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(MOFs) into polyvinyl alcohol (PVA) and sodium alginate (SA) composites,
analyzing the integration of ZIF-8 into this matrix blend and the effect of its
distribution and location on adsorption properties. The PVA/SA@ZIF-8 hydrogels
were prepared using three synthesis methods: one-step in situ, two-step in situ, and

I n this work, we investigated the incorporation of metal-organic frameworks

'I\</Ie>;V\I/0rds: i « direct mixing. Morphology, elemental distribution, and structural integrity of the
At?sir-potrgimc ramewor composites were characterized by FESEM, EDS, FTIR, XRD, and DLS analyses.
i

In terms of ZIF-8 integration, the two-step in-situ method yielded the most effective
distribution and integration, resulting in superior adsorption capacity. We
comprehensively evaluated the removal efficiency of basic violet dye under varied
conditions, including hydrogel dosage, pH, temperature, initial dye concentration,
and contact time. Results demonstrated that the two-step in-situ-synthesized
hydrogels exhibited the best performance, achieving approximately 99 % dye
removal at an optimal dosage of 20 mg, pH 12, and T = 60 °C. The maximum dye
removal efficiency for this method was observed at the initial dye concentration of
5 mg/L, reaching about 69 %. Kinetic studies indicated a predominant
chemisorption process (Pseudo-Second-Order R? = 0.99), and thermodynamic
evaluation confirmed a spontaneous (AG°= —3.96 kJ/mol at T=298 K) and
endothermic (AH° = +21.85 kJ/mol) adsorption. These results collectively
demonstrate the great promise of engineered PVA/SA composites incorporating
MOFs for use in environmental remediation and industrial processes, driving the
next generation of material design for sustainability. Prog Color Colorants Coat.
19 (2026), 329-3500 Institute for Color Science and Technology.
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1. Introduction

The integration of metal-organic frameworks (MOFs)
into biopolymer matrices has garnered significant
attention in recent years due to their potential to
enhance material properties, particularly in composite
systems. The purpose of this study is to investigate the
distribution and placement of MOFs within polyvinyl
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alcohol (PVA) and sodium alginate (SA) composites,
focusing on how these factors influence the absorption
properties of the resulting materials [1-3].

Recent research has underscored the importance of
synthesis methods in determining the structural and
functional characteristics of polymer-based composites.
The studies have illustrated how variations in synthesis
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techniques can affect the morphology and dispersion of
MOFs, thereby influencing performance characteristics
such as mechanical strength, chemical resilience, and
absorption capacity [4-7]. Additionally, the interaction
between MOFs and biopolymers, such as PVA and
sodium alginate, may result in synergistic effects that
enhance adsorption capabilities for environmental
remediation and drug delivery applications [8, 9].

Zeolitic Imidazolate Framework-8 (ZIF-8) is a
metal-organic framework composed of zinc ions and
imidazolate linkers, forming a highly porous crystalline
structure. Its unique properties, such as high surface
area, thermal and chemical stability, and tunable pore
size, make it suitable for a wide range of applications.
Since its synthesis in 2006 [10], ZIF-8 has attracted
significant attention for its exceptional stability and
adjustable porosity, making it a leading adsorbent for
environmental cleanup. One significant application is
the removal of dyes from wastewater [11-13], where
ZIF-8's large surface area and functionalizability enable
effective adsorption of organic contaminants. Its ability
to selectively capture and retain different dye molecules
positions ZIF-8 as a promising solution for addressing
water pollution and improving the sustainability of
industrial processes, underscoring its importance in
materials science and environmental protection [14].
As the demand for advanced materials continues to
grow, analyzing the distribution of MOFs within PVA/
SA composites becomes essential. Optimal mixing
techniques can indeed enhance interfacial adhesion,
which significantly impacts the efficiency of absorption
processes. [15, 16]. Additionally, tailoring synthesis
methods not only helps acquire desired physical
properties but also enables the engineering of specific
functionalities that cater to diverse industrial appli-
cations [17, 18].

This study presents a systematic investigation of
various synthesis methods for embedding MOFs
within PVA/SA composites and examines their impact
on morphology and absorption properties. By
synthesising insights from recent advancements in
materials science and environmental engineering, this
research aims to facilitate the development of
innovative composite materials with  improved
performance. The outcomes of this investigation are
expected to make significant contributions to both
academic research and practical applications in
material design and environmental sustainability [19-
21]. Unlike previous studies [22, 23] that focused
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solely on either material synthesis or adsorption
performance of MOF-polymer systems, this work
presents a systematic comparative analysis of three
distinct synthesis strategies-one-step in-situ, two-step
in-situ, and direct mixing-for embedding ZIF-8 into
a PVA/sodium alginate hydrogel matrix. The study
uniquely correlates structural characteristics (e.g.,
particle size distribution, morphology, elemental
dispersion) with adsorption performance, including
kinetic and thermodynamic behaviors, across these
synthesis methods under identical conditions. This
integrated approach not only reveals how the synthesis
route governs material functionality, but also identifies
the two-step in-situ method as a strategically superior
pathway for maximizing dye removal. To the best of
our knowledge, such a comprehensive structure-per-
formance correlation using ZIF-8 in a dual-polymer
hydrogel matrix has not been reported previously.

2. Experimental

2.1. Materials

In  ZIF-8 (Zeolitic Imidazolate Framework-8)
synthesis, 2-methylimidazole and zinc nitrate hexa-
hydrate 98 % were obtained from Sigma-Aldrich. Poly
(vinyl alcohol), MW 30000, 98 % hydrolyzed (PVA
30K 98 %), and sodium alginate were also supplied by
Sigma-Aldrich.  Calcium chloride and sodium
hydroxide were purchased from Merck. Hydrochloric
acid 37 %, methanol 99.5 % and deionized water were
all bought from Dr. Mojallali Ind. Co. (lran). Basic
violet 1 (triarylmethane color) was also purchased
from Alvan Sabet Ind. Co. (Iran).

2.2. Methods

FTIR spectra were recorded using a PerkinElmer
Spectrum PX-I spectrometer equipped with a deuterated
triglycine sulfate (DTGS) detector. Morphological
characterization was conducted using a TESCAN
MIRA3 FE-SEM. Samples were cryo-fractured, sputter
-coated with 10 nm Au (Denton Desk V HP), and
imaged at 10 kV acceleration voltage and 7 mm
working distance. Images were acquired in SE mode at
50,000 x magnification using TESCAN LYRA v5.0
software. Crystallographic characterization was per-
formed using an ASENWARE AW-XDM300 X-ray
diffractometer with Cu Ka radiation (40 kV, 30 mA).
Powder samples were scanned from 5° to 80° (20) at a
step size of 0.02° and scan speed of 2°/min. Phase
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identification was conducted using the ICDD PDF-4+
database via ASENWARE XDM Analysis Suite v2.0.
Elemental distribution was also analyzed using a
TESCAN VEGA3 SEM with a SAMX EDS detector.
Carbon-coated samples were imaged at an acceleration
voltage of 20 kV and a working distance of 10 mm.
EDS maps (1024 x 768 pixels, 50 ps/pixel) and spectra
were acquired using AZtecLive Advanced v6.0, with
quantification via ZAF correction. Optical absorption
spectra were acquired using a PG Instruments T90+
spectrophotometer. Samples dissolved in DMF (1
mg/mL) were scanned from 200-800 nm at 240
nm/min scan speed with a 2 nm slit width. Baseline
correction and A<sub>max</sub> determination were
performed using UVWin5 v5.0.5. For dynamic light
scattering (DLS) analysis, the samples were also placed
in microcentrifuge tubes and suspended in deionized
(DI) water. For analysis, 3 mL of the suspension was
placed in a cuvette and read in a Beckman Coulter
Delsa Nano C to estimate the average particle size.

2.3. Synthesis of ZIF-8 metal-organic framework

ZIF-8 was successfully synthesized by dissolving zinc
nitrate hexahydrate and 2-methylimidazole in water
(solutions 1 & 2, respectively). Then, Solution 1 was
added to Solution 2. The mixtures were stirred at 50 °C
for 6hours for the crystallization of ZIF-8. After the
reaction, the ZIF-8 powder was collected by repeated
centrifugation (at 5000 rpm for 20 minutes) and washed
three times with methanol, then dried overnight under
vacuum at 120 °C [24, 25].

2.4. Preparation methods of PVA/SA@ZIF-8
hydrogel

In this study, three different methods were used to
prepare hydrogel composites containing MOF.

2.4.1. One-step in-situ preparation method

According to previous research [26, 27], 1 g of
polyvinyl alcohol and 1 g of sodium alginate were
mixed and dissolved in 100 mL of deionized water,
then vigorously stirred for 5 hours at 80°C to obtain a
homogenized, viscous solution. After cooling to room
temperature while stirring, it was slowly poured into a
5 % solution of zinc nitrate hexahydrate, continuing to
stir during the addition. The resulting beads were
maintained in this solution for 24 hours. Next, 2-
methylimidazole was dissolved in a methanol solution

at a concentration of 20 mg/mL. The obtained beads
were washed three times with deionized water.
Subsequently, the beads were immersed in the 2-
methylimidazole solution and soaked for 24 hours,
followed by washing and drying in a vacuum oven at
60 °C for 6 hours.

2.4.2. Two-step in-situ preparation method

As in the previous method and that of Zhang et al. [28],
1 g of polyvinyl alcohol and 1 g of sodium alginate
were mixed and dissolved in 100 mL of deionized
water, then stirred vigorously at 80 °C for 5 hours to
obtain a homogenized, viscous solution. After cooling
to room temperature under stirring, the solution was
slowly added to a methanol solution containing 40
mg/mL of zinc nitrate hexahydrate and 20 mg/mL of 2-
methylimidazole, and stirred for 24 hours at room
temperature. The mixture was then washed and dried in
a vacuum oven at 60 °C for 6 hours.

2.4.3. Direct mixing of MOF in the hydrogel
method

In the third method, 1 g of polyvinyl alcohol, 1 g of
sodium alginate, and 10 mg of ZIF-8 were separately
dissolved in 100 mL of deionized water, then stirred
vigorously. After 1 hour of mixing, ZIF-8 was sonicated
for 10 min using an ultrasonic homogenizer to ensure
complete dissolution in water. Then, the solutions
containing polyvinyl alcohol, sodium alginate, and ZIF-
8 were combined and stirred vigorously at 80 °C for 5
hours to obtain a homogenized viscous solution. After
cooling to room temperature, the mixture was slowly
dripped into a 5 % calcium chloride solution while being
stirred. The formed beads were kept in this solution for
24 hours. They were then washed and dried in a vacuum
oven at 60 °C for 6 hours. A closely related study that
employed a similar method was also conducted by
Wang et al. [29]. The preparation of the PVA/SA@ZIF-
8 hydrogel by all three methods is shown in Figure 1.

3. Results and Discussions

3.1. Characterization of ZIF-8 and PVA/SA@
ZIF-8

3.1.1. FESEM analysis

The FESEM images of PVA/SA@ZIF-8 are shown in
Figure 2. Sample A is a sample synthesized by a one-
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step in-situ method, sample B is a two-step in-situ
synthesis sample, and sample C is produced by a direct
mixing method. As shown in the images, the surface
morphology of sample A presents a more open, less
dense arrangement with a more regular structure. Also,
the surface is less rough, indicating less agglomeration
and higher potential porosity. Sample B exhibits a
relatively rough and clustered structure. Particle sizes
appear to vary significantly, indicating possible
aggregation. Figure 2 C shows a heterogeneous morpho-
logy comprising densely clustered particles and
interconnected fibrous networks. Quantitative analysis
of FESEM images revealed that sample A exhibited a

(N

PVA/SA

Z(NOs ) 61,0/ CHN:

000

relatively uniform nanoparticle distribution, with an
average particle size of 80-120 nm, indicative of well-
dispersed ZIF-8 within the polymer matrix.

In contrast, sample B showed noticeable particle
agglomeration and a broader size distribution from 100
to 250 nm, resulting in decreased porosity. Sample C
displayed an intermediate morphology with fibrous
structures and clusters, with particle sizes ranging from
90 to 200 nm, suggesting partial aggregation. These
morphological characteristics directly influence the
availability of active adsorption sites, thereby affecting
dye removal efficiency [30].
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Figure 1: General schematic of the methods for preparing a hydrogel composite containing MOF.
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Figure 2: SEM images of PVA/ISA@ZIF-8 hydrogels that were synthesized by (A) One-step in-situ preparation, (B) Two-
step in-situ preparation, and (C) Direct mixing of MOF in hydrogel methods.

3.1.2. EDS map analysis

EDS provides crucial insights into the distribution and
integration of ZIF-8 within the hydrogel matrix (Figure
3). Expectedly, carbon (C), oxygen (O), sodium (Na),
nitrogen (N), and zinc (Zn) elements were observed
across all samples, with zinc and nitrogen originating
from ZIF-8 and carbon/oxygen from the polymer
backbone.

Quantitatively, sample A (one-step in-situ) showed a
notable zinc content of 7.31 %, along with high
percentages of oxygen (32.46 %) and carbon (31.39 %).
The EDS map for sample A (Figure 3A) visually
confirms a high, relatively uniform distribution of zinc
throughout the analyzed area, suggesting effective
integration and dispersion of ZIF-8 within the polymer
matrix. This optimal ZIF-8 integration is expected to
directly increase accessible surface area and porosity,
aligning with FESEM observations of its open structure
and consequently enhancing its adsorption perfor-
mance. In contrast, sample B (two-step in-situ) exhibited
a significantly lower zinc content (0.13 %) in the
quantitative analysis, despite its superior adsorption
performance. This seemingly contradictory observation
is critical: the EDS map for sample B (Figure 3B)
reveals poor, localized ZIF-8 integration, suggesting its

presence is concentrated on the surface of the hydrogel
grains rather than uniformly dispersed throughout the
bulk. This limited bulk incorporation, leading to a denser
overall structure and lower apparent porosity according
to FESEM, nevertheless achieves high dye removal due
to highly reactive, surface-exposed ZIF-8 particles and
optimized interactions that facilitate rapid adsorption
kinetics. This implies that, for sample B, the "effective
integration” mentioned in the abstract refers more to the
quality of interfacial interactions and surface availability
than to bulk uniform distribution. Sample C (direct
mixing) presented the highest zinc percentage (9.27 %)
among the samples, but with a lower carbon content
(23.49 %) compared to sample A. The EDS map for
sample C (Figure 3 C) shows a more complex, variable
distribution of ZIF-8, characterized by areas of higher
zinc concentration interspersed with regions of lower
MOF abundance. This heterogeneous distribution
correlates well with its complex morphology observed
in FESEM (Figure 2 C) and suggests a balance between
effective integration and potential agglomeration. This
mixed integration pattern likely contributes to its
moderate dye removal efficiency, falling between the
performances of samples A and B.
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Figure 3: EDS mapping of PVA/ISA@ZIF-8 hydrogels synthesized by (A) One-step in-situ preparation, (B) Two-step in-
situ preparation, and (C) Direct mixing of MOF in hydrogel methods.

3.1.3. XRD analysis

The analysis of ZIF-8 X-ray diffraction (XRD)
patterns will focus on three main features -peak
positions, intensities, and overall pattern shape -to
determine the integrity of the crystalline structure and
phase purity [31]. As shown in Figure 4, the sharply
defined XRD peaks indicate a crystalline structure.
ZIF-8 typically exhibits high crystalline order. Notable
peaks have been observed at 20 of 7.54°, 10.64°,

334  Prog. Color Colorants Coat. 19 (2026), 329-350

12.94°, and 18.34°. According to the Crystallography
Open Database, these peaks are in the correct positions,
confirming the ZIF-8 synthesis. Also, based on the
calculations and simulations, the mentioned peaks can
be attributed to the plates with Miller indices (110),
(200), (211), and (222), respectively. The peak
intensities indicate the relative abundance of specific
crystallographic orientations, and the low background
noise indicates good crystallinity in the sample.
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Figure 4: XRD spectra of ZIF-8 MOF.

3.1.4. Dynamic Light Scattering (DLS) analysis

Dynamic Light Scattering (DLS) analysis was used to
assess the size distribution of the synthesized ZIF-8
MOF nanoparticles, which serve as the building
blocks for our composites. As shown in Figure 5, DLS
yields particle-size data in three weighting schemes:
number (A), intensity (B), and volume (C). The
number-weighted histogram (Figure 5A) clearly
indicates that the majority of ZIF-8 particles are in the
nanoscale range, primarily 101-102 nm, with a
relatively sharp peak indicating a dominant population
of small crystallites. This small size is crucial for
maximizing surface area for adsorption.

However, the intensity-weighted plot (Figure 5B)
shows a significant shift towards larger apparent sizes,
with a pronounced feature at higher diameters (up to
500 nm). This indicates the presence of a minor fraction
of larger particles or aggregates that, despite their low
count, dominate the scattered light intensity due to its
steep dependence on particle diameter (cc diameter”6).
The volume-weighted distribution (Figure 5 C)
provides an intermediate view, confir-ming the
dominant population of small particles while also
highlighting the substantial contribution of the larger
aggregates to the total particle volume.

Collectively, these DLS results demonstrate that the
synthesized ZIF-8 sample exhibits moderate poly-
dispersity, comprising a predominant population of
well-formed nanocrystals alongside a small but
volumetrically significant fraction of larger aggregates.
This inherent size heterogeneity of the ZIF-8 precursor
is important, as it can influence its dispersion and

integration mechanisms within the PVA/SA matrix
during different synthesis methods, potentially affecting
the final composite's pore structure and, ultimately, its
adsorption efficiency. In Figure 5, A, B, and C show
count, intensity, and volume distribution, respectively.

3.1.5. FT-IR analysis

FTIR spectroscopy is a valuable tool for charac-
terizing the structural quality of synthesized ZIF-8
metal-organic  frameworks (MOFs). The FTIR
spectrum in Figure 6A exhibits distinct vibrational
bands that represent all functional groups found in the
ZIF-8 structure. The O-H stretching vibrations in
infrared (IR) spectroscopy are indeed associated with
a broad absorption band near 3400 cm™, primarily due
to the presence of hydroxyl groups and moisture. The
imidazole linker exhibits two intense absorption peaks
at 3134 and 2920 cm, which reflect aromatic C-H
stretching of the imidazole functionality and aliphatic
C-H stretching of the 2-methylimidazole ligand,
respectively. The strong peak at 2342 cm™ in the
spectrum indicates the presence of C-N stretching
vibrations, which are characteristic of the imidazolate
linker units within a framework structure. The C=N
stretching vibration of the imidazole ring can be found
at 1585 cm? and the C-H bending vibrations of
the methyl group in 2-methylimidazole occur at 1460
cm?l. The peaks in the FTIR spectrum of ZIF-8
indicate the successful formation of the metal-organic
framework, highlighting the presence of imidazole
ligands and metal coordination features. These results
have been replicated in various studies that have
similarly synthesized ZIF-8, including Hao et al. [32].

The FTIR spectrum in Figure 6B corresponds to the
PVA/SA@ZIF-8 hydrogel synthesized via a single-step
in situ method. The 3420 cm™ peak in an infrared
spectrum is indeed indicative of O-H stretching
vibrations, which are characteristic of the presence of
hydroxyl groups (-OH). These vibrations are commonly
observed in both polyvinyl alcohol (PVA) and sodium
alginate (SA), due to the hydroxyl groups present in
their molecular structures. The 2925 cm? peak
corresponds to C-H stretching vibrations of methylene
(-CHy) groups, present in both PVA and SA structures.
The peak at 1636 cm is typically associated with C=0
bending vibrations, indicating the presence of a
carbonyl group. This may arise from

Prog. Color Colorants Coat. 19 (2026), 329-350 335
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Figure 6: FTIR spectra of (a) ZIF-8 MOF and (b) PVA/SA hydrogels.

the degradation of polymer chains. The presence of
a band at 1439 cm?, indicative of C-H bending
vibrations, particularly from CH, and CH groups, is a
strong indicator of both PVA and SA. The observed
peak at 1265 cm™ often corresponds to C-O stretching
in the polysaccharide portion, particularly in SA. The
presence of specific peaks in the FTIR spectra
corresponding to known functional groups in PVA and
SA confirms that the hydrogel is indeed composed of
these two polymers. Moreover, a shift in the O-H
stretching peak from 3420 to 3390 cm™ was observed

in the composite spectrum, suggesting the formation of
hydrogen bonding between ZIF-8 and hydroxyl groups
in PVA and SA. Additionally, the emergence of a new
band at approximately 1265 cm™ is attributed to C—O—
Zn stretching vibrations, confirming the successful
chemical interaction between the polymer matrix and
the metal center in ZIF-8. These spectral changes
support the effective incorporation of MOF into the
polymeric network at the molecular level, thereby
enhancing both structural stability and adsorption
functionality [33].
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3.2. Absorption optimization and performance

3.2.1. Effects of the PVASA@ZIF-8 bead dose
on removal efficiency

To investigate the removal efficiency at different
doses of PVA/SA@ZIF-8 hydrogel beads, specific
amounts of 0.005, 0.01, 0.02, 0.05, 0.075, and 0.1 g of
these hydrogel beads were stirred in 20 mL of Basic
Violet dye solution with a concentration of 10 mg/L
for 90 min at room temperature [34].

Different amounts of PVA/SA@ZIF-8 hydrogel
beads were added to 20 mL of Basic Violet solution at
10 mg/L. The applied temperature was 20°C, with a
pH of 12. The effect of adsorbent dosage on the
removal efficiency of Basic Violet dye was systema-
tically examined by varying the dose of PVA/SA@
ZIF-8 composite beads from 5 to 100 mg. The
corresponding results are illustrated in Figure 7A-C.

In all three systems, an overall increase in dye
removal

adsorbent dosage, particularly at lower doses (5-20 mg).
The initial increase in dye removal efficiency during
adsorption is primarily due to the greater availability of
active sites and a larger surface area for the dye
molecules to interact with the adsorbent. When an
adsorbent is used to remove substances from a solution,
its effectiveness initially increases with dosage, but
beyond a certain point, the removal efficiency plateaus
or even slightly decreases. This phenomenon is often
attributed to either mass transfer limitations, in which
the rate of substance reaching the adsorbent's surface is
slower than the reaction rate, or to particle aggregation,
in which adsorbent particles clump together, reducing
the available surface area for binding. In sample A, the
removal efficiency improved sharply from 67 % at 5
mg to approximately 87 % at 20 mg, then declined
slightly before rising to 93 % at 100 mg. The non-linear
trend beyond 20 mg suggests a possible redistribution
of dye molecules across excess adsorption sites or

efficiency was observed with increasing shielding effects due to bead clustering.
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Figure 7: Effect of PVA/ISA@ZIF-8 bead dosage on the removal curve of PVA/SA@ZIF-8 hydrogels synthesized using
(A) one-step in-situ preparation, (B) two-step in-situ preparation, and (C) direct mixing of MOF into the hydrogel.
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Sample B exhibited the most efficient dye removal
performance, achieving near-complete removal (~99 %)
at 20 mg and maintaining this high efficiency across the
entire dosage range. This superior behavior may reflect
favorable dye-bead interactions, high surface affinity,
and minimal mass transfer resistance under the tested
conditions.

Sample C showed a trend similar to that of system
A, with removal efficiency increasing from 64 % at 5
mg to about 90 % at 20 mg. After this stage, a slight
decline, followed by stabilization at 88-89 %, was
observed up to 100 mg. This behavior may result from
surface saturation or the formation of a concentration
gradient that limits the diffusion of dye molecules into
the bead matrix.

Collectively, these findings underscore that while
increasing the dosage of PVA/SA@ZIF-8 beads
generally enhances basic violet dye removal, the benefit

|+ A‘
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90+

704

60+

504

Removal percentage (%)

404

304

Remaoval percentage (%o)

diminishes at higher dosages due to kinetic and
equilibrium constraints. Thus, identifying an optimal
adsorbent dose is critical to achieving high removal
efficiency without unnecessary material consumption or
compromised performance.

3.2.2. Effect of the initial pH on removal
efficiency

The removal efficiency of basic violet dye under
different pH conditions was evaluated by stirring 0.02
g of PVA/SA@ZIF-8 hydrogel beads in 20 mL of a
basic violet dye solution (10 mg/L) for 90 min at room
temperature. For this purpose, pHs were adjusted to 4,
7, 9, 11, and 12. The removal efficiency of Basic
Violet dye in various pH levels is illustrated in Figure
8A-C.
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Figure 8: Effect of pH on the removal curve of PVA/SA@ZIF-8 hydrogels synthesized using (A) one-step in-situ
preparation, (B) two-step in-situ preparation, and (C) direct mixing of MOF into the hydrogel.
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In the one-step in-situ method (A), the removal
efficiency of the basic violet 16 dye increases with
increasing pH from acidic to alkaline conditions. At
low pH (pH=3-5), removal efficiency ranges from 30-
45 %, attributed to the protonation of functional
groups such as carboxyl in SA and imidazole in ZIF-8,
which results in a positively charged adsorbent surface
and electrostatic repulsion with the cationic dye. At
neutral pH (pH=7), a slight decrease to approximately
50 % is observed, likely due to proximity to the point
of zero charge (pHpzc), which minimizes electrostatic
interactions. In alkaline conditions (pH = 8-12), the
removal efficiency sharply increases, reaching ~95 %
at pH 12, attributed to the deprotonation of negative
sites, which enhances electrostatic attraction, -7
interactions, and physical adsorption within ZIF-8
pores, supported by the high structural stability
provided by in-situ integration.

In the two-step in-situ method (B), the removal
curve for basic violet 16 is continuous and sigmoidal,
showing a steady increase from acidic to alkaline pH.
At pH 3-5, the removal efficiency is 35-40 %, slightly
higher than that of method A, due to the increased
stability of ZIF-8 within a PVA/SA network under
acidic conditions. In the pH range 6-8, removal
reaches 45-60 % without significant fluctuations,
indicating uniform MOF distribution and interaction
with hydrophilic PVA. At pH = 9-12, the increase
becomes steeper, achieving 95 % at pH = 12, where
dominant mechanisms include electrostatic binding to
-COO™ sites and coordination with ZIF-8, alongside
reduced competition from hydrogen ions.

In the direct mixing method (C), removal efficiency
is lower than that of in-situ methods and shows an
initial decline under acidic conditions. At pH 3-5,
efficiency drops from 30 to ~20 %, due to ZIF-8 aggr-
egation, reduced effective surface area, and increased
electrostatic repulsion with the cationic dye. In the pH
6-8 range, a gradual improvement to 25-40 % is
observed, but performance remains inferior to other
methods, likely due to poor interfacial integration and
greater susceptibility to protonation. At pH= 9-12,
removal increases linearly, reaching a maximum of
80 % at pH 12, driven by activated electrostatic and
physical interactions, though structural limitations
prevent higher efficiency.

In conclusion, in-situ methods (A & B) achieve
~95 % removal efficiency at pH 12, significantly
outperforming the direct mixing method (80 %), owing
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to better ZIF-8 distribution and structural stability under
alkaline conditions. The optimal pH for all methods is
above 9, where the negative surface charge maximizes
cationic dye adsorption, while acidic pH limits
efficiency due to repulsion and degradation.

3.2.3. Effect of the temperature on removal
efficiency

To investigate the effect of temperature on the
removal efficiency of basic violet dye, 20 mg of
PVA/SA@ZIF-8 hydrogel was stirred in 20 mL of a
10 mg/L basic violet solution at various temperatures
(10, 20, 30, 40, 50, and 60 °C) for 90 min, maintaining
a constant pH of 12.

Figure 9A shows that the composite material
maintains a consistently high removal efficiency of
around 95 % across a wide temperature range from 0 to
60 °C. This suggests that temperature change has a
minimal impact on the material's removal performance.

Figure 9B shows a positive correlation between
temperature and dye removal efficiency, with a rise in
temperature from lower values to 60 °C corresponding
to an increase in removal percentage from approxi-
mately 85 % to nearly 90 %. This finding shows that
the composite material's active sites or interactions with
the dye become more efficient at higher temperatures,
thereby improving removal.

Figure 9 C demonstrates a notable increase in the
percentage of dye removal as the temperature rises.
The removal efficiency jumps from approximately
75 % at 0 °C to over 90 % at 60 °C, indicating a clear
positive relationship between temperature and dye
removal efficiency. This finding shows that the
interaction between PVA/SA@ZIF-8 and the basic
violet dye increases at higher temperatures, potentially
due to higher diffusion rates or more favorable
interactions driven by increased thermal energy.

The overall trend indicates that temperature
influences the removal efficiency of PVA/SA@ZIF-8,
with the composites generally performing better at
higher temperatures. However, the extent of improve-
ment varies across treatments, with Figure 9 C
showing the greatest increase. This suggests that
optimizing temperature could be a valuable strategy to
enhance the removal efficiency of this composite in
dye-removal applications. Further studies, including
kinetic and thermodynamic analyses, would be
beneficial for understanding the underlying mecha-
nisms of temperature-dependent behavior.
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Figure 9: Effect of temperature on the removal curve of PVA/SA@ZIF-8 hydrogels synthesized using (A) one-step in-situ
preparation, (B) two-step in-situ preparation, and (C) direct mixing of MOF into the hydrogel.

3.2.4. Effect of the initial concentration on
removal efficiency

The removal percentages of PVA/ISA@ZIF-8 hydrogel
beads were measured in 20 mL of basic violet dye
solution with concentrations of 1, 2.5, 5, 10, 15, and 20
mg/L, with a constant amount of 0.02 g of adsorbent,
for 90 min at room temperature.

The effect of the initial dye concentration on the
removal efficiency of basic violet by PVA/SA@ZIF-8
was investigated, and the results are shown in Figure
10. In all cases, the removal percentage decreased with
increasing concentration, a common phenomenon in
adsorption processes, which is indeed due to the
saturation of available adsorption sites. Among the
methods, method B exhibited superior performance,
achieving a maximum removal efficiency of approxi-
mately 69 % at low concentrations. Methods A and C
exhibit a significant drop in efficiency at higher
concentrations, falling below 15 %. Sample B also
demonstrated greater stability across the mid-

concentration range, indicating enhanced adsorption
capacity and potential for practical application under
varying contaminant loads.

3.2.5. Effect of time on removal efficiency

In the last step of the removal efficiency study, 0.02 g
of PVA/SA@ZIF-8 hydrogel beads were stirred in 20
mL of a basic violet dye solution at 10 mg/L for 10, 20,
30, 50, 70, 90, and 120 min at room temperature [35].

As shown in Figure 11, the removal efficiency of
basic violet dye by PVA/SA@ZIF-8 hydrogels
increases over time, with all three graphs (A, B, and C)
demonstrating near-maximal removal (~90 %) at 120
min. Graphs A and C indeed suggest a gradual
adsorption process in which dye molecules prog-
ressively occupy available adsorption sites, leading to a
slow but steady increase in efficiency. In contrast,
Graph B demonstrates an initial rapid adsorption phase
followed by a stabilization period, indicating a fast
initial uptake rate of the dye.
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Figure 11: Effect of time on the removal curve of PVA/ISA@ZIF-8 hydrogels synthesized using (A) one-step in-situ
preparation, (B) two-step in-situ preparation, and (C) direct mixing of MOF into the hydrogel.
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3.2.6. Performance evaluation of synthesized interaction of ZIF-8 particles within the hydrogel,
adsorbents under optimized conditions thereby increasing the availability of adsorption sites.

The adsorption performance of various synthesized

adsorbents was evaluated under optimized conditions: 3.2.7. Kinetic modeling of adsorption

20 mg adsorbent dose, 20 mL solution volume, 90 min In this study, the adsorption kinetics of three systems
contact time, 20 °C temperature, and pH 12. The were evaluated using various kinetic models to
initial dye concentration was fixed at 10 mg/mL using determine the most suitable mechanism governing
basic violet as the model contaminant. adsorption. Initially, the widely employed pseudo-first-
The extent of dye removal was indirectly assessed order (PFO) and pseudo-second-order (PSO) Kinetic
by UV-Vis spectroscopy, measuring the residual dye models, along with the Langmuir kinetic model, were
concentration in solution. In Figure 12, all spectra applied to the experimental data.
exhibited a characteristic absorbance peak of basic violet
around 550 nm. A lower absorbance at this wavelength L4 —
corresponds to higher dye removal efficiency. . :13
Among the tested samples, the synthesized L rvAsA
composite prepared via the two-step in situ method 1.0 ;l'k:;f

(sample B) showed the highest dye removal, as
evidenced by the lowest absorbance at 550 nm. In a
study comparing dye uptake, pure ZIF-8 demonstrated
superior performance compared to both the PVA/SA
polymer matrix and other ZIF-8 composite materials
(samples B & C). This suggests that ZIF-8's inherent
properties, like its porous structure, contribute
significantly to dye adsorption. The one-step in situ

Adsorption

composite (sample A) and the direct mixed composite A0 450 00 550 600 650 700 750 800
(sample C) displayed moderate removal efficiencies, Wavelength (nm)

whereas the polymeric blend without MOF (PVA/SA)

exhibited relatively weak adsorption capacity. Figure 12: The absorption spectrum of basic violet

N~ - color by PVA/SA@ZIF-8 hydrogels, synthesized using
The findings highlight that both the presence of (A) One-step in-situ preparation, (B) Two-step in-situ

ZIF-8 and the method of its incorporation into the preparation, and (C) Direct mixing of MOF into the
polymer matrix significantly influence the adsorption hydrogel, along with ZIF-8 MOF and PVA/SA matrix.
behavior. The enhanced performance of sample B,
synthesized using a two-step in situ method, suggests
that this approach may improve the distribution and
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The pseudo-first-order (PFO) kinetic model is
based on the assumption that the rate of occupation of
adsorption sites is proportional to the number of
unoccupied sites (Eq. 1):

qe = q.(1 —e~f1t) (1)

e (i amount of adsorbate adsorbed at time t (mg/g)
e (: equilibrium adsorption capacity (mg/g)
e ki: rate constant of pseudo-first-order
(1/min)
e t: time (min)
The pseudo-second-order (PSO) model assumes
that the adsorption process follows chemisorption
involving electron sharing or exchange (Eq. 2):

model

kaqdt

kinetic model, based on the
theory, assumes monolayer
interaction between adsorbed

The Langmuir
Langmuir isotherm
adsorption without
molecules (Eq. 3):

__ qekpt
1+kpt

qt 3)
o Kki: Langmuir rate constant (1/min)

In all three synthesis methods, the pseudo-second-
order (PSO) model better represents the adsorption
process of basic violet dye onto the PVA/SA@ZIF-8
hydrogel composite than the pseudo-first-order (PFO)
model, indicating that chemisorption is the dominant
mechanism (Figure 13). The PSO model's superior fit,
as indicated by higher R2 values, suggests that electron
sharing or transfer between dye molecules and the

9t = Tk et 2) . . . . . .
2e hydrogel's active sites is the primary driver of the
adsorption rate, rather than simple physical interac-
e ko: rate constant of pseudo-second-order model . P . pie phy
. tions described by the PFO model.
(g/mg.min)
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1.0F
0.8
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Figure 13: Adsorption kinetics for PVA/SA@ZIF-8 hydrogels, synthesized by (A) One-step in-situ preparation, (B) Two-
step in-situ preparation, and (C) Direct mixing of MOF in hydrogel methods, comparing PFO, PSO, and Langmuir
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Additionally, the Langmuir model, which assumes
monolayer adsorption on a homogeneous surface, and
the PSO model, often indicative of chemisorption,
both provide good fits, implying a combination of
both chemisorption and monolayer formation in the
overall adsorption mechanism.

System A, synthesized using a one-step, in-situ
method, demonstrates a high affinity for basic violet
dye adsorption. The data fit best to the pseudo-second-
order (PSO) model (R2 = 0.9055), indicating that the
adsorption process follows a chemisorption mechanism.
A similar R? value for the Langmuir model (0.9055)
suggests effective integration of ZIF-8 MOF within the
hydrogel, resulting in a uniform and accessible surface.
This suggests that the dye molecules form a monolayer
on the well-dispersed ZIF-8 sites within the hydrogel.

In the two-step in-situ synthesis (system B), the
pseudo-second-order (PSO) model best described the
dye removal kinetics (R? = 0.8987), indicating chemi-
sorption as the primary mechanism. The Langmuir
model yielded an R? value of 0.8997, nearly identical to
that of the Langmuir model, suggesting that the
adsorbent produced is both highly effective and
uniform. This strong correlation implies that the
formation of a chemical bond or interaction between the
dye and the MOF active sites is the rate-determining
step, resulting in monolayer coverage of the dye on the
surface.

System C (Direct mixing of MOF) vyielded an
adsorbent with lower overall kinetic performance, as
evidenced by lower R2 values across all models.
However, the PSO model (R? = 0.5436) still provided a
better fit than the PFO model (R? = 0.2889), suggesting
that, despite this less effective synthesis, chemisorption
remains the primary kinetic mechanism. The Langmuir
model also gave an identical R2 value of 0.5436. The
lower R2 values in this system, compared to systems A
and B, are likely due to the direct mixing method,
which may result in non-uniform dispersion or
aggregation of ZIF-8 MOF particles within the
hydrogel. This would result in fewer accessible active
sites and a less-defined adsorption pathway, but the
underlying mechanism still appears to be a chemi-
sorption-controlled process approaching monolayer
saturation.

Generally, the adsorption of basic violet dye onto
PVA/SA@ZIF-8 hydrogels is primarily governed by a
chemisorption mechanism, as demonstrated by the
strong fit of the pseudo-second-order kinetic model.

This chemisorption process likely leads to the
formation of a monolayer of dye molecules on the
hydrogel-MOF composite surface, as supported by the
good fit of the Langmuir model. In simpler terms, this
means the dye molecules bind to the hydrogel-MOF
material via chemical bonds, forming a single surface
layer rather than multiple layers. The good fit of these
models indicates a strong preference for chemisorp-
tion and monolayer formation. The synthesis method
significantly impacts overall adsorption performance,
with in-situ methods (systems A & B) yielding
materials with a more uniform distribution of active
sites, leading to a more pronounced, well-defined
chemisorption process and higher RZ values. In
contrast, the direct mixing method (system C) results
in a less ideal adsorbent.

To gain a deeper understanding of adsorption
behavior, especially in systems with surface hetero-
geneity or internal diffusion limitations, the Elovich and
intraparticle diffusion models were used.

The Elovich model is commonly used for
chemisorption on highly heterogeneous surfaces (Eg.
3):

Ge = 5In(1 + apt) (4)

e o initial adsorption rate (mg/ g.min)
¢ B desorption constant related to surface coverage
(9/mg)
The intraparticle diffusion model [36], developed
by Weber and Morris, describes the diffusion of
adsorbate molecules into the pores of the adsorbent:

qr = kigt*? +C )

The adsorption kinetics shown in Figure 14 indicate
that the Elovich model fits the experimental data well,
particularly in systems A and B. This suggests surface
heterogeneity and varying adsorption activation
energies. Conversely, the intraparticle diffusion model,
which considers diffusion-controlled processes within
porous adsorbents, more accurately describes the
kinetics of system C. In this case, pore diffusion seems
to be the primary rate-limiting step.

According to the R2 values in Table 1, the Elovich
model provided a strong fit for systems A (R2 = 0.9690)
and B (R2 = 0.9289). This indicates a close alignment
with the experimental data and suggests that surface
heterogeneity and variable activation energies are
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Table 1: R2 values for the Elovich and Intra Diffusion models applied to Samples (A) One-step in-situ preparation, (B)
Two-step in-situ preparation, and (C) Direct mixing of MOF in hydrogel methods, demonstrating the model fitting
performance for each system.

Elovich (R?) 0.9690 0.9289 0.7465
Intra Diffusion (R?) 0.9691 0.8935 0.8695
System A System B
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Figure 14: Adsorption kinetics for PVA/SA@ZIF-8 hydrogels, synthesized by (A) One-step in-situ preparation, (B) Two-
step in-situ preparation, and (C) Direct mixing of MOF in hydrogel methods, comparing Elovich and Intraparticle Diffusion
models.

significant factors in these samples. In contrast, for
system C, the Elovich model yielded an R2 of 0.7465,
indicating a poor fit and underscoring its limitations in
accurately describing the system's kinetics.

The Intra Diffusion model showed similarly high
R2 values across systems A and B (0.9691 and 0.8935,
respectively), which further supports its relevance for
describing diffusion-controlled adsorption processes
in these systems. System C, however, showed a
slightly better fit with the intra-diffusion model (R2 =
0.8695) than with the Elovich model, suggesting that
pore diffusion may be the rate-limiting step in this
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system, consistent with the observed diffusion-controlled
behavior.

The detailed kinetic analysis using Elovich and
Intraparticle Diffusion models reveals that the adsorp-
tion mechanism, specifically the rate-limiting step, is
dictated by the synthesis method of hydrogel-MOF
composites. While chemisorption is the primary
mechanism for all systems (as indicated by PSO model
fit), in-situ prepared systems (A & B) exhibit a com-
bination of chemisorption and intraparticle diffusion,
whereas the less effective direct mixing method (system
C) is dominated by intraparticle diffusion. This high-



Investigation of the Distribution and Placement of ...

lights how synthesis influences the composite's physical
structure and subsequently, the adsorption kinetics.

3.2.8. Thermodynamic modeling of adsorption

To gain a deeper understanding of the adsorption
behavior of PVA/SA@ZIF-8 hydrogels synthesized by
different methods, we evaluated their thermodynamic
parameters. We calculated the standard Gibbs free
energy change (AG°®), enthalpy change (AH®), and
entropy change (AS°®) using specific thermodynamic
equations (Egs. 6 and 7):

AH®

RT R

TAS® — AH® = AG°

=InK (6)

()

Where K is the equilibrium constant, R is the
universal gas constant (8.314 J/mol.K), and T is the
absolute temperature in Kelvin. The values of AHC,
AS® and and AGP® at 298 K for each sample are
summarized in Table 2.

The positive enthalpy change (AH®) values for all
samples indicate that the adsorption of the dye onto

the

PVA/SA@ZIF-8 hydrogels is endothermic.

Sample C exhibited the highest AH® (+47.86 kJ/mol),
suggesting a stronger temperature dependence and
requiring more energy for adsorption, while sample A
has the lowest AH® (+11.72 kJ/mol). The positive
entropy changes (AS®) observed during adsorption
indicate an increase in disorder at the solid-solution
interface as dye molecules interact with the adsorbent.
This can be attributed to the structural changes and
potential desolvation of dye molecules as they bind to
the surface. Sample C, with the highest AS®, suggests
greater structural disruption than the other samples.
Gibbs free energy (AG®) values were negative at
298 K, confirming that the adsorption processes were
spontaneous under the studied conditions. Sample B

had the most favorable spontaneity with A

= -3.96

kJ/mol. The magnitude of AG® values between 0 and
-20 kJ/mol suggests that the dye adsorption onto these
composites is primarily a physical adsorption process.

The

Van't Hoff plots (In K vs. 1/T) showed good

linearity (Figure 15), further confirming the validity of
the thermodynamic approach.

Table 2: Thermodynamic parameters of PVA/SA@ZIF-8 composites.

Synthesis Method AG® (kJ/mol) at 298 K AS° (3/mol.K) AH® (kJ/mol)

One-step in-situ -0.38 40.61 11.72
Two-step in-situ -3.96 86.63 21.85 B
Direct mixing -1.16 164.49 47.86 C
Sample A Sample B
3.0
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2.0
_ 15
=
= 1.0
0.5
0.0
-0.5[ i : i i : E i ; : i
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
1T (1/K) 1T (1/K)

Figure 15: Van't Hoff Plots for PVA/SA@ZIF-8 composites , synthesized by (A) One-step in-situ preparation, (B) Two-
step in-situ preparation, and (C) Direct mixing of MOF in hydrogel methods.
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Figure 15: Continue.

The thermodynamic study indicates that all three
PVA/SA@ZIF-8 composites exhibit spontaneous,
endothermic adsorption of a dye. However, the two-
step in-situ-synthesized sample (sample B) exhibited
the most favorable thermodynamic performance,
suggesting that this method is the most effective for
promoting dye adsorption under the studied conditions.
This means that while all the materials are capable of
adsorption, sample B is the most efficient.

4. Conclusions

In this study, polyvinyl alcohol/sodium alginate
(PVAJ/SA) hydrogel composites incorporating ZIF-8
metal-organic frameworks (MOFs) were successfully
synthesized using three distinct approaches-one-step in
situ, two-step in situ, and direct mixing-to elucidate the
role of synthesis methodology on structural integration
and adsorption efficiency. Comprehensive physico-
chemical characterization (FESEM, EDS, XRD, FTIR,
and DLS) confirmed the successful incorporation of
ZIF-8 within the biopolymer matrix and revealed
distinct morphological and interfacial characteristics
across synthesis routes. Among the investigated
systems, the two-step in-situ method demonstrated
superior performance, attributed to optimal interfacial
interaction and homogeneous dispersion of ZIF-8
nanocrystals within the polymeric network. The
resulting hydrogel exhibited nearly complete Basic
Violet dye removal (= 99 %) under optimized
conditions (pH = 12, 60 °C, 20 mg adsorbent, 90 min
contact time), with sustained efficiency even at low dye
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concentrations (= 69% removal at 5 mg L™"). Kinetic
analysis revealed that adsorption followed the pseudo-
second-order (PSO) model (R? = 0.99), indicative of
chemisorptive interactions, while the intraparticle
diffusion model identified multi-stage diffusion
behavior, particularly in more compact morphologies.
Thermodynamic parameters (AG® = -3.96 kJ mol;
AH® = +21.85 kJ mol™; AS® = +86.63 J mol™ K™)
confirmed that the adsorption process was spontaneous
and endothermic, reflecting increased molecular
randomness and enhanced dye-adsorbent affinity at
elevated temperatures. FTIR spectral shifts (O-H and
C-0-Zn) further evidenced chemical coordination
between ZIF-8 and hydroxyl functionalities,
strengthening the composite structure and stability.
Overall, the results establish that the synthesis route
governs MOF spatial distribution, interfacial chemistry,
and porosity, which collectively dictate adsorption
kinetics and thermodynamics. The two-step in-situ
synthesis emerges as a technologically and environ-
mentally advantageous approach, offering an efficient,
scalable pathway for producing high-performance
MOF-biopolymer hybrid adsorbents for industrial
wastewater treatment and sustainable environmental
remediation. Future work should focus on adsorption
isotherm modeling, recyclability assessment, and multi-
contaminant removal studies, enabling a deeper
understanding of the underlying mechanisms and
expanding potential applications toward real-world
effluent purification and advanced functional material
design.
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