionized
water under vigorous magnetic stirring. After
stirring  for
temperature, the metal salt solution was added
dropwise to the 2-methylimidazole solution. The pH
of the solution was adjusted to 11.4. The yellow
mixture was stirred at 45°C in an oil bath for 24
hours. The yellow precipitate was washed three
times with DI water via centrifugation to remove
residual ZIF-8 pore materials. The product was
dried in a vacuum oven at 70°C for 12 hours.

several minutes at ambient

Na * Na *

PR

/ko

Fig. 1. Chemical structure of DR-23 dye.
2.2.2. Synthesis of ZFZ

First, a metal precursor solution was prepared by
dissolving zinc sulfate (575 mg) and iron sulfate
(460 mg) in deionized water (30 milliliters).
Separately, a ligand solution was formed by
dissolving 1.32 g of 2-methylimidazole in deionized
water (30 milliliters) under vigorous magnetic
stirring to obtain a fully dissolved solution (pH
11.4). The metal precursor solution was then
dripped into the prepared solution under constant
stirring, resulting in the immediate formation of a
yellow solution. The mixture was placed in an oil
bath and stirred at 45°C for 24 hours. The final solid
product was isolated via centrifugation, purified
through repeated washing with deionized water,
and subsequently vacuum-dried at 70°C for 12
hours.

2.3. Apparatus

The chemical bonds of specimens were
characterized by FTIR spectroscopy in the range of
450-4000 cml. The phase characterization and
corresponding synthesized
compounds were studied with the XRD pattern
(XRD device, Philips (PW1730)) under a radiation
beam equipped with a copper lamp (CuKa
radiation). A scanning electron microscope from
TE-SCAN, model MIRA lll, was uused to examine the
geometric shape and imaging of the samples. An
adsorption spectral study of the colored solutions
performed using a single-beam
spectrophotometer of visible-ultraviolet
spectroscopy (UV/Vis) in the limited wavelength

area of 190-400 nm with a Biomate5 device model.

structure of the

was

2.4. Dye Adsorption Experiment

Investigating the dyeing process of DR-23 anionic
dye in a discontinuous system was prepared by

adding a specific amount of synthesized
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nanocomposites at a specified concentration (in a
100 ml container) at ambient temperature on a
stirrer. The pH of an aliquot of the solution was
adjusted to the desired value with HCI. Then, 0.006
g of the synthesized adsorbent was added to it and
placed on a magnetic stirrer for a certain period at
room temperature. To reach
specimens were taken at the desired time intervals
(every 15 min). The prepared sample was
centrifuged to separate the pollutant. The dye
concentration was measured at different times
using a UV-Visible spectrophotometer. The
maximum adsorption wavelength for the DR-23
appeared at 503 nm. The dye removal efficiency
(R%), the adsorption capacity at time t (q:
(mg/qg)), and the equilibrium adsorption of the dye
(ge (mg/g)) were calculated with Equations (1),

equilibrium,

(2), and (3).

R% = %* 100 (1)

g = = @
ComCOV

% = ("T (3)

where C,, C;, Ce, V, and m are the initial
concentration of dye (mg/l), the concentration of
the dye at time t (mg/l), the equilibrium
concentration of dye (mg/l), the volume of
solution, and the mass of the adsorbent (g) in the

solution, respectively.

3. Results and discussion
3.1. Characterization
3.1.1. FTIR

The functional groups and compositional
characteristics of the ZIF-8 and ZFZ were
elucidated using the FTIR technique (4000-450
cm™). Figure 2 shows the resulting spectrum of
synthesized materials. The FTIR spectrum of the
ZIF-8 sample aligns with previous reports [25]. The
infrared spectrum of ZIF-8 (Figure 2) confirms its
chemical structure.

Characteristic adsorption bands are observed at
3427 cm™ (O-H stretching) and 3135 cm™
(aromatic C-H stretching of the imidazole ring).
Additional features include bands at 2923 cm™
(aliphatic C-H stretch), 1576 cm™ (C=N stretch),

and in the range of 500-1000 cm™ (C-H and C-C
bending vibrations) [18, 19].

Critically, the spectrum of the bimetallic ZFZ
composite reveals new bands at 620 cm™ and 467
cm™, attributable to Fe-N and Zn-N stretching
vibrations, respectively. This provides
evidence of iron incorporation into the framework.
Iron incorporation modifies the spectral profile by
increasing band intensities and eliminating the
Cc=C peak, confirming metal
integration.

direct

successful

3.1.2. XRD

The phase of the ZIF-8 and ZFZ composites was
established by XRD. Fig. 3 presents the XRD pattern
of ZIF-8, which aligns with the literature data [25].
This figure shows that the synthesized patterns are
highly similar, with differences only in peak
intensity. The XRD pattern also reveals the crystal
structure of the synthesized samples, with distinct
crystal planes and sharp peaks indicating
successful synthesis. The diagram shows that the
diffraction intensity of the peaks decreases with
the incorporation of iron into the ZIF-8 framework.

3.1.3. SEM

The surface morphology of the synthesized
specimens was examined by SEM (Figure 4). The
SEM micrographs of the ZIF-8 nanocrystals are
consistent research findings,
confirming the reliability of the synthesis process.
As evidenced by the SEM micrographs in Figure 4,
the ZIF-8 particles exhibit a polyhedral structure
with twelve rhombus-shaped faces, indicating
ZIF-8 synthesis, whereas the ZFZ
composite displays a modified surface texture.

The image reveals that the composition consists of
spherical and uniform particles that tend to form
agglomerates. This agglomeration is typical in such
materials, indicating strong interparticle
interactions. Notably, the surface morphology of
the particles largely unchanged
throughout the synthesis process, suggesting that
the introduction of additional components, such as
iron in the ZFZ composite, does not significantly
alter the fundamental structural characteristics of
the ZIF-8 framework [26].

with  previous

successful

remains
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Fig. 2. FTIR spectroscopic analysis of the synthesized ZIF-8 and ZFZ composites.

This stability in morphology is crucial for
maintaining the desired properties of the material,
which are fundamental for applications in
adsorption and catalysis. The consistent
morphology also implies that the synthesis method
is robust and reproducible, making it suitable for
large-scale production and practical applications
[3, 25].

3.2. Dye adsorption
3.2.1. Optimization of initial dye concentration

The adsorption of an anionic dye (DR-23) onto ZIF-
8 and the ZFZ composite was assessed at various
initial concentrations (25, 40, 55, and 70 mg/L).
These experiments were performed under optimal

conditions (pH 3, adsorbent dose 0.006 g) over a
contact time of 0-120 minutes at laboratory
temperature. Figure 5 shows the DR-23 dye removal
efficiency of ZIF-8 and ZFZ with dye
concentrations. According to this diagram, the
removal efficiency for the ZFZ composite increased
with contact time, reaching a maximum of 93% at
120 minutes, indicating its high potential for
anionic dye removal. The dye removal efficiency for
both adsorbents exhibited a strong inverse
relationship with solution concentration. As the
concentration increased from 25 to 70 mg/L, the
removal efficiency for ZFZ fell from 92% to 46%,
while that for ZIF-8 showed a more pronounced
drop from 23% to a mere 2%.

Intensity (a.u.)

ZFZ

ZIF-8

33 38 43 48

20 (degree)

Fig. 3. XRD patterns characterizing the structure of ZIF-8 and ZFZ.
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Fig. 4. SEM images of (a, b) ZIF-8 and (c, d) ZFZ composites.
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Fig. 5. Effect of initial dye concentration on removal efficiency of (a) ZFZ and (b) ZIF-8.
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3.2.2. Contact time

The effect of contact time on the removal of DR-
23 by ZIF-8 and ZFZ was evaluated over 120 minutes
under otherwise optimal conditions (pH 3, 25 mg/L,
0.006 g adsorbent) at laboratory temperature.
Figure 6 shows the obtained results; the removal
efficiency of ZFZ was 81% (88.4% Rmax) in the first
15 minutes and gradually reached 91.5% (99.4%
Rmax) as the contact time increased to 90 minutes
and acquired an equilibrium value of 92.1% until
120 minutes.

The temporal evolution of the system is consistent
with a gradual saturation process of ZFZ available
adsorption sites with anionic dye molecules.

it should be noted that within the
adsorption process, the active and accessible sites
are blocked by dye molecules and are covered
entirely after a period. The adsorption rate
decreases progressively as the DR-23 concentration
in solution diminishes and available active sites are
occupied [27, 28].

However,

—&—7ZFZ --@-Z7IF-8

100
90
80
70
60
50
40
30
20
10

Dye removal efficiency (R%)

0 15 30 45 60 75 90 105 120
Time (min)

Fig. 6. The impact of time on the removal of DR-23 for
(a) ZFZ and (b) ZIF-8.

3.2.3. Optimization of solution pH

The impact of solution pH on DR-23 removal by ZIF-
8 and ZFZ was quantified at different pH levels (3,
4, 5, and 6) at ambient temperature. Other test
variables were held constant at optimal conditions
(concentration of 25 mg/L, time of 0-120 minutes,

and dye dosage of 0.006 g). Figure 7 shows the
effect of pH on the adsorption efficiency of DR-23
onto ZIF-8 and ZFZ. Given that the isoelectric point
(pHIEP) of ZIF-8 was between 9 and 11, and
considering the dye's negative charge (SO;37), the
study focused on acidic pH levels.

As evidenced by Figure 7, the adsorption of both
adsorbents for the anionic dye decreased with
increasing pH, which could be described by the
deprotonation of surface sites and a corresponding
reduction in positive surface charge [29, 30].
Reducing the solution pH from 6 to 3 increased the
efficiency of DR-23 by ZFZ from 46.7% to 92.1%.
This enhancement is due to the increased
protonation of the adsorbent's surface, resulting in
a higher density of positive charges that
electrostatically attract the anionic dye molecules.
It is important to note that the ZIF-8 may undergo

minor  structural  degradation in  acidic
environments (pH < 4).
The hydrolytic instability of ZIF-8 in acidic

environments is a well-documented challenge in
the literature [31, 32]. In the present study, the
primary adsorbent investigated was ZnFe/ZIF-8, in
which the incorporation of Fe species is expected to
enhance framework robustness compared to
pristine ZIF-8, as reported in previous studies [33].
While post-adsorption XRD or FTIR analysis was not
performed in this study to quantify this effect, the
significant enhancement in dye adsorption
capacity observed for the ZnFe/ZIF-8 composite
compared to pristine ZIF-8 under identical acidic
conditions suggests a consequential difference in
material behavior.

The superior performance of the composite could
be attributed not only to its modified surface
properties but also to potentially improved acid
stability imparted by iron doping, a hypothesis that
warrants dedicated future investigation. However,
the structural stability of ZnFe/ZIF-8 under these
conditions cannot be definitively confirmed within
the scope of this work. Therefore, for any practical
application, the long-term stability of the
adsorbent in acidic effluent streams would be a
crucial factor for further study.
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Fig. 7. Impact of pH on DR-23 removal of (a) ZFZ, and (b) ZIF-8.

3.2.4. Optimization of adsorbent dosage

The impact of adsorbent mass on the removal
efficiency of DR-23 was examined using ZIF-8 and
ZFZ at varying masses (0.003, 0.004, 0.005, and
0.006 g) at room temperature. Other test variables
were maintained at optimal values, including pH
(3), concentration (25 mg/L), and a time range of
0-120 minutes. The results are presented in Figure
8. The efficiency of both adsorbents increased
rapidly with dosage, reaching equilibrium after 120
minutes. The ZFZ nanocomposite consistently
demonstrated superior performance, achieving a
92% rate compared to ZIF-8. This
significant enhancement in adsorption capacity is
attributed to the iron doping within the ZIF-8
framework, which improves the material's
adsorptive surface properties and increases the
abundance of active sites available for dye
interaction [34-36]. Based on these results, an
optimal adsorbent dosage of 6 mg was selected for
subsequent experiments.

removal

3.2.5. Adsorption Isotherms

An adsorption isotherm quantifies the equilibrium
uptake of an adsorbate by a solid surface.
Equilibrium appears when the adsorption rate of
adsorbed molecules on the absorbent surface is
equal to their desorption rate.

The isotherms of Freundlich, Langmuir, and Temkin
were discussed to better understand and analyze
the obtained results. The isotherm variables are
presented in Table 1. The equilibrium adsorption
data for both composites were evaluated using

Langmuir, Freundlich, and Temkin models (Figure
9). The study investigated the effects of ZIF-8 and
ZFZ adsorbents on the removal of DR-23 dye.
Different amounts of the adsorbents (0.003, 0.004,
0.005, and 0.006 grams) were added at an optimal
dye concentration of 25 mg/L, with a contact time
of 120 minutes, all at an acidic pH of 3. Table 1
shows the obtained results. The Langmuir model
has R? values of 0.99 for ZFZ and 0.94 for ZIF-8. The
close alignment with the Langmuir model indicates
a homogeneous surface with monolayer coverage,
consistent with a physisorption mechanism [37-
39].
Langmuir’s
Equation (4).
C_ 1 .G
de Kirar q

linear equation is explicated as

(4)

where q. (mg/g) is the equilibrium adsorption
capacity, C. (mg/L) is the equilibrium liquid-phase
concentration, gmax (Mg/g)
monolayer adsorption capacity, and K. (L/mg) is
the Langmuir constant. The Freundlich model can
be used to determine whether the desired purity
level can be achieved with a given adsorbent [27,
40]. Freundlich’s linear equation is expressed as
Equation (5):

is the maximum

1
logq. = log Kf+HlogCe (5)

where the factors n and K¢ (L/g) are respectively
related to the Freundlich constant (expressing
capacity) and the adsorption intensity.
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Table 1. Fitted isotherm variables for DR-23 removal using ZFZ and ZIF-8.

Model name Parameters ZFZ ZIF-8
Langmuir qL (mg/qg) 454.54 92.59
KL (L/mg) 0.23 0.02
R? 0.99 0.94
Freundlich Kr ((mg/g)/(mg/L)"/") 289.53 06.03
n 6.67 0.46
R? 0.98 0.97
Temkin Kr (L/g) 830.96 12.80
Br (J/mol) 45.41 227.17
R2 0.93 0.96

Temkin’s model assumes that by neglecting very
low and high concentrations of dyes, the isosteric
heat of adsorption exhibits a linear decline as a
function of surface coating, a phenomenon

resulting from repulsive interactions between
adsorbed molecules [38, 41]. Temkin’s linear
equation is expressed as relation (6):

Je = BT ln KT + BT ln Ce (6)

In this equation, the coefficients (constants of the
Temkin model) Kr (L/g) and By (J/mol) show the
heat of adsorption.

3.2.6. Adsorption kinetic models

Kinetic modeling of the adsorption process clarifies
the underlying mechanisms and
dynamics. This kinetic behavior is governed by the
physicochemical characteristics of the adsorbent
[41, 42]. The adsorption kinetics of DR-23 on the
synthesized materials were investigated using
adsorbent masses of 0.003-0.006 g at optimal
conditions (concentration of 25 mg/L, pH of 3, and
a 120-minute contact time). The resulting kinetic
data were fitted to the pseudo-first-order (PFO),
pseudo-second-order (PSO), and Intraparticle
Diffusion (IPD) models. The PFO kinetic model
assumes that adsorption occurs due to the
difference in concentration between the adsorbing
and calcined surfaces, which is linked to the
external mass transfer coefficient [43, 44]. The PSO
kinetic model assumes that chemical adsorption
controls the process [36, 45]. Penetration within
the particles (IPD kinetic model) indicates multi-
step adsorption, including the migration of solutes
from the aqueous phase to the solid sorbent
surface and their subsequent diffusion into the
internal pores of the adsorbent [46-48]. The
linearized relations of the PFO, PSO, and IPD

interfacial

models are defined as Equations (7), (8), and (9),
respectively.

log(qe — q¢) = log qe — Jat (7)
2.303

t 1 t

@ kala ®

qe = kpt'/? +1 (9)

where q. , q; , ky , ky , k, , I, t are the adsorption
capacity at equilibrium (mg/g), the adsorption
capacity at time t (mg/g), the pseudo-first order
adsorption rate constant (min™"), the pseudo-
second order adsorption rate constant (g/mg min),
the constant of the intraparticle diffusion rate
(mg/g min®®), the constant of the intraparticle
diffusion, and time (min), respectively. Figure 10
shows the linearized PFO (a, b), PSO (c, d), and IPD
(e, f) kinetic models (Equations 7-9) for DR-23
adsorption on ZFZ (a, c, e) and ZIF-8 (b, d, f). To
compare the kinetic models and better analyze the
results, their parameters were estimated and are
presented in Table 2. The PSO model provided an
excellent fit for the DR-23 adsorption data across
all doses of both ZFZ and ZIF-8, with high regression
coefficients of 0.99 for ZFZ and between 0.98 and
0.99 for ZIF-8. The equilibrium adsorption capacity
(ge) estimated by the PSO model closely matches
the experimentally determined value. Therefore,
the controlling mechanism for the DR-23 dye
adsorption on ZFZ composites and ZIF-8 was ion
exchange by electrostatic interactions, which had
a primary role. The IPD kinetic model demonstrated
a poor fit to the observed data (low R? values). This
implies that diffusion within the particles was not
the rate-limiting step, and adsorption likely
occurred mainly on the surface. The adsorption
performance of the ZnFe/ZIF-8 (ZFZ) composite
significantly exceeded that of pristine ZIF-8. Under
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optimal conditions (adsorbent dosage = 0.06 g),
the equilibrium adsorption capacity (q.) of ZFZ for
DR-23 reached 383.41 mg/g, which s
approximately four times greater than the capacity
of ZIF-8 (94.79 mg/g). A further increase in g, to
435.76 mg/g was observed at a lower dosage of
0.003 g (Table 2), highlighting the material's high
efficiency even with minimal adsorbent loading. As
summarized in Table 3, the q. of ZFZ (383.41 mg/g
at pH 3) is highly competitive with state-of-the-art
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adsorbents, including engineered polymers,
composite materials, and various metal-organic
frameworks (MOFs) reported for DR-23 dye
removal.

This comparative analysis underscores that the
iron-doped ZIF-8 composite developed via a green
aqueous synthesis route is not only effective but
also a promising sustainable alternative for water

remediation applications.
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Fig. 10. The observed data fit with PFO: (a) ZFZ & (b) ZIF-8 and; PSO: (c) ZFZ & (d) ZIF-8, and IPD: (e) ZFZ & (f) ZIF-

8 for removal of DR-23.
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Table 2. The kinetic models' parameters for DR-23 removal by ZFZ & ZIF-8.

267

Adsorbent dose (Qe)

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion

(9) Exp. (mg/g) _(PFO) (PSO) (IPD)
(ge) ki R2 (9e) ki R? ke | R?
Cal. (mg/g) Cal. (mg/g)
ZIF-8 0.003 118.84 135.53 0.055 0.87 163.93 0.0001 0.98 10.56 05.43 0.94
0.004 107.17 125.22 0.007 0.93 135.13 0.0002 0.98 08.64 19.42 0.95
0.005 100.16 89.14 0.007 0.96 102.41 0.0007 0.99 05.67 43.54 0.92
0.006 94.79 63.41 0.006 0.93 101.01 0.0010 0.99 03.94 53.78 0.94
ZFZ 0.003  435.76 345.78 0.008 0.97 476.19 0.0002 0.99 17.91 259.75 0.89
0.004 41.71 311.53 0.009 0.96 434.78 0.0003 0.99 14.92 264.95 0.89
0.005 396.43 289.41 0.009 0.95 416.66 0.0003 0.99 12.25 274.07 0.93
0.006  383.41 174.52 0.008 0.91 384.61 0.0009 0.99 06.19 30.82 0.92
Table 3. Comparison of different adsorbents for DR-23 dye adsorption under optimal pH conditions.
Adsorbent Optimal pH Maximum Adsorption Capacity (mg/g) Ref.
Cu-BTC-NH: (modified) 2.1 2500 [49]
Al/nanoclay-MOF composite 2 2500 [50]
NH2-MIL-88B 2.1 2500 [51]
ZIF-8@APTMS 2.2 2150 [52]
PAN/PAMAM 2.1 2000 [53]
Fe304@SA-Fe 2 1429 [54]
Functionalized PAN nanofibers (FPAN) 2.1 185.73 [55]
reaction for diethylamine (FPAN1)
Functionalized PAN nanofibers (FPAN) 2.1 1194.66 [55]
reaction for diethylenetriamine (FPAN2)
Functionalized PAN nanofibers (FPAN) 2.1 4,511.27 [55]
reaction for triethylenetetramine (FPAN3)
TM-PAN 3.5 1250 [56]
DETA-PAN/PVDF 2 685.63 [57]
Fe/Cr-codoped ZnO NPs 7 642.25 [58]
PVA/CS/DETA/EDA 2.1 526.31 [59]
AS-CTAB 2 454.9 [60]
Zn-MOF@polymer hybrid 5 410 [61]
modified nanofiber 3 370 [62]
montmorillonite nanoclay 3 166.6 [63]
Powdered Tourmaline 3 153 [64]
CS-g-PNEANI 2 12 [65]
CAC/MIL-53(Fe) 3 100 [26]
MIL-88B 2.1 100 [51]
Cu-BTC (C-BTC) 21 89.2857 [49]
rGO/CTAB n 79 [66]
Cationized sawdust 55 65.8 [67]
Cell/PANI 2 56 [68]
Commercial Activated Carbon (CAC) 3 50 [26]
Zno 7 28.48 [58]
ZIF-8 3 94.79 This study
ZnFe/ZIF-8 (ZFZ) 3 383.41 This study
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4. Conclusion

Iron metal doping successfully enhanced the
performance of ZIF-8, creating the ZFZ composite
through a green synthesis method that maximizes
synergistic effects. The produced ZFZ composite
and Z|F-8 were characterized using FTIR, XRD, and
SEM. Analysis of the observed data revealed that
iron metal doping on ZIF-8 improves the physical
properties (mechanical, crystallinity, etc.), as well
as the adsorption properties of the adsorbent.
While BET data would be valuable for full textural
characterization (porosity and surface area), the
conclusions of this study regarding adsorption
efficacy are grounded in functional performance
tests. The following key parameters influence the
dye adsorption: dye concentration, solution pH,
adsorbent mass, and contact time. The highest
adsorption capacity of the synthesized ZFZ
composite was achieved at a solution pH of 3,
concentration of 25 mg/L, adsorbent dosage of
0.06 g, and a contact time of 120 minutes. These
values were considered the optimal conditions of
this study for DR-23 dye removal from wastewater.
The ZFZ composite demonstrated a significantly
higher DR-23 removal efficiency (92%) compared
to pristine ZIF-8 (22.8%), representing a four-fold
enhancement. The observed adsorption data for
ZFZ were well fit by the Langmuir model (R?> 0.99),
indicating a homogeneous monolayer adsorption.
Moreover, the measurement adsorption kinetics
data for both ZFZ and ZIF-8 complied with the PSO
model (R? of 0.99) for each composite. Overall, the
findings suggest that ZFZ is a highly efficient and
environmentally benign material, positioning it as
a compelling candidate for integration into water
treatment technologies aimed at removing anionic
dyes.
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