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ARTICLE INFO ABSTRACT

Keywords: Background: Zirconium-based metal-organic frameworks (Zr-MOFs) are promising adsorbents due to their
Metal-organic frameworks tunable porosity and structural flexibility. This study explores mix-ligand strategies as a means to introduce
Zr-basec} structural defects and enhance adsorption performance for pollutant removal.

Adsorption

Methods: UiO-66-NH- served as the parent MOF. Three 10 mol % mixed-ligand strategies—isostructural mixed
linkers (IML), heterostructural mixed linkers (HML), and truncated mixed linkers (TML)—were applied using
terephthalic acid, isophthalic acid, trimesic acid, and benzoic acid. The samples were performed at 10 mol %
using a solvothermal method. Comprehensive characterization was conducted via a solvothermal method and
characterized using XRD, FTIR, and BET surface analysis. Adsorption performance was evaluated through
rhodamine B (RhB) removal and kinetic modeling.

Significant Findings: Among the tested MOFs, IP-10 (isophthalic acid-substituted) achieved the highest BET sur-
face area (1331.87 m?/g) and RhB adsorption capacity qe = 24.29 mg/g. Enhanced adsorption was attributed to
optimized pore structures and hydrogen bond-assisted interactions. Kinetic analysis conformed to a pseudo-
second-order model, indicating chemisorption as the dominant mechanism. IP-10 also revealed the highest
intraparticle diffusion coefficient (2.8133 mg-g™'-min™"), confirming efficient pore utilization. These findings
demonstrate the potential of tailored mixed-ligand Zr-MOFs for advanced dye adsorption applications.

Rhodamine B dye
Pseudo-second-order model

1. Introduction adsorption [9] have been employed. Among them, adsorption is espe-

cially attractive due to its simplicity, cost-effectiveness, and minimal

The textile industry, a cornerstone of modern life, is also a major
source of environmental pollution due to its extensive use of synthetic
dyes [1]. Over 35 % of dyes are discharged into ecosystems during
processing [2]. Among these dyes, rhodamine B (RhB) is particularly
harmful, with toxic, bioaccumulative, and potentially transgenerational
effects on aquatic and terrestrial organisms [3,4]. Its widespread pres-
ence in textile wastewater highlights the need for efficient dye removal
technologies [5]. Conventional treatment methods such as photo-
catalysis [6], membrane filtration [7], biodegradation [8], and
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secondary pollution. Research efforts have thus focused on developing
high-performance adsorbents for dye removal [10-12]. Metal-organic
frameworks (MOFs) have recently emerged as promising adsorbent
materials. Comprising metal centers and organic linkers, MOFs offer
high surface areas, tunable pore sizes, and modifiable surface chemistry.
These features make them versatile for applications such as gas sepa-
ration [13], drug delivery [14], catalysis [15], photocatalysis [16,17],
and particularly, dye adsorption [18]. The ability to tailor MOF struc-
tures at the molecular level further enhances their potential for targeted
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wastewater treatment [19,20].

Recent studies have investigated a range of MOFs and their com-
posites for the adsorption of RhB, as summarized in Table S1. For
example, Fe-based MOFs synthesized by Ren et al. demonstrated a
maximum adsorption capacity of 136 mg/g at pH 6 [21], while Cui
et al.’s ZnO/Zr-MOF(bpy) composite achieved 98.2 mg/g at 10 ppm
initial RhB concentration [22]. Similarly, Ibrahim et al. reported 97.5
mg/g adsorption using 25 wt % PMA-Sr-MOF [23], and Patil et al. ob-
tained 66.67 mg/g with a Ce/Zr-based MOF hybrid at 30 ppm [24].
Given their use in aqueous environments, the development of
water-stable MOFs—particularly those based on zirconium (Zr)—has
attracted considerable attention [25]. Zr-MOFs not only exhibit high
thermal stability [26,27] but also retain structural integrity in acidic
solutions and organic solvents [28,29]. This resilience is attributed to
the strong Zr-carboxylate bonds and high connectivity of the Zr clusters,
making them suitable for practical applications [30]. For instance,
UiO-66 and related Zr-MOFs have shown remarkable stability under
harsh chemical conditions, as highlighted by Kandiah et al. [31].
Furthermore, Kim et al. compared dye adsorption behaviors across
water-stable MOFs, including UiO-66, UiO-67, and MIL-100(Fe), and
found that Zr-MOFs exhibited stronger dye-framework interactions
based on FTIR spectral shifts, likely due to the involvement of Zr-O
clusters. In contrast, MIL-100(Fe) showed minimal changes
post-adsorption, indicating weaker dye binding [32]. Given their supe-
rior stability and interaction with dye molecules, Zr-based MOFs were
selected as the focus of this study.

Defect engineering has emerged as a powerful strategy for enhancing
the performance of MOFs. In particular, introducing structural defects
can improve adsorption capacity without compromising the material’s
stability in aqueous environments. Recent studies have shown that Zr-
MOFs can accommodate high concentrations of defects while main-
taining excellent chemical and thermal stability [33]. However, defects
in MOFs have complex effects on porosity, mechanical strength, and
surface acidity (both Lewis and Brgnsted), all of which influence
adsorption behavior [34]. Two primary types of defects are typically
observed in Zr-MOFs: missing linker and missing cluster defects [35].
The former occurs when organic linkers are absent, creating coordina-
tion vacancies at nearby Zr sites [36], while the latter involves the loss of
Zr-O clusters along with their linkers, disrupting the surrounding
framework [37]. Such defects can be intentionally introduced and tuned
through synthesis conditions. For instance, Jiang et al. demonstrated
that functionalized ligands could replace formate-terminated Zrg clus-
ters in MOF-808, enabling post-synthetic modification with target
groups [38]. Similarly, Ou et al. employed acetic acid as a modulator to
generate missing linker defects in UiO-66, which increased the number
of unsaturated Zr sites and significantly enhanced toluene adsorption
[391.

On the other hand, elevated linker concentrations promote stronger
coordination with secondary building units (SBUs), leading to more
nucleation sites and, consequently, smaller crystal sizes [40]. For
instance, Wu et al. demonstrated that adjusting acetic acid concentra-
tion and synthesis time in UiO-66 enabled controlled formation of
missing linker defects, yielding materials with pore volumes up to 1.0
cm®/g and BET surface areas as high as 1600 m?/g, well above the
theoretical values of defect-free UiO-66 by 150 % and 60 %, respectively
[36]. Behrens et al. systematically investigated various modulators,
including acetic, benzoic, and trifluoroacetic acids, in the synthesis of
UiO-66 and UiO-67, revealing their impact on crystal morphology and
structural integrity [41]. Similarly, Ren et al. showed that incorporating
formic acid during MOF-808 synthesis significantly improved crystal-
linity, producing well-defined octahedral crystals and reducing particle
agglomeration in a dose-dependent manner [42]. It highlights the crit-
ical role of modulation strategies in controlling both crystal architecture
and defect density for optimizing the performance of MOFs in adsorp-
tion applications.

Recent efforts have focused on tuning the structural and functional
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properties of MOFs through mixed-ligand strategies, which allow mod-
ulation of pore size, framework functionality, and defect density [43].
Three primary approaches are commonly employed: (1) isostructural
mixed linker (IML) systems, which incorporate chemically similar
linkers of comparable size into a uniform framework [44]; (2) hetero-
structural mixed linker (HML) systems, which combine linkers with
distinct coordination geometries to introduce functional diversity and
enlarge pore architecture [45]; and (3) truncated mixed linker (TML)
strategies, in which monomers with fewer reactive groups are
co-assembled to control crystal morphology and surface properties [46].
The spatial distribution of truncated linkers depends on the relative rates
of bond formation and exchange: rapid growth leads to their integration
near defect sites, while faster exchange favors surface localization,
influencing particle size and shape [47]. Despite growing interest, few
studies have systematically explored the impact of mixed-linker strate-
gies on the adsorption performance of Zr-based MOFs [48-50].
Leveraging the inherent defect tolerance and aqueous stability of
Zr-MOFs, our study investigates the influence of different organic linker
substitutions using XRD, FTIR, and BET analyses to identify optimal
compositions. A series of mixed-ligand Zr-MOFs were synthesized using
IML, HML, and TML approaches to enhance dye adsorption capacity
through defect engineering. Furthermore, adsorption kinetics models
were applied to evaluate the adsorption behavior of the resulting
materials.

2. Experimental
2.1. Chemicals

Zirconium(IV) tetrachloride (ZrCls, CAS: 10,026-11-6, 98.0 %),
terephthalic acid (H2BDC, CAS: 100-21-0, 99.0 %), benzoic acid (BA,
CAS: 65-85-0, 99.6 %), and rhodamine B (RhB, CAS: 81-88-9, 98.0 %)
were obtained from Acros Organics. 2-aminoterephthalic acid (NHe-
BDC, CAS: 10,312-55-7, 99.0 %), trimesic acid (H3BTC, CAS: 554-95-0,
98.0 %), and isophthalic acid (IP, CAS: 121-91-5, 99.0 %) were supplied
by Alfa Aesar. Dimethylformamide (DMF, CAS: 68-12-2, 99.5 %) and
formic acid (FA, CAS: 64-18-6, 98-100 %) were procured from Fisher
Chemical. Ethanol (EtOH, CAS: 64-17-5, 95.0 %) was provided by J.T.
Baker.

2.2. Synthesis

2.2.1. Synthesis of UiO-66-NH, and MOF-808

The synthesis of UiO-66-NH= was conducted using a solvothermal
method. Initially, a mixed solution was prepared by combining 30 mL of
DMF and 15 mL of FA. DMF acted as the primary solvent, while FA
served as a modulating agent to assist in crystal coordination and growth
[20,51]. The solution was stirred for 5 min to ensure thorough mixing
before adding 0.9050 g of NH2-BDC as the organic linker. After stirring
for 10 mins, 1.1650 g of ZrCls was introduced as the metal node pre-
cursor. The mixture was further stirred for 3 min, followed by the slow
addition of 3 mL of deionized (DI) water to facilitate the hydrolysis of
ZrCla for a more homogeneous reaction. The total stirring time was 30
min, after which the mixture was subjected to ultrasonic treatment for
another 30 min. The resulting mixture was then delivered to a 50 mL
Teflon-lined autoclave and maintained at 100 °C for 48 h. After cooling
to room temperature, the liquid was separated by centrifugation and
filtered. The solid product was washed with EtOH by stirring for 10 min,
followed by vacuum filtration. This washing process was repeated three
times, and the product was washed once with acetone and filtered. The
solid was then dried at 100 °C for one day. The final product,
UiO-66-NHz, was obtained by grinding the dried material.

The synthesis of MOF-808 followed a similar procedure. A mixed
solution of 30 mL DMF and 30 mL FA was prepared and stirred until
homogeneously mixed. Then, 1.0507 g of HsBTC was added as the
organic linker, and the solution was stirred for 10 min before the
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addition of ZrCla. The subsequent steps were identical to those used in
the synthesis of UiO-66-NHz. The final product obtained through this
process was designated as MOF-808.

2.2.2. Synthesis of mixed-MOFs with different substitution ratios

To study the impact of different substitution ratios on the structure
and properties of mixed-MOFs, the effect of substituting the original
ligand (NH2-BDC) in UiO-66-NH- with varying amounts of HsBTC was
examined. Among the chosen linkers, the significant structural differ-
ences between HsBTC and NH.-BDC may influence the framework’s
stability or structural integrity. Therefore, HsBTC was selected to
explore the effects of substitution ratios in mixed-MOFs. The substitu-
tion ratios were 10, 20, 30, 40, and 50 mol % of HsBTC, replacing the
NH2-BDC ligand in UiO-66-NH:. These specific ratios were selected to
balance the potential for HsBTC to disrupt the overall framework
structure if used excessively, against the inability to effectively engineer
defects if the substitution is too minimal. Therefore, the chosen substi-
tution ratios provide a range for studying their effects on the resulting
MOFs.

The synthesis began by preparing a mixed solution of 30 mL DMF as
the main solvent and 15 mL FA as a modulator. This solution was stirred
for 5 min before adding 0.9050 g of NH2-BDC. After 10 min of stirring,
HsBTC was added according to the desired molar ratios (NH2-BDC:
HsBTC = 9:1, 8:2, 7:3, 6:4, 5:5). The mixture was further stirred for 10
min before introducing 1.1650 g of ZrCla. The remaining steps followed
the same procedure as the synthesis of UiO-66-NH:. The products syn-
thesized with different HsBTC substitution ratios were designated as
BTC-10, BTC-20, BTC-30, BTC-40, and BTC-50, corresponding to 10 %,
20 %, 30 %, 40 %, and 50 % molar ratios of HsBTC, respectively.

2.2.3. Synthesis of mixed-MOFs with different organic linker substitutions

This section explores the effects of different organic linker sub-
stitutions on the design of defect engineering strategies in mixed-MOFs
for the adsorption to remove pollutants. Various strategies were
employed to create mixed-ligand MOFs with different linker sub-
stitutions, as shown in Fig. 1. For the IML strategy, H.BDC was used to
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prepare mixed-ligand MOFs. For the HML strategy, two different linkers,
HsBTC and IP, were individually utilized to synthesize mixed-ligand
MOFs. Then, BA was employed to produce mixed-ligand MOFs
following the TML strategy.

The synthesis began with the preparation of a mixed solution of 30
mL DMF and 15 mL FA. The mixture was stirred for 10 mins after adding
0.9050 g of NH2-BDC. Depending on the specific mixed-MOFs to be
synthesized, HsBTC, H.BDC, IP, or BA were added at a molar ratio of 1:9
relative to NH2-BDC. Following an additional 10 mins of stirring, 1.1650
g of ZrCls was introduced. The remaining steps were conducted ac-
cording to the established UiO-66-NH: synthesis protocol. The resulting
products were named according to their respective organic linker sub-
stitutions: BTC-10, BDC-10, IP-10, and BA-10, representing the use of
HsBTC, H2BDC, IP, and BA, respectively.

2.3. Characterization

The synthesized MOFs were characterized via various analytical
techniques to determine their structural, morphological, and surface
properties. X-ray diffraction (XRD) patterns were obtained using a
BRUKER D8 Advance diffractometer. The scanning rate was 2°/min,
with a scanning range of 20 = 5° to 45°. The data was compared against
the Joint Committee on Powder Diffraction Standards (JCPDS) card
numbers to confirm the crystalline structure of the synthesized adsor-
bents. Fourier-transform infrared spectroscopy (FTIR) spectra were
collected using a Perkin Elmer Spectrum One FT-IR Spectrometer. This
technique identifies molecular structures and bonding conditions based
on the characteristic absorption of infrared wavelengths by the sample
molecules. Before analysis, samples were dried in an oven at 105 °C to
eliminate moisture interference. The scanning range was set from 600 to
4000 cm™. Specific surface areas, porosity, and the Brunauer-Emmett-
Teller (BET) surface were evaluated using an ASAP 2020 PLUS instru-
ment. A JSM-6710F scanning electron microscope (SEM) was utilized to
analyze the surface morphology of the prepared MOFs. The zeta po-
tential of the MOFs was measured using a Malvern Zetasizer Nano ZS90
to evaluate their surface charge properties. For the characterization of

Isostructural Heterostructural mixed Trurjcated
. . . mixed
Type mixed linker linker linker
(IML) (HML) (TML)
Os_ _OH
2-Aminoterephthalic
Ligand 1 acid
HO (@]
Terephthalic acid| Trimesic acid | Isophthalic acid | Benzoic acid
(H,-BDC) (H5-BDC) (1P) (BA)
O OH 0. OH 0. OH O OH
Ligand 2
HO o o
o} OH OH
HO (0]

Fig. 1. Overview of the synthetic planning for IML, HML, and TML strategies.
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mixed-ligand MOFs, 'H NMR spectra were recorded on a Bruker
AVANCE III HD 600 MHz NMR Spectrometer to confirm the incorpo-
ration of the different ligands.

2.4. Adsorption test and kinetic analysis

2.4.1. Adsorption test

Following literature precedent [22,52], RhB adsorption tests were
conducted using a 150 mL aqueous dye solution at an initial concen-
tration of 10 ppm. RhB was dissolved in deionized water. A total of 50
mg of MOF powder was added, and the mixture was shielded from light
using aluminum foil. To capture the rapid initial adsorption phase, 4 mL
aliquots were collected every 2 min during the first 10 min. Additional
samples were taken at 15, 20, 25, 30, 40, 50, and 60 min. Each sample
was centrifuged at 15,000 rpm for 10 min, and the resulting supernatant
was transferred to 15 mL tubes for analysis. RhB concentrations were
determined using a Shimadzu UV-1800 spectrophotometer. Concentra-
tions were calculated using a calibration curve based on RhB’s charac-
teristic absorption peak at the wavelength of 554 nm.

2.4.2. Adsorption kinetic analysis

Adsorption kinetics can be explained using two types of models to
analyze the removal of pollutants from aqueous solutions. First, kinetic
models, including pseudo-first-order, pseudo-second-order, and Lang-
muir kinetic models, explain the interactions between pollutant mole-
cules and adsorbent surfaces, without considering diffusion effects [53].
Second, diffusion models include membrane-pore diffusion,
membrane-surface diffusion, and membrane-parallel pore and surface
diffusion models. These models assume that interactions between pol-
lutants and active sites occur instantaneously relative to the diffusion
steps, thus making diffusion steps the rate-controlling factors [54].
Understanding adsorption kinetics is essential for evaluating the per-
formance of adsorbents and elucidating potential mechanisms. The
adsorption process using solid adsorbents for liquid dyes typically in-
volves two consecutive steps: (1) solute migration from bulk solution to
the liquid layer surrounding the adsorbent particles, and (2) solute
diffusion through the layer until it reaches the adsorption surface
(membrane diffusion). Typically, the first step occurs rapidly, making
the second step the rate-determining step. Nevertheless, in porous ad-
sorbents, intraparticle diffusion, particularly solute diffusion into the
internal surface of the adsorbent, can also be the rate-determining step
[55].

The equilibrium adsorption amount (qe, mg/g) and removal effi-
ciency (R, %) of the adsorbent for the adsorbate are calculated using Eqs.
(1) and (2) [56]:

14
ge = (Co—Ce) x M (@)

R= (G -C) x 100% 2
Co

where Cy was the initial concentration of the adsorbate (mg/L), C, was
the equilibrium concentration of the adsorbate (mg/L), V was the vol-
ume of the solution (L), and M was the mass of the adsorbent (g).

For the pseudo-first-order kinetic model, the reaction rate is pro-
portional to the concentration of a single reactant and is primarily used
for adsorption in liquid phases [57,58]. The calculation is given by Eq.
(3):

In (g. — q:) = —kit +1n (q.) 3
This can also be rearranged into Eq. (4):
~In <u> =kt (4)

where g, was the equilibrium adsorption amount of the adsorbate (mg/
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), q: was the adsorption amount of the adsorbate at time (mg/g), k; was
the pseudo-first-order kinetic rate constant (min™'), and t was time
(min).

The pseudo-second-order kinetic model assumes that the reaction
rate is linearly related to the concentrations of two reactants. This model
suggests that the adsorption is controlled by chemical interactions such
as valency, coordination, ion exchange, and chelation [59]. The equa-
tion for this model is given by Eq. (5), and the slope and intercept of the
plot of i versus t can be used to calculate the rate constant (k) and the

equilibrium adsorption capacity (g.):

t 1 t

t_ Lt ®)
a kaq? q.

where q. was the equilibrium adsorption capacity (mg/g), q; was the
adsorption capacity at time t (mg/g), ko was the pseudo-second-order
kinetic rate constant (g-mg'-min'), and t was time (min).

If a plot of the adsorption of pollutant ions versus the square root of
time produces a straight line, it suggests that intraparticle diffusion is
the rate-determining step in the adsorption process. The intraparticle
diffusion equation, first proposed by Weber and Morris [60], is
expressed as Eq. (6):

q: =kt*> +C (6)

where g, was adsorption capacity at time (mg/g), ki was intraparticle
diffusion rate constant (g-mg'-min'), t was time (min), and C was
boundary layer effect constant.

A larger intercept C indicates a larger role of surface adsorption in
the rate-determining step. If the plot of g, versus t*° does pass through
the origin, it suggests that intraparticle diffusion is not the sole rate-
determining step. Due to mass transfer effects, the plot of q; against
% initially shows a curve during a small initial time frame, followed by
a linear segment and a plateau. The initial curve is ascribed to external
diffusion, while the linear segment is due to intraparticle diffusion [40].

3. Results and discussion
3.1. Effects of different substitution ratios on mixed-MOFs

Fig. 2(a) illustrates the XRD patterns of the synthesized UiO-66-NHz,
MOF-808, and the mixed-MOFs formed by substituting 10 mol % - 50
mol % of HsBTC for NH>-BDC in UiO-66-NHo.. First, the XRD pattern of
the prepared UiO-66-NH: was compared with the simulated pattern
from the database [61]. Characteristic diffraction peaks were observed
at 7.36°, 8.48°, 12.04°, 14.15°, 17.08°, 22.08°, and 25.68°, corre-
sponding to the (111), (002), (022), (113), (004), and (224) crystal
planes of the UiO-66 structure, respectively. The addition of formic acid
as a modulator altered the ligand environment, which was beneficial for
the formation and growth of the crystals, thus improving the crystal-
linity [39]. Additionally, the XRD pattern of the prepared MOF-808 was
compared with the simulated pattern from the literature [62]. The
characteristic peaks at 8.7°, 10°, and 10.9° were closely aligned with the
simulated pattern, corresponding to the (222), (400), and (331) crystal
planes, indicating the successful synthesis of MOF-808 [63].

Fig. 2(b) shows the XRD patterns of mixed-MOFs with the substitu-
tion ratios from 10 mol % to 40 mol %. Their diffraction peaks at 7.36°,
8.48°, 12.04°, 14.15°, 17.08°, 22.08°, and 25.68° correspond to the
characteristic peaks of the UiO-66 crystal planes, indicating that the core
structure of UiO-66 is retained up to a 40 mol % substitution of HsBTC.
However, when the substitution ratio was increased to 50 mol %, the
characteristic peaks became more aligned with those of MOF-808, sug-
gesting that the high substitution level of HsBTC led to stronger
competitive coordination with NH>-BDC. This competitive coordination
likely disrupted the original UiO-66-NH: structure, resulting in a struc-
tural transformation toward MOF-808.

Fig. 2(c) presents the FTIR spectra of the synthesized mixed-MOFs,
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Fig. 2. (a) XRD patterns of synthesized MOF-808 and UiO-66-NH: with literature simulations; (b) XRD patterns, (c) FTIR results, (d) N5 isothermal adsorption-
desorption results of the synthesized MOF-808, UiO-66-NHz, and the mixed-MOFs with different HsBTC substitution ratios (BTC-10, BTC-20, BTC-30, BTC-40,

and BTC-50).

illustrating key functional group vibrations. A distinct peak at 1760 cm™!
corresponds to the C = O stretching vibration from carboxylic acid
groups [64], as highlighted by the light blue shaded area in Fig. 2(b).
Additionally, a peak within the 1210-1163 cm™ range, associated with
C—O stretching of the carboxylic acid group, is observed [64], indicated
by the gray shaded area. The spectra also show a peak in the 1650-1580
cm™ region, attributed to the N—H bending vibration from NH>-BDC
[64], highlighted by the red-shaded area. Another characteristic peak is
found between 1385-138 ¢cm™, corresponding to C—H bending [64],
and a C—H bending peak is present in the 735-775 cm™ range [65]. The
overall FT-IR spectra of the mixed-MOFs, which were substituted with
HsBTC, exhibit no significant differences compared to UIO-66-NHz, as
evidenced by the similarity between the spectra of the other samples and
UiO-66-NH: [66]. Notably, the intensity of the N—H bending peak at
1650-1580 cm™ gradually decreases as the substitution ratio increases
due to the replacement of NH>-BDC by HsBTC, which lacks the N—H
functional group. This observation provides indirect evidence for the
successful synthesis of mixed-ligand MOFs, as the progressive weak-
ening of the N—H peak with increasing HsBTC substitution confirms the
structural modification of the MOFs.

Fig. 2(d) illustrates the nitrogen adsorption-desorption isotherms for
mixed-MOFs with varying HsBTC substitution ratios and for MOF-808.
The isotherms of these materials exhibit characteristics of type IV
adsorption curves, indicative of the presence of both microporous and
mesoporous structures [55]. In contrast, the UiO-66-NH2 sample dis-
plays a type I adsorption curve, which is typical of a purely microporous

structure. The BET surface area data, summarized in Table 1, reveal that
as the substitution ratio of HsBTC increases, the surface area initially
increases and then decreases. This trend is likely due to competitive
coordination between HsBTC and NH2-BDC for metal ions, which affects
the overall framework structure, consistent with previous literature
[36]. The pore structure of UiO-66-NH> and BTC-10 primarily falls
within the microporous scale. However, the isotherms for BTC-20,
BTC-30, and BTC-40 show a noticeable hysteresis loop, indicating the
presence of both mesoporous and microporous structures. Moreover,
BTC-50 and MOF-808 both exhibit similar hysteresis behavior, con-
firming the existence of both micropores and mesopores. Notably, the
pore sizes of BTC-50 and MOF-808 exceed 5 nm, the largest observed
among the synthesized materials. This can be attributed to the

Table 1

BET results of synthesized MOF-808, UiO-66-NHz, and the mixed-MOFs with
different HsBTC substitution ratios (BTC-10, BTC-20, BTC-30, BTC-40, and BTC-
50).

Adsorbent Surface area (m?/g)  Pore Volume (cm®/g)  Pore diameter (nm)
Ui0-66- 791.47 0.33 2.37
NH:
BTC-10 1161.65 0.45 2.24
BTC-20 1089.45 0.44 2.96
BTC-30 1078.15 0.39 3.47
BTC-40 819.80 0.32 3.87
BTC-50 668.13 0.30 5.05
MOF-808 909.13 0.30 5.50
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inherently larger pore size of MOF-808 compared to UiO-66-NHa.
Additionally, the XRD results demonstrate that the crystal phase of
BTC-50 closely resembles that of MOF-808, further corroborating the
consistency between pore size and crystal structure observations.
Preliminary RhB adsorption tests were also conducted to evaluate
the performance of mixed-ligand MOFs with varying HsBTC substitution
ratios, as shown in Fig. S1. The results showed comparable adsorption
capacities across the different substitution levels. Among them, BTC-10
demonstrated the highest crystallinity based on XRD analysis and the
largest specific surface area according to BET measurements. Given
these favorable properties, BTC-10 was selected as the optimal compo-
sition for further study. Accordingly, a fixed substitution ratio of 10 mol
% was applied in subsequent experiments to explore the effects of
different organic ligands on pollutant adsorption performance.

3.2. Different organic ligand substitutions in mixed-MOFs

3.2.1. XRD results

To assess whether the substitution of different organic ligands alters
the structure of the initial MOF and to confirm the successful synthesis of
mixed-MOFs, XRD analysis was carried out, as shown in Fig. 3(a). The
XRD patterns reveal distinct diffraction peaks at 7.36°, 8.48°, 12.04°,
14.15°, 17.08°, 22.08°, and 25.68°, which correspond to the (111),
(002), (022), (113), (004), and (224) crystal planes of UiO-66-NHz,
respectively. These results indicate that the initial UiO-66-NH: structure
is retained across all samples. The enhanced crystallinity observed in

a
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BTC-10 is attributed to the favorable coordination environment pro-
vided by formic acid in the solvent, which promotes better crystal for-
mation [66]. However, for the other substituted samples, a noticeable
decrease in the intensity of the characteristic peak at 20 = 25.68°, cor-
responding to the (224) plane of UiO-66-NH., was observed. This
reduction in peak intensity suggests the introduction of structural de-
fects due to ligand substitution. Specifically, the BA-10 sample, with its
TML design, exhibited the weakest peak intensity, indicating a higher
level of defects in the structure. The BDC-10 sample, designed with an
IML strategy, maintained a more intact framework, but still showed
reduced peak intensity due to the influence of defects. The IP-10 sample,
which involved HML substitution, likely introduced more significant
structural defects, leading to a further reduction in peak intensity. These
XRD results suggest that while the core UiO-66-NH: structure is gener-
ally preserved, the extent of structural disruption and defect formation
varies depending on the specific organic ligand substitution strategy
employed.

The spectra of the mixed-MOFs generally exhibit similar features to
those of UiO-66-NH2. As shown in Fig. 3(b), a characteristic C = O
stretching peak from carboxylic acid groups is observed at 1760 cm™!
(highlighted by the light blue shaded area) [67]. Additionally, a distinct
N—H bending peak from NH2-BDC appears between 1650-1580 cm™
(highlighted by the red shaded area), while a C—H bending peak is
observed in the 1385-1380 cm™ range [68]. However, it is noteworthy
that the C = O stretching peak at 1760 cm™ is significantly reduced or
even absent in some of the substituted mixed-MOFs. This attenuation or
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Fig. 3. (a) XRD patterns, (b) FTIR results, (c) BET surface area, and (d) N5 isothermal adsorption-desorption results of the synthesized UiO-66-NH, with the 10 mol %
substitutions of different organic ligands, including BTC-10, BDC-10, IP-10, BA-10, and the pristine.
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disappearance of the C = O peak is ascribed to the absence of free car-
boxylic groups in the structures of BA and BDC, which were used as
substituents. Furthermore, the coordination of these ligands with metal
nodes leads to the loss of the C = O bond, explaining the observed
reduction in the C = O stretching peak.

As presented in Fig. 3(c), the BET analysis reveals that all substituted
mixed-MOFs exhibited higher specific surface areas compared to the
initial UiO-66-NH.. Notably, the IP-10 sample achieved the highest
specific surface area of 1331.87 m?/g, approximately 1.7 times greater
than the original UiO-66-NH2, which had a surface area of 791.47 m?/g.
This increase in surface area can be attributed to the fact that IP-10 is
less prone to aggregation compared to the other mixed-MOFs, resulting
in better dispersion and more exposed pores. This observation is further
supported by SEM characterization. The isothermal adsorption-
desorption curves for all samples, also illustrated in Fig. 3(d), corre-
spond to type I microporous structures, indicating that microporosity
dominates in these materials. Regarding pore properties, as shown in
Table 2, the majority of the pore sizes in the substituted mixed-MOFs are
below 2.5 nm (UiO-66-NHz: 2.37 nm, BTC-10: 2.24 nm, IP-10: 2.29 nm,
BDC-10: 2.48 nm, BA-10: 2.25 nm). The microporous surface areas ob-
tained from BET analysis indicate that micropores constitute >70 % of
the total surface area for all samples. This confirms that the pore
structure of the mixed-MOFs, regardless of the specific organic ligand
substitution, is predominantly microporous.

3.2.2. SEM and zeta-potential results

The surface morphology of the mixed MOFs substituted with
different organic ligands was examined using SEM at magnifications of
20,000x and 100,000x. At a magnification of 20,000x, as shown in
Fig. 4, BDC-10 exhibited relatively larger particles compared to other
adsorbents. In contrast, at a magnification of 100,000x, IP-10, BTC-10,
and BA-10 consisted of small, spherical particles with a uniform distri-
bution. SEM analysis revealed that, except for NH,-BDC incorporation,
the incorporation of different ligands resulted in a reduction in crystal
size and the loss of the original crystal morphology.

Zeta potential measurements were conducted at pH 5, consistent
with the pH of the RhB solution used in the adsorption tests. As shown in
Fig. S2, UiO-66-NH2, IP-10, BTC-10, and BA-10 showed comparable
negative zeta potential values (—23.92 mV, —22.15 mV, —24.53 mV,
and —23.31 mV, respectively), while BDC-10 exhibited a slightly more
negative value (—30.03 mV). These results suggest that the introduction
of mixed ligands did not significantly alter the surface charge of the
MOFs. All materials presenting a negative surface charge, which would
be favorable for the adsorption of cationic RhB. However, the compa-
rable surface charges suggest that surface charge is not the primary
governing factor. Instead, variations in pore structure, such as surface
area and specific chemical interactions, appear to play a more decisive
role in determining adsorption efficiency.

3.2.3. H-NMR results
To confirm the co-integration of linkers, 'H—NMR spectroscopy was
performed on digested samples of the parent UiO-66-NH: and the mixed-

Table 2

Summary of BET surface area, micropore ratio, and pore diameter of the syn-
thesized UiO-66-NH, with the 10 mol % substitutions of different organic li-
gands, including BTC-10, BDC-10, IP-10, BA-10, and the pristine.

Adsorbent Surface area (m?/g) Micropore Pore
R ratio ( %) diameter
Total Micropore Mesopore

(nm)

Ui0-66- 791.47 628.98 162.49 79.5 2.37
NH:

BTC-10 1161.65 838.70 322.95 72.3 2.24
IP-10 1331.87  990.74 341.13 74.4 2.29
BDC-10 909.82 688.00 221.82 75.6 2.48
BA-10 866.04 655.86 210.18 75.7 2.25
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ligand MOFs (BA-10, BTC-10, BDC-10, and IP-10 using 1 M NaOH in
D20. The resulting "H—NMR spectrum of the digested parent UiO-66-
NH: (Fig. S3(a)) displayed the characteristic peaks of the NH>-BDC linker
[49]. Notably, the spectra of all digested mixed-ligand MOFs (BA-10:
Fig. S3(b) and Fig. S4; BTC-10: Fig. S3(c); BDC-10: Fig S3(d); and IP-10:
Fig 5) exhibited distinct signals corresponding to both the original
NH--BDC linker and the respective secondary linkers (BA, BTC, BDC, or
IP) [49,69-71]. The concurrent observation of signals from both linker
types provides strong evidence for their successful incorporation within
the same MOF framework.

3.3. Adsorption efficiency comparison

The adsorption tests of the mixed-MOFs substituted with different
organic ligands were conducted. As shown in Fig. 6(a), the unmodified
UiO-66-NH: exhibited limited adsorption capacity for RhB. It is pri-
marily attributed to its relatively small specific surface area, which re-
stricts the ability of the pollutant to effectively penetrate the adsorbent’s
pores for removal. Although the presence of -NH2 groups could poten-
tially assist adsorption through hydrogen bonding, the overall removal
efficiency of RhB by UiO-66-NH: remained insufficient.

The BTC-10 sample showed a significant increase in specific surface
area. However, its removal efficiency of RhB remained suboptimal. This
inefficiency can likely be attributed to the relatively large molecular size
of RhB (14.4 x 10.9 x 6.4 A) [72]1, which may cause steric hindrance
when interacting with the HsBTC-modified pores. The size mismatch
between the RhB molecules and the pores prevents effective penetration
of the dye into the internal structure of the adsorbent, thus reducing the
overall adsorption efficiency. Additionally, the complex molecular
structure of HsBTC, which contains two free carboxylate groups, might
contribute to the blockage of internal active sites within the adsorbent.
These carboxylate groups could potentially shield the active sites, hin-
dering effective contact between the adsorbent and the pollutant,
further compromising the material’s ability to remove RhB effectively.

In the case of the BA-10 sample, although the TML strategy resulted
in larger defects, the absence of free carboxylate groups, which could act
as hydrogen bond acceptors, limited its ability to form hydrogen bonds
with RhB, a hydrogen bond donor. This lack of supplementary adsorp-
tion mechanisms likely contributed to the poor adsorption performance.
The BDC-10 sample exhibited larger pores and a greater specific surface
area compared to UiO-66-NH:. This increase in surface area and pore
size contributed to an improvement in RhB removal efficiency, as the
larger pores more easily accommodated the RhB molecules. Finally, the
IP-10 sample achieved the best RhB removal performance. This can be
attributed to its combination of the highest specific surface area
(1331.87 m?/g) among the synthesized samples and the presence of a
single free carboxylate group, which facilitated hydrogen bond-assisted
adsorption. The relationship between total specific surface area, pore
size, and removal efficiency is depicted in Fig. 6(b) and (c), highlighting
the superior performance of IP-10.

To ensure reproducibility, IP-10 was re-synthesized, and RhB
adsorption tests were repeated in triplicate. As shown in Fig. S5 and
Table S2, the experimental q. values (27.19, 28.10, and 27.90 mg/g)
demonstrated excellent consistency, confirming the reliability of the
results. To evaluate reusability, the spent IP-10 was regenerated by
washing with 1 M HCI, followed by deionized water. Although the dye
color visibly faded, complete RhB desorption remained difficult, as
shown in Fig. S6. In Fig. S7, XRD analysis confirmed the preservation of
the crystalline structure after adsorption and acidic treatment. The
initial RhB removal efficiency was 92.43 %, which decreased to 53.67 %
and 50.46 % after the first and second regeneration cycles, respectively,
as shown in Fig. S8. The decline is attributed to strong dye-framework
interactions that hinder full regeneration. Nevertheless, the minimal
drop between cycles suggests stable adsorption capacity, and with
further optimization of regeneration protocols, IP-10 remains a prom-
ising candidate for practical wastewater treatment applications.
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Fig. 5. Detailed H'-NMR spectrum of IP-10.

Moreover, to further assess dye removal versatility, additional adsorp-
tion experiments were conducted using anionic methyl orange (MO) on
both UiO-66-NH: and IP-10. As shown in Fig. S9, IP-10 achieved a higher
MO removal efficiency (91.61 %) compared to UiO-66-NH: (87.51 %).
This improvement highlights the broader applicability of the mixed-
ligand strategy, with the enhanced structure and porosity of IP-10
contributing to effective adsorption of both cationic and anionic dyes.

3.4. Kinetic analysis of mixed-MOFs with different organic ligand
substitutions

The adsorption kinetics of RhB were investigated by observing its
uptake at different contact times on the various mixed-MOFs and fitting
the data to both pseudo-first-order and pseudo-second-order kinetic
models, as shown in Fig. 7(a) and (b), respectively. The corresponding
kinetic parameters are summarized in Tables 3 and 4. As shown in
Table 3, the pseudo-first-order model produced poor correlation
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Table 3
Kinetic analysis using the pseudo-first-order adsorption kinetic model.

Adsorbent k; (min™) Qe (mg-g™) R?
Exp. Cal.
UiO-66-NH2 0.0760 6.91 2.83 0.8315
BTC-10 0.1314 6.16 1.02 0.9118
IP-10 0.0034 24.29 21.51 0.9763
BA-10 0.0277 7.17 4.54 0.9736
BDC-10 0.0106 14.45 10.73 0.9728
Table 4

Kinetic analysis using the pseudo-second-order adsorption kinetic model.

Adsorbent ky (g'mg™'-min) Qe (mg-g™) R?
Exp. Cal.

UiO-66-NH: 0.0760 6.91 7.11 0.9995

BTC-10 0.1314 6.16 6.18 0.9988

IP-10 0.0034 24.29 27.78 0.9843

BA-10 0.0277 7.17 7.63 0.9958

BDC-10 0.0106 14.45 15.60 0.9913

coefficients (R? values). Moreover, the calculated equilibrium adsorp-
tion capacity (qe ca1.) derived from the model deviated significantly from
the experimental values (qe exp.), further suggesting that this model does
not adequately describe the adsorption mechanism.

In contrast, the pseudo-second-order model provided a much better
fit, as evidenced by higher R? values and a strong agreement between ge
cal. and Qe exp., as shown in Table 4. The improved correlation and pre-
dictive accuracy imply that chemisorption is the dominant mechanism
governing RhB adsorption across the different MOF compositions. The
adsorption process likely involves chemical interactions, such as
hydrogen bonding between functional groups on the RhB molecules and
active sites within the MOF structures. Specifically, hydrogen bond
donors on RhB may interact with hydrogen bond acceptors introduced
through mixed-ligand substitution, enhancing adsorption capacity [73,
74]. These results underscore the role of ligand functionalization in
promoting chemisorptive interactions and affirm the suitability of the
pseudo-second-order model for describing the adsorption kinetics of
RhB on mixed-ligand MOFs.

To further investigate the pore diffusion effects of RhB adsorption on
the mixed-MOFs substituted with different organic ligands, the Weber-
Morris model was applied. The relationship between the adsorption
capacity q; and the square root of time %5 was plotted for each mixed-
MOF, as depicted in Fig. 8. Interestingly, the plot revealed multiple
linear regions, indicating that the adsorption process involves three
distinct steps: (1) First, with a steeper slope, corresponds to the rapid
diffusion of RhB molecules from the solution to the external surface of
the mixed-MOFs. (2) Second, the adsorption stage, where intraparticle
diffusion becomes the rate-determining step. (3) Third, with a much
smaller slope, represents the equilibrium stage, where the diffusion rate
slows down due to the significantly reduced concentration of RhB in the
solution. It suggests that the adsorption rate is influenced by several
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Fig. 8. Linear fit of the intraparticle diffusion model for RhB removal efficiency
over the synthesized UiO-66-NH, with the 10 mol % substitutions of different
organic ligands, including BTC-10, BDC-10, IP-10, BA-10, and the pristine.

factors, including the size of the pollutant molecules, the pore size dis-
tribution of the adsorbent, the concentration of the pollutant, the af-
finity between the pollutant and the adsorbent, and the diffusion
coefficient of the pollutant in the liquid phase.

From the slope of the trendlines, the intraparticle diffusion coeffi-
cient (k;) was calculated for all samples and is summarized in Table 5.
Among the samples, IP-10 exhibited the highest R? values (0.9856) in
the Weber-Morris model, indicating the best fit. Additionally, IP-10 also
had the highest intraparticle diffusion rate constant (k;), reaching
2.8133 mg.g L. min. The high (k;) value for IP-10 indicates that its pore
structure is particularly conducive to facilitating rapid intraparticle
diffusion, which likely contributes to its superior adsorption perfor-
mance for RhB. The multi-step adsorption process further highlights the
complexity of the adsorption mechanism, where both external diffusion
and intraparticle diffusion play significant roles.

4. Conclusion

In this study, defect-engineered mixed-ligand Zr-MOFs were suc-
cessfully synthesized via solvothermal methods by partially substituting
NH=-BDC in UiO-66-NH: with various organic linkers. Initial screening
identified 10 mol % H3BTC substitution as optimal, offering improved
crystallinity and the highest BET surface area. Building on this, three
defect design strategies (IML, HML, and TML) were employed using
H,BDC, IP, H3BTC, and BA as co-linkers, yielding four mixed-MOFs
(BDC-10, IP-10, BTC-10, and BA-10). BET analysis confirmed that all
mixed-MOFs retained predominantly microporous structures, with
ligand substitution influencing surface area and functionality. Among
them, IP-10 exhibited the highest surface area (1331.87 m?/g) and RhB
adsorption capacity (24.29 mg/g), attributed to its single free carbox-
ylate group promoting hydrogen-bond-assisted adsorption. Kinetic
studies showed pseudo-second-order behavior across all samples, indi-
cating chemisorption as the dominant mechanism. Additionally, the
Weber—-Morris model confirmed pore diffusion as the rate-limiting step,
with IP-10 displaying the highest intraparticle diffusion coefficient (k; =
2.8133 mg-g''min™). The findings demonstrate that strategic ligand
substitution in mixed-MOFs can effectively enhance both structural
properties and adsorption performance. It offers a promising pathway
for designing advanced MOFs for environmental remediation and
related applications.
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Table 5

Kinetic analysis of the intraparticle diffusion model.
Adsorbent ki (g-mg ™ -min*%) R?
UiO-66-NH2 0.3723 0.8394
BTC-10 0.1432 0.8949
1P-10 2.8133 0.9856
BA-10 0.6074 0.9345
BDC-10 1.314 0.9709
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