Open Access Article. Published on 17 November 2025. Downloaded on 1/23/2026 6:58:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 44526

Received 17th August 2025
Accepted 30th October 2025

DOI: 10.1039/d5ra06068k

RSM-BBD optimization of room-temperature
synthesized ZIF-8 for synergistic adsorption-
photocatalysis of RhB
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Three ZIF-8 nanomaterials with different Zn : 2-methylimidazole molar ratios (1: 30, 1: 50, and 1: 70) were
synthesized at room temperature in agueous medium within 30 minutes without surfactants. Structural
analyses confirmed the formation of mesoporous ZIF-8 with distinct morphologies, ranging from
spherical assemblies to rhombic dodecahedra. Response Surface Methodology using a Box—Behnken
design (RSM-BBD) was applied to optimize five parameters (pH, contact time, pollutant dose, linker
amount, and catalyst weight) governing rhodamine B (RhB) removal. Under optimized conditions (pH 7,
70 mg catalyst, 10 ppm RhB, 60 min contact), ZIF-8 with a 1:70 ratio achieved a maximum adsorption
capacity of 91.7 mg g~ and a removal efficiency of ~91%, fitting well with the Langmuir model (R =
0.97). Photodegradation studies revealed high activity under UV irradiation, with rate constants of
0.00812, 0.00215, and 0.0014 min~ for ZIF-8 (1:30, 1:50, and 1:70), respectively. The materials also
demonstrated excellent recyclability, retaining over 92% efficiency after five cycles. The novelty of this
work lies in the systematic evaluation of the Zn:2-Hmim molar ratio on the morphology and
performance of ZIF-8, combined with the first application of RSM-BBD to optimize the dual adsorption—
photodegradation process for RhB removal. These findings provide new insights into tailoring ZIF-8
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1. Introduction

The widespread industrial utilization of organic dyes in various
sectors, including textiles, paints, paper, and plastics, has
resulted in significant environmental contamination. The
release of dye-laden wastewater into aquatic ecosystems poses
a severe threat to both ecological health and human well-being."
Consequently, there is an urgent need for more sustainable and
efficient approaches to remove organic dyes from wastewater.*?

Metal-organic frameworks (MOFs) are crystalline materials
composed of metal ions or clusters that are linked together by
organic molecules, forming a three-dimensional network with
numerous pores. Their extensive surface area, adaptable struc-
ture, and resistance to degradation make them well-suited for
applications in water treatment and purification.*** Numerous
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synthesis for efficient wastewater treatment applications.

studies have demonstrated the effectiveness of MOFs, such as
HKUST-1, UiO-66,Fe-MOF, ZIF-8, and ZIF-67, in removing
a wide range of contaminants from water, including heavy
metals such as chromium and mercury,"” and organic mole-
cules like methylene blue and rhodamine B.** The adsorption
mechanisms involved in these processes typically involve elec-
trostatic interactions, hydrogen bonding, and m-7 stacking
between the dye molecules and the MOF surface.***°

Among the various MOFs, zeolitic imidazolate framework-8
(ZIF-8) has garnered significant attention due to its excep-
tional performance in organic dye removal. ZIF-8 is a crystalline
material formed by connecting zinc ions in a tetrahedral
arrangement with 2-methylimidazole linkers, resulting in
a structure like mineral sodalite. This structure provides a high
specific surface area and porosity, making ZIF-8 an attractive
material for a wide range of applications, including gas storage,
catalysis, and membrane fabrication.””*® In addition to its
excellent adsorption properties, ZIF-8 exhibits several other
desirable characteristics. It is chemically inert in aqueous
solutions, ensuring its stability under a wide range of environ-
mental conditions. Moreover, the size of ZIF-8 crystals can be
tailored from the nanoscale to the microscale, allowing for the
optimization of its adsorption capacity and selectivity. ZIF-8 is
advantageous as it is bifunctional: materials can adsorb and
degrade organic pollutants under the effect of light in specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions.”*** Experimental studies have revealed that the
surface of ZIF-8 is enriched with zinc ions and terminated with
multiple functional groups, including hydroxide, carbonates,
and amines, in addition to methylimidazole groups. These
functional groups play a crucial role in the adsorption of
organic dyes by providing sites for electrostatic interactions,
hydrogen bonding, and other binding mechanisms.**"*

The effectiveness of contaminant removal through adsorp-
tion-photodegradation onto materials is influenced by various
factors, including the initial concentration of the pollutants,
material dosage, contact time, solution pH, and more. To
evaluate the combined impact of these variables on adsorption
efficiency, optimization techniques are often employed.
Response Surface Methodology (RSM) has emerged as a power-
ful tool for such studies. Compared to traditional univariate
analysis, RSM offers advantages in terms of minimizing the
number of experimental runs required, thereby reducing costs
and time. Additionally, it effectively illustrates the interplay
between influential factors.**** To our knowledge, the optimi-
zation of adsorption-degradation processes for organic dyes,
such as rhodamine B (RhB), using ZIF-8 as an adsorbent and
RSM as a statistical analysis tool has not been previously
explored, particularly considering the significance of the molar
ratio in the ZIF-8 synthesis process.

Despite extensive research into using ZIF-8 for organic dye
removal, there remains a lack of comprehensive studies inves-
tigating how the molar ratio of metal to organic linker directly
influences its adsorption and photodegradation performance.
This parameter is likely to significantly impact the structural
properties, surface chemistry, and adsorption capacity of ZIF-8.
By systematically exploring the effects of the molar ratio, it may
be possible to optimize the synthesis of ZIF-8 to achieve even
higher levels of dye removal efficiency. Especially since we are
moving from a rare morphology to a completely different one,
which is the most commonly reported one in literature.>>"*

In this study, the ZIF-8 crystals from Zn(NOs),-6H,0 and 2-
HmiM linker were rapidly synthesized under stirring for 30 min
at room temperature. Three products, with different molar ratio
between Zn?" and 2-HMim 1: 30, 1: 50, and 1 : 70 obtained. The
products were characterized using various techniques such as
X-ray diffraction (XRD), Fourier-transform infrared spectros-
copy (FTIR), transmission electron microscopy (TEM) and
nitrogen sorption studies (BET). A response surface method-
ology approach was adopted to optimize the experimental
parameters for the removal of RhB. The influence of molar ratio,
solution concentration, pH, contact duration, and ZIF-8 dosage
on adsorption performance was thoroughly examined. In
addition, possible adsorption pathways were outlined, empha-
sizing the significance of electrostatic forces and -7 interac-
tions. In addition, the photodegradation of the pollutant was
studied for the three materials.

2 Experimental section
2.1. Materials and reagents

All chemicals involving rhodamine B (RhB), 2-methylimidazole
(2-HMim), zinc(u) nitrate hexahydrate [Zn (NOj),-6H,0],
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ethanol (C,H5;0H), disodium tetra-acetate (EDTA, 99.8%), r-
ascorbic acid (99.9%), isopropanol (IPA, 99,9%) were commer-
cially purchased from SigmaAldrich and were used without
further purification.

2.2. Synthesis of ZIF-8 materials

Three ZIF-8 nanocrystals were synthesized by a direct precipi-
tation procedure with modifications.*® In a typical procedure,
1.0 mmol of Zn(NO3),-6H,0 (0.297 g) was dissolved in deion-
ized water to form a clear solution. Separately, the organic
linker 2-methylimidazole was dissolved in deionized water in
three different amounts corresponding to the targeted molar
ratios of Zn>": 2-Hmim of 1:30, 1: 50, and 1 : 70. Accordingly,
30 mmol (2.46 g), 50 mmol (4.11 g), and 70 mmol (5.75 g) of 2-
Hmim were used for the synthesis of ZIF-8.30, ZIF-8.50, and ZIF-
8.70, respectively. The linker solution was rapidly poured into
the zinc solution under vigorous stirring, and the mixture was
maintained under continuous stirring at room temperature for
30 min, during which a white suspension appeared. The
precipitated products were collected by centrifugation and
washed three times with deionized water to remove unreacted
species. They were then dried at 60 °C for 18 h in an air-flow
oven to yield the final ZIF-8.30, ZIF-8.50, and ZIF-8.70 powders.

The synthesis route adopted here is simple, fast and envi-
ronmentally friendly, allowing reproducible preparation of ZIF-
8 materials under mild conditions. Its limitation, however, lies
in the reduced control of morphology at lower Zn:2-Hmim
ratios, which may influence subsequent performance.

2.3. Material characterizations

The structural features of ZIF-8 powders were analyzed using X-
ray diffraction (XRD) on a Rigaku diffractometer equipped with
a Cu Ko radiation source (A = 1.5440 A) and a Ni filter to
suppress KB emission. Measurements were conducted over a 26
range of 5-60° with an incremental step of 0.02°. In addition,
Fourier-transform infrared (FTIR) spectroscopy was employed
to investigate the vibrational modes of the synthesized material,
with spectra recorded at room temperature using a dedicated
spectrometer. The ZIF-8 crystals morphologies were examined
by scanning electron microscopy (SEM) (Supra 40 VP Gemini
Zeiss operated at 5 kV) and transmission electron microscopy
(TEM, Tecnai G2 200 kV). In addition, the N, adsorption/
desorption isothermal measurements were recorded at 77 K
on the Quatachroms instrument (AutosorbiQ, USA) to deter-
mine textural properties. X-ray photoelectron spectroscopy
(XPS) analyses were carried out using Scienta SES-2002 in
Mulhouse, France. The optical absorption range and bandgap
energy of ZIF-8 were determined by recording the absorption
spectra within 200-800 nm using a Shimadzu UV-1800 UV-
visible spectrophotometer. To further elucidate the photo-
catalytic behavior, the conduction band (CB) and valence band
(VB) edge positions of ZIF-8 were estimated through Mott-
Schottky analysis (OrigaLys electrochemical workstation) at
300 Hz in which Ecg is the conduction band edge, Eyg is the
valence band as follows:>*°
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Eq (V vs. NHE) = 0.197 (E°(Ag/AgCl)) + 0.059pH

+ En, (V vs. Ag/AgCl) (1)
Ecg = Ep, — 02 (2)
Eyg = Eg + Ecg 3)

Photoluminescence (PL) spectra and time-resolved fluores-
cence (TRFL) decay profiles were recorded using a Horiba

Fluoromax fluorescence spectrophotometer. The decay
behavior was analyzed through a bi-exponential fitting
approach, as expressed in eqn (4):

I =1 ¢ 4 [, o2 (@)

Here, I; and I, represent the respective emission intensities,
while 7, and 7, denote their associated lifetimes. The mean
fluorescence lifetime was calculated according to eqn (5): s

11T12 + 12‘1,'22
Lt + Lo

(5)

Tmoy =

2.4. BBD-RSM design and data analysis

To optimize the experimental parameters, a Box-Behnken
design (BBD) based on response surface methodology (RSM)
was employed. This approach allowed the evaluation of the
combined effects of pollutant dose, linker amount, pH, contact
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Fig. 1 XRD patterns of ZIF-8 powders synthesized at different
amounts of linker: ZIF-8.30, ZIF-8.50 and ZIF-8.70.
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time, and catalyst weight on RhB removal efficiency (Table S1).
Comprehensive details of the design, factor levels, regression
models, and statistical validation are presented in the SI.

3 Results and discussion

3.1. Structural analysis

Fig. 1 illustrates the XRD patterns of the as-prepared ZIF-8
materials. The observed diffraction peaks at 26 values of
7.28°,10.37°, 12.72°, 14.73°, 16.50°, 18.12°, 26.71°, 31.79°, and
36.27° correspond to (011), (002), (112), (022), (013), (022), (134),
(235) and (400) planes respectively, are identified which could
be in excellent agreement with the previous reports.®~** The
diffraction patterns show a single-phased cubic structure with
a space group of I43M and no residual peaks. In addition, the
intensity of the XRD peaks of the sample suggests that ZIF-8
materials have been successfully produced with high purity
through direct precipitation method.

3.2. Vibrational analysis

To identify key changes (vibrational modes, functional groups,
and behavior) in ZIF-8 materials, the FTIR was used, and the ob-
tained spectra are shown in Fig. 2. As can be seen, the first signal at
422 em™ " may correspond to Zn-N stretch vibration. The bending
vibrations at 693 cm " and 759 cm " were assigned to §(C-N) and
6(C-H) respectively. In addition, at 1146 cm ™" a vibration of C-N

0.84
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0.28
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0.00 = 1 " 1 N 1 L
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Transmittance (a.u)

0.00
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»
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Fig. 2 FTIR spectra of the prepared ZIF-8. 30, 50 and 70 powders.
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showed. Besides, stretching vibrations at 1296 cm ', 1424 cm~

1

and 1584 cm™" may be attributed to imidazole ring, »(C=N) and
C=C properly. Moreover, three peaks were observed beyond
2900 cm ™ *: »(C-H) aromatic stretch of 2-the ring, »(C-H) aliphatic
stretching of imidazole, »(N-H) and »(O-H) at 2924 cm ',
3135 ecm ™, 3190 cm " and 3600 cm ™" respectively. These peaks
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were present in the FTIR spectrum of the three as-synthesized ZIF-

8 materials.*®

3.3. Morphological analysis

Fig. 3 shows the TEM and SEM images of the samples obtained.
In Fig. 3a-d, one can see the ZIF-8.30 have a spherical

Fig. 3 SEM and TEM images of ZIF-8 samples: (a and d) ZIF-8.30 (b and e) ZIF-8.50 and (c and f) ZIF-8.70.
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Fig. 4 (a) N, adsorption/desorption isotherms of ZIF-8 synthesized materials and (b) pore distribution of ZIF-8 materials using BJH method.
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assembled of nanosheets wish is an exceptional morphology for
ZIF-8 material with the size around 301 nm. The Fig. 3b, e, c and
f obtained for ZIF-8.50 and ZIF-8.70 showed that ZIF-8 particles
have a morphology of 3D rhombic dodecahedral (most found in
the literature) ranging from 130 nm to 55 nm. The facets of ZIF-
8.50 are more pronounced which can be explained by its high
crystallinity, as evidenced by the fine, intense peaks of its di-
ffractogram compared to ZIF-8.70.

3.4. Textural analysis

Fig. 4 shows the N, adsorption/desorption of ZIF-8 synthesized
materials. According to Fig. 4(a), the isotherm plot resembled
type I by International Union of Pure and Applied Chemistry
(IUPAC).** In addition, Fig. 4(b) showed the pores size

View Article Online
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distribution for all three ZIF-8 prepared materials; the pore
diameter increased from 3.8 nm, 17 nm to 26 nm, respectively
for ZIF-8.30, ZIF-8.50 to ZIF-8.70; implying the major existence
of micropores but also mesoporous in ZIF-8 structures. The
specific surface area and micropore volume of ZIF-8 prepared
materials were determined using the Brunauer-Emmett-Teller
(BET) method, the specific surface were found to be 877, 948
and 1165 m*> g~ * respectively for ZIF-8.30, ZIF-8.50 and ZIF-8.70.

3.5. XPS analysis

The XPS analysis conducted on the ZIF-8 samples made with
different Zn : 2-methylimidazole molar ratios (1:30, 1:50, and
1:70) shows that all samples have similar elemental composi-
tions and bonding environments, with some minor differences
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Fig. 5
spectra off the prepared ZIFs.
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(a) XPS wide scan of the prepared ZIFs (ZIF-8 70, ZIF-8 50, ZIF-8 30); (b) Zn 2p spectra ; (c) C 1s Spectra; (d) N 1s Spectra and (e) O 1s
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(Fig. 5a). The wide-scan spectra confirm the presence of key
elements such as Zn, N, C, and O (Table 2). High-resolution
spectra of C 1s display clear peaks related to C-C and C-N
bonding. This suggests that the organic linker framework stays
intact, no matter the precursor ratio. For N 1s, the analysis
reveals contributions from nitrogen atoms bonded to C(N-Zn)
and a small amount of NH species, consistent with the expected
imidazolate environment. There is a slight increase in the
oxygen signal, mainly linked to adsorbed -OH groups around
531.7 €V, observed in the sample with a higher molar ratio (ZIF-
8.70) (Fig. 5b, ¢, d and e). This likely results from increased
porosity or surface exposure. Zn 2p spectra show the typical Zn>*
doublet with stable binding energies (~1021.2-1021.4 eV),
confirming that the Zn-imidazolate coordination remains
intact.

Notably, trace Cl signals are found in all samples, probably
from leftover solvents or synthesis precursors. The quantitative
data from the atomic concentration table supports these
results, indicating small changes in elemental ratios that
suggest variations in surface chemistry with adjustments to the
molar ratio, all without affecting the overall ZIF-8 structure.®
These findings show that increasing the 2-methylimidazole
content does not harm the chemical integrity of the framework
but might affect surface states and defect formation.

3.6. Optical and electrochemical characteristics

The value of the band gap energy of ZIF-8 products was
considered as a determining parameter of its photocatalytic
performance. The UV-visible absorption profile of ZIF-8 nano-
materials (Fig. 6a) reveals an excellent optical properties in the
UV range with an absorption edge at 221,39 nm (corresponding
to 5.06, 5.07 and 5.09 eV of ZIF-8.30, ZIF-8.50 and ZIF-8.70
respectively). The band gap energy (Eg) was determined using
the Tauc relation (ahv)’” = B(hv — Eg),* where v denotes the
photon frequency, « is the absorption coefficient, & represents
Planck's constant, and v is a parameter that depends on the
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c
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£
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Fig. 6
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nature of the band gap, taking values of 1/2 for direct transitions
and 2 for indirect transitions. According to the literature, the
ZIF-8 material possesses an direct bandgap.®® In this study, the
band gap energy (E;) was obtained by extrapolating the linear
region of the (ahv)” versus hv plot, yielding a value of 5.10 eV for
the three prepared ZIF-8 (Fig. 6b). This energy value is approx-
imately the same as that obtained in other studies.>**"%

For n-type semiconductors, the conduction band (CB) edge is
typically estimated as being about 0.2 V more negative than the flat
band potential Eg,.” Therefore, based on the DRS spectral results
and the calculated band gap energy, the band structure of the ZIF-
8 photocatalyst can be established using the following equations
Ecpg= Vg, — 0.2V and E; = Evg —Ecp.

A broad set of characterization techniques provided
a comprehensive understanding of the structure and properties
of the synthesized ZIF-8 materials. X-ray diffraction (XRD)
confirmed the crystallinity and the cubic structure of ZIF-8. BET
surface area analysis revealed high specific surface areas and
pore size distributions, essential for adsorption capacity. SEM
and TEM imaging showed the morphological evolution with
varying Zn:2-Hmim ratios, from spherical assemblies to
rhombic dodecahedra. FTIR spectroscopy identified the char-
acteristic vibrational modes of Zn-N coordination and imida-
zolate linkages. XPS analysis offered detailed information on
the chemical environment of Zn, N, C, and O atoms as well as
surface functional groups. Finally, UV-vis absorption and Tauc's
plots allowed the determination of the optical band gap, which
is directly relevant to the photocatalytic potential of the
materials.

The main strength of this section lies in the complemen-
tarity of these techniques, which together establish strong
structure-property correlations and highlight how the linker
ratio affects morphology, surface chemistry, and optical prop-
erties. The limitation, however, is that these analyses remain
essentially descriptive and cannot, by themselves, demonstrate
adsorption or photocatalytic efficiency, which requires further
functional validation.
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(a) Absorption spectrum, (b) and Tauc's spectrum of ZIF-8 powders.
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4 Evaluation of RhB adsorption using
prepared of ZIF-8 materials

4.1. Optimization conditions using RSM-BBD

The influence of five independent variables on RhB adsorption
efficiency was examined, namely pollutant concentration (A), 2-
Hmim amount (B), pH (C), contact time (D), and catalyst dosage
(E). In total, 44 experimental runs were conducted to evaluate the
effect of these parameters on RhB removal (%) following the
photocatalytic degradation tests. The data, analyzed with Nem-
rodw software and based on the Box-Behnken design (Table S2),
were fitted to a quadratic model, expressed by eqn (6):

Adsorption efficiency of RhB (%) = 84.47 — 6.51A + 13.78B
+0.28C — 1.01D + 6.71E
+1.21A% - 8.37B — 0.58C?
—3.75D* - 3.65E?

+ 2.37AB + 0.51AC
— 2.58BC — 1.10AD
+ 2.68BD — 0.52CD
+ 3.34AE — 0.88BE
+ 0.28CE + 2.93DE (6)

The model terms presented in eqn (6) were selected through
the use of P-value analysis (terms with a P-value < 0.05).” The
outcomes (Table S3) demonstrate that the developed quadratic
model is statistically significant with a P-value <0.05. Parame-
ters such as pollutant concentration, 2-HmIM dosage, pH,
contact time, and catalyst loading, all with P < 0.05, were found
to exert a notable influence on RhB adsorption. Furthermore,
the significance of interaction terms between variables was also
evaluated based on their corresponding P-values. The sign of
each regression coefficient reflects the nature of its effect:
a positive value indicates that increasing the factor enhances
adsorption efficiency, whereas a negative value suggests that
reducing the factor promotes dye uptake. The most significant
parameters positively influencing RhB adsorption, as shown in
Table S3, are the linear terms B (2-HmIM), C (pH value), D
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(irradiation time), E (catalyst weight), and the mutual interac-
tions AB, AC, BD, AE, CE and DE.

Conversely, the negative coefficients of the linear term (A),
the quadratic terms (A% B? C?, D* and E?), as well as the
interaction terms (BC, AD, CD, and BE), indicate that these
factors exert a detrimental influence on the response, leading to
areduction in adsorption efficiency. The adequacy of the model
fit was evaluated using the determination coefficients (R*> and
adjusted R*), while analysis of variance (ANOVA) was employed
to assess the accuracy and statistical relevance of the proposed
model. The close agreement between the adjusted R* (0.857)
and R*> (0.923) confirms the reliability of the model and
demonstrates strong consistency between experimental and
predicted values.

This indicates that the quadratic polynomial design provides
a meaningful description of the relationship between the
response and the process variables.” The regression model was
further visualized through 2D contour and 3D response surface
plots (Fig. 7) for RhB adsorption. These graphical representa-
tions highlight the significance of binary interactions among
the investigated parameters: pollutant dose (A: X;), HmIM
amount (B: X;), pH (C: X3), contact time (D: X,), and catalyst
loading (E: X5). In each case, the response was evaluated as
a function of two variables while the remaining three were held
constant. As shown in Fig. 7a and b, the interaction between
pollutant concentration and 2-HmIM dosage (AD, X;X,), under
optimized conditions of 70 mg catalyst, pH 7-, and 60 min
contact time, was identified as the most influential factor for
maximizing RhB removal efficiency. Moreover, increasing the
pH value (Fig. 7c and d) produced a moderate improvement in
adsorption, an effect primarily attributed to modifications in
the surface charge of both the dye and the catalyst. The influ-
ence of catalyst mass on degradation efficiency is also evident
(Fig. 7c, g and i), where a higher catalyst dosage enhanced RhB
removal due to the increased surface area and the larger
number of active sites available for adsorption. According to
these graphs, the predicted value of optimal RhB removal is
(90.12 £ 0.01)% with the employment of ZIF-8.70, 70 mg of

moos]

41720}

29300}

Fig. 7 2D and 3D surface response plots for RhB adsorption efficiency on ZIF-8 materials. (a and b) Effect of HmIM amount and RhB
concentration. (c and d) Effect of pH and pollutant dose. (e and f) Effect of pH and catalyst weight. (g and h) Effect of catalyst weight and HmIM
amount. (i and j) Effect of catalyst weight and contact time. (k and |) Effect of pollutant dose and catalyst weight.
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Table 1 Predicted and experimental adsorption efficiency’% of Rh-B using ZIF-8.70

Factor

Predicted adsorption (%)

Experimental adsorption (%)

Initial concentration = 10 mg L™,
2-HmIM amount = 70 mmol pH = 7,
contact time = 60 min, catalyst weight = 70 mg

catalyst (ZIF-8), a pH of 7, a [RhB] concentration of 10 ppm and
a contact time of 60 min. As the amount of HmIM was among
the RSM parameters, ZIF-8 70 was the material which presented
the highest adsorption percentage (89%) compared to the other
two which can be explained by its large specific surface area of
1290 cm”® g~ and the pore diameter around 37 nm.

The experiment performed under these optimized condi-
tions (Table 1) achieved a RhB removal efficiency of 88%, which
closely matched the predicted value of 91%. These findings
confirm the effectiveness of the RSM-BBD approach in deliv-
ering high adsorption performance for RhB across different
scenarios generated by the software.

4.2. Experimental kinetics studies

To elucidate the adsorption mechanisms and rates (Fig. 8a),
kinetic studies were conducted by investigating the uptake of
contaminants as a function of contact time. Optimal experi-
mental conditions were established at a solution pH of 7,
a dosage of 0.0007 g L', and initial concentrations of 10 mg L™"
for RhB. Two kinetic models were employed to describe the
adsorption process: pseudo-first-order, pseudo-second-order.
To deeply explain the control mechanism of the adsorption
process of RhB onto ZIF-8.70, the mass transfer, chemical
reaction kinetics, as well as pseudo-first-order and pseudo-
second-order models were applied to interpret the adsorption
process (Fig. 8b and c). The experimental results and their
corresponding linearized forms are expressed by eqn (7) and (8):

)
(8)

In(ge —g) =In ¢, — Kt
t 1 ¢

= — 4+ —
4q: KZ‘]e2 qe

where g. (mg g ') represents the adsorption capacity of the
metal ion at equilibrium, g, (mg g™ ") is the adsorption capacity

88

91

at time ¢ K; (min~") denotes the rate constant of the pseudo-
first-order kinetic model, and K, (g mg~ " min~') corresponds
to the rate constant of the pseudo-second-order model.

The selection of the most suitable model was determined
through a statistical error analysis, primarily using the coeffi-
cient of correlation (R*). A higher R* value indicates a better fit
between the model and experimental data. The resulting kinetic
parameters are summarized in Table 2.

4.3. Adsorption isotherms

Adsorption isotherms provide valuable insights into the inter-
action mechanisms between adsorbents and adsorbates once
equilibrium is reached. These models often provide insights
into the distribution of active adsorption sites on the surface of
the adsorbent and help clarify the underlying adsorption
mechanism. As an initial step, adsorption experiments were
conducted by varying the starting RhB concentration between
10 and 200 mg L * to examine its effect on adsorption efficiency
and to better understand the uptake behavior. Throughout
these experiments, a consistent contact time of 60 minutes and
an adsorbent content of 70 mg were employed.

Out of the different adsorption isotherms, the Langmuir and
Freundlich isotherms are the most used to describe the
adsorption of organic and inorganic pollutants. Thus, in this
part of the study, Langmuir and Freundlich isotherms were
used to describe the interactions between RhB and ZIF-8.70
surface during the adsorption process. The Langmuir adsorp-
tion model is predicated on the assumption that adsorption
reaches a maximum when the adsorbent surface is completely
saturated with a single layer of solute molecules. The Langmuir
model expressed as a linear equation is given below in eqn (9):

Ce 1

qe B quL dm

Ce

©)

@ —a—2IF-8 70 RnB| (b)

0
-0
124 ./,_.—;1—1— —
—

q, (mg/g)

o
4

3 ZIF-8 70 RhB (c) ¥ ZIF-8 70 RhB

In (q,-q)

10 20 0 40 % 60 10 20
Time (min)

T

30

Time (min)

Time (min)

Fig. 8 (a) Effect of contact time on the RhB adsorption capacity (mg g~4), (b) pseudo-second-order and (c) pseudo-first-order kinetic.
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Table 2 Kinetics parameters for RnB adsorption onto ZIF-8.70

Pollutant Pseudo first order Pseudo second order

Rh-B ge (mg g™ Ky (1/min) R ge(mgg™) K, (g mg™" min~") R
2.32 0.0263 0.823 13.64 0.0272 0.995

where C. (mg L") denotes the equilibrium concentration of the
metal ion in solution, g. (mg g~') represents the adsorption
capacity at equilibrium, ¢, (mg g ') corresponds to the
maximum monolayer adsorption capacity of the sorbent, and K,
(L mg™") is the Langmuir constant associated with the affinity of
the binding sites.

The Freundlich model accommodates heterogeneous
adsorption, which involves multiple adsorption sites. Its linear
form is expressed as follows:

In(g.) = In(KF) + %ln C. (10)

According to the data reported in Table 3 based on the
evaluated correlation coefficients (R*), the adsorption of Rh-B
fits the Langmuir isotherm model better than the Freundlich
isotherm model: 0.97 compared with 0.91. This suggests that
the adsorption of Rh-B onto ZIF-8.70 primarily occurs as
a monolayer process occurring on a homogeneous surface. The
linear plot of the Langmuir model for the adsorption of Rh-B
onto ZIF-8 70 is given in Fig. 9.

Table 3 Isotherm parameters for RhB adsorption onto ZIF-8.70
Isotherm Parameters Rhodamine B
Langmuir Gmax (Mg g7 1) 91.74
K;, (1/min) 0.1745
R 0.9710
Freundlich Ky (mg g™ 17.49
1/n 0.4208
R 0.9039
0.8
(a) _ & ZIF-8 70 RhB
0.7 4
0.6 4
0.5+
4
L 04
(&)
0.3
0.2 1
0.1
0.0+ . . . . . .
0 10 20 30 40 50 60
c'
Fig. 9 (a) Linear fitting plots of Langmuir and (b) Freundlich isotherms.
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Comparing ZIF-8.70's adsorption capacity with that of other
reported adsorbents provides valuable information about its
performance relative to other materials. By examining Table S4,
we can see that ZIF-8.70 exhibits a competitive adsorption
capacity for Rh-B compared to many other adsorbents.

4.4. Proposed mechanism

The adsorption of rhodamine B (Rh-B) onto ZIF-8.70 is
a complex process influenced by a combination of electrostatic
interactions, -7 stacking, and hydrogen bonding (see Fig. 10).
In basic conditions, electrostatic attraction between the posi-
tively charged metallic nodes of ZIF-8.70 and the zwitterionic
form of Rh-B plays a significant role. Furthermore, the aromatic
nature of both Rh-B and the imidazole rings in ZIF-8.70 facili-
tates -7 stacking interactions.

ZIF-8.70 exhibits superior adsorption properties compared
to ZIF-8.30 and ZIF-8.50 due to its higher surface area (1165 vs.
877 m? g~ '), broader pore size distribution (up to 26 nm), and
smaller rhombic-dodecahedral crystals (~55-130 nm), which
shorten diffusion paths and expose more active sites. XPS
analysis also reveals a greater number of surfaces -OH groups
in ZIF-8.70, enhancing electrostatic and hydrogen-bonding
interactions with RhB. In addition, the pH range studies
(from 4 to 10) confirmed that adsorption is maximized under
basic conditions, where ZIF-8 remains stable and RhB mainly
exists in its zwitterionic form, favoring strong electrostatic
attraction and pore accessibility. By contrast, at acidic pH RhB
becomes predominantly cationic and ZIF-8 is more prone to
hydrolysis, both of these factors reduce uptake. Together,
these factors explain the superior adsorption capacity of ZIF-
8.70.

5.0

(b) ) ZIF-8 70 RhB
4.8 -

4.6
4.4
4.2

4.0

£ 384
36
3.4

3.24
3.0 4

0.5 1.0 15 20 25 3.0 35 4.0
In(c,)
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** Hydrogen Bonding
*#% Electrostatic Interactions

Fig. 10 Suggested mechanism of rhodamine B adsorption onto ZIF-8.70.

4.5. Reusability of ZIF-8.70 as adsorbent

Beyond its high adsorption capacity and rapid adsorption rate,
the synthesis cost and recyclability of adsorbents are key factors

j ZIF-8 70 RhB

100
80
60 -
40+

20

Adsorption efficiency (%)

Cycle number

Fig. 11 Effect of recovery cycles on the removal efficiency of Rh-B
onto ZIF-8.70.

1.0

(a)

03{—=—ZIF-8 70
—e— ZIF-8 50
02 —a—ZIF-8 30

T T T T

T
0 20 40 60 80 100
Time (min)

T L) T
120 140 160 180

Fig. 12
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for industrial applications. ZIF-8.70 was regenerated using
a simple and inexpensive ethanol-washing method. After use,
the material was washed, dried, and reused for subsequent
adsorption cycles. Ethanol is preferred over water for regene-
rating ZIF-8 because it prevents hydrolysis of Zn-N bonds,
thereby preserving the framework stability. Its lower surface
tension and faster evaporation allow efficient pore cleaning and
drying, while also dissolving and removing organic pollutants
more effectively than water. This ensures that ZIF-8 maintains
its crystallinity, porosity, and adsorption performance during
repeated regeneration cycles.

As shown in Fig. 11, regenerated ZIF-8.70 effectively adsorb
Rh-B. The material was recycled five times with minimal loss in
adsorption efficiency compared to the original material. Even
after five cycles, the removal capacity decreased by only 7%.
Moreover, there was no significant weight loss, indicating the
economic viability of ZIF-8.70 for repeated use.

The synthesis strategy presented in Section 2 demonstrated
a simple, rapid, and eco-friendly approach, enabling the prep-
aration of ZIF-8 nanomaterials at room temperature within 30
minutes without the need for surfactants. While this method
offers practicality and sustainability, it provides less control

0.0 (b)
[ ]
-0.2 1
s El
-0.4 4
= -06- ¢
=
<
£ -0.84
-1.0+4
u ZF870
® ZIF850
=124 A zF830
e Fit 21F-8 70 y=-0.00144x+0.03295 R?=0.9278 A
~1.4  —F1t ZIF-8 50 y=-0,00215x+0,03295 R*=0.9488
7T | —it ZIF-8 30 y=-0.00812x+0.03295 R*=0.9573)
T { T L] T T L] T
0 20 40 60 8 100 120 140 160 180
Time (min)

(a) Variation of C,/Cq with illumination time for RhB degradation, (b) pseudo-first-order kinetic plot of the photodegradation process.
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over uniform crystal morphology at lower Zn : 2-Hmim ratios.
Section 3 focused on the structural and physicochemical char-
acterization of the materials, confirming the successful forma-
tion of crystalline ZIF-8 and showing how different linker ratios
influenced morphology, porosity, and surface chemistry. These
analyses were essential for understanding material properties
but remained descriptive and did not directly prove adsorption
performance. Section 4 validated the functional performance of
the materials, showing that ZIF-8 (1:70) achieved the highest
adsorption capacity (91.7 mg g~ ') and ~91% RhB removal, with
adsorption following a Langmuir isotherm and a pseudo-
second-order kinetic model. The use of RSM-BBD was a major
strength, allowing the optimization of key factors with strong
predictive accuracy (R* = 0.923) while minimizing experimental
runs. The advantage lies in combining experimental results
with statistical modelling, providing reliable insights into
adsorption mechanisms and optimization. However, the study
was limited to testing only rhodamine B on the surface under
investigation, which may not fully represent real wastewater
systems.

5 Photocatalytic activity of ZIF
materials

The photocatalytic performance of ZIF-8 materials has been
investigated by quantifying the rate of decomposition versus
illumination time of an aqueous solution of RhB (10 ppm) using
the optimized conditions of RSM-BBD. The suspension was
kept under stirring in the dark for 1 h to achieve adsorption and
desorption equilibrium. Photodegradation was then monitored
by recording the absorbance intensity at 554 nm, the charac-
teristic peak of rhodamine B. At low concentrations, absorbance
and concentration are directly related according to the Beer—
Lambert law. The photocatalytic degradation efficiency was
determined from the ratio C,/C,, where C, and C; represent the

I Ads-photodegradation

[0 No scavangers

Il 'sopropanol / OH
EDTA/h*

|| L-asc / O,

Fig. 13
(b) Photocatalyst recycling test.

44536 | RSC Adv, 2025, 15, 44526-44540

View Article Online

Paper

RhB concentrations at ¢ = 0 and at time ¢, respectively. The
reaction kinetics of the photocatalytic process are expressed by
the following eqn (11):

G

lna: —Kobs 1

(11)

In the previous relationship, the kinetic constant was used to
describe a first-order kinetic model (Langmuir Hinshelwood
model). After 160 minof light exposure, the value of photo-
catalytic efficacy (C,/C,) is shown in Fig. 12a. The high perfor-
mance of the three materials may be due to their specific
morphology, such as their large surface area compared to that of
bulk ZIF-8 materials. This extensive surface area offers abundant
active sites, thereby optimizing photocatalytic processes. In
addition, spherical and rhombic dodecahedral morphologies of
the three ZIF-8 materials provide efficient light absorption via
their exposed surfaces. This feature enables efficient light
absorption, thereby boosting photocatalytic activity.

Furthermore, Fig. 12b illustrates photocatalytic activity,
showing a linear correlation between In(C,/C,) and illumination
time. This relationship is defined by a rate constant of 0.00812,
0.00215 and 0.0014 min " for ZIF-8.30, ZIF-8.50 and ZIF-8.70,
respectively. Consequently, the elimination efficacy was high,
thanks to the electrostatic attraction forces between the cationic
dye and the ZIF-8 catalysts materials.

To identify the primary oxidizing agents involved in dye
degradation, radical trapping experiments were performed. -
Ascorbic acid, isopropanol, and EDTA were used as specific
scavengers for O>'", OH’, and h", respectively. Fig. 13a illus-
trates the influence of these scavengers on the photocatalytic
activity of the ZIF-8 catalysts. Based on these results, it can be
inferred that O*'", OH', and h* are the dominant species
responsible for rhodamine B photodegradation. Upon photo-
excitation, generated electron-hole pairs can react with H,O

() B 1st run
[ 2nd run
I 3rd run
[ 4th
5th

(a). Elimination and photocatalytic decomposition efficiency of rhodamine B using ZIF-8 materials in the presence of a range of trappers.
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molecules, OH™ ions, and dissolved oxygen to produce highly
reactive radicals (OH/O,”). These radicals subsequently
oxidize the pollutant, leading to the mineralization of RhB into
smaller molecules, ultimately yielding CO, and H,0.

The stability of the ZIF-8 catalysts was assessed through
recycling experiments. After each removal cycle, the catalyst was
washed with ethanol and dried for reuse. Fig. 13b shows that
after five consecutive photocatalyst recycling tests, there was
only a slight reduction in rhodamine B removal efficiency was
observed for ZIF-8.30, ZIF-8.50, and ZIF-8.70, with final values of
83.3%, 80.6%, and 78.8%, respectively. This minor decrease can
be attributed to the gradual loss of accessible active sites during
the recycling process. The corresponding detailed values of
rhodamine B removal, together with the calculated standard
deviations, are summarized in Table S5 (1 and 2).

5.1. Possible photocatalytic mechanism

Based on the M-S plots (Fig. 14), the Eg, of ZIF-8.30, ZIF-8.50
and ZIF-8.70 are —1.37, —1.55 and —1.53 V (vs. Ag/AgCl, pH =

= ZIF-8 30
2004 | o ZIF-850
ZIF-8 70
150
w0
e
q& 100
9
(2}
50
Ep=-1,37V o ® .. o-®
‘o © ® S ahhs
0 e ‘A“AlA"A’x‘ﬁA»A"‘A’"A Ep,=-1,53V
g P 1 1
-2,0 -1,5 -1,0 -0,5 0,0
Potentiel (V Vs Ag/AgCl)
Fig. 14 M-S plots of ZIF-8 30, ZIF-8 50 and ZIF-8 70.
| (a) e Z|F-8 70
——Z|F-8 50
ZIF-8 30
)
s
z‘ -
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c
[
:‘é H
-
o
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Fig. 15
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5.6), corresponding to —0.85, —1.03 and —1.01 V (vs. RHE, pH =
5.6), respectively. Typically, the CB potential of an n-type
semiconductor is about 0.2 V greater than that of the Eg,.
Thus, the ECB of ZIF-8.30, ZIF-8.50 and ZIF-8.70 are —1.05,
—1.23 and —1.21 V (vs. RHE, pH = 5.6). As shown in Fig. 6(a and
b) the VBs of ZIF-8.30, ZIF-8.50 and ZIF-8.70 were therefore
determined to be 4.00, 3.85 and 3.87 V, respectively.

Photoluminescence (PL) analysis was performed to evaluate
the recombination behavior of electron hole pairs in the
synthesized catalysts. As shown in Fig. 15a, ZIF-8 exhibited
a band-edge emission at 375 nm. A notable reduction in emis-
sion intensity was observed for the ZIF-8.50 and ZIF-8.30
samples, with an even greater decrease in ZIF-8.70. This trend
indicates suppressed electron recombination at oxygen vacan-
cies, implying more efficient separation and interfacial transfer
of photogenerated charge carriers. In addition, time-resolved
photoluminescence (TRPL) spectra were recorded to further
assess carrier lifetimes and charge separation dynamics. As
shown in Fig. 15b, the fluorescence decay curves of ZIF-8.30,
ZIF-8.50, and ZIF-8.70 could be fitted with a double exponen-
tial model.”” The calculated average lifetime for ZIF-8.70, ZIF-
8.50, and ZIF-8.30 were 2.3, 2.2, and 2.86 ns, respectively.
Thus, the fluorescence decay results revealed excellent photog-
enerated charge separation and charge carriers in the ZIF-8.30,
with a higher average lifetime.

Considering the above analysis and test results, we propose
the following photocatalytic mechanism for the elimination of
rhodamine B over ZIF-8 materials: ZIF-8.30 ZIF-8.50 and ZIF-
8.70, under UV irradiation (Fig. 16).

A comparison of ZIF-8.30 with other reported materials
provides valuable information about its performance relative to
other materials. As depicted in Table S6, we can see that ZIF-
8.30 nanomaterials  exhibit competitive  adsorption-
photodegradation of pollutants compared to many other state-
of-the-art materials.

The photocatalysis study revealed that ZIF-8 (1 : 30), despite
its lower adsorption capacity, achieved the highest combined
adsorption-photodegradation efficiency, reaching ~95% RhB

(b) ZIF-8 30 decay

- < - Model exp fit

- =~ ZIF-8 50 decay

- <~ Model exp fit
ZIF-8 70 decay

- <~ Model exp fit
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S
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(a) PL spectrum of ZIF-8 catalysts. (b) TRFL (lifetime-decay) plot of the ZIF-8 materials.
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Fig. 16 Proposed mechanism for photodegradation of Rh-B using synthesized ZIF-8 materials (ZIF-8.30, ZIF-8.50 and ZIF-8.70).

removal after 160 minutes under UV light. This superior activity
was linked to its unique spherical morphology, increased
exposed surface, and improved charge separation, as confirmed
by photoluminescence and TRPL analyses. The main advantage
of this section is the demonstration of morphology-dependent
photocatalytic performance and the stability of ZIF-8 materials
across multiple reuse cycles. However, experiments were
restricted to UV irradiation and a single dye pollutant, leaving
open questions about applicability to more complex wastewater
systems.

6 Conclusion

In summary, three ZIF-8 nanomaterials with distinct morphol-
ogies were successfully synthesized using a sustainable
approach. X-ray diffraction patterns confirmed the formation of
the expected cubic ZIF-8 structure. The ZIF-8 particles exhibited
unique spherical assemblies (ZIF-8.30) and the well-known
rhombic dodecahedral shape (ZIF-8.50 and ZIF-8.70). Further-
more, infrared spectroscopy revealed characteristic vibrational
bands associated with the ZIF-8 phase. Analysis of variance
(ANOVA) indicated the statistical significance of the quadratic
model at a p-value below 0.05. The strong correlation between
the adjusted R* and R® values validated the model's significance
and demonstrated excellent agreement between predicted and
experimental data (adjusted R*> = 0.857, R*> = 0.923). Under
optimal conditions (pH 7, photocatalyst mass 70 mg, RhB
concentration 10 ppm, irradiation time 160 min), ZIF-8 30
achieved a remarkable RhB removal efficiency of 95% with
minimal adsorption. Radical trapping experiments identified
superoxide, hydroxyl radicals, and holes as the primary reactive
species responsible for RhB degradation. The reusability of the
three ZIF-8 samples was evaluated over five consecutive cycles,
demonstrating excellent stability and durability. Our study
significantly advances the field of organic pollutant removal,
particularly for RhB, by employing a sophisticated statistical

44538 | RSC Adv, 2025, 15, 44526-44540

methodology to optimize reaction parameters. This systematic
approach enables the identification of optimal conditions that
maximize pollutant removal efficiency, paving the way for the
development of efficient and sustainable depollution
technologies.
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