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ABSTRACT: Bimetallic metal—organic frameworks (BMOFs) have garnered significant attention in the field of environmental
remediation due to their more diverse adsorption sites compared to monometallic metal—organic frameworks (MOFs). Different
energy barriers must be overcome for different metal ions and organic linkers to form MOFs. However, the impact of the synthesis
temperature on the crystallization and porosity structure of BMOFs has been rarely studied. In this work, PCN-333 series-based
BMOFs with different Fe/Al ratios were prepared by a solvothermal method at temperatures of both 135 and 150 °C. The synthesis
temperature and Fe/Al ratio have significant effects on the crystal structure and specific surface area of bimetallic PCN-333, leading
to the different adsorption performance of the PCN-333 for Congo red (CR). The Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 exhibited the maximum CR adsorption capacities of 3233 and 3933 mg/g, respectively, surpassing the capacities of most
previously documented adsorbents. The Langmuir model and pseudo-second-order kinetics can well describe the adsorption process
of CR on Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150. Combining the isotherm adsorption behavior with the thermodynamic
parameters, CR adsorption on BMOFs is a single-layer endothermic chemical adsorption. Furthermore, Fe/Al-PCN-333—135(3:1)
and Fe-PCN-333—150 exhibited regenerability and reusability for three cycles with reasonable efficiency. This work is of great
significance in the field of engineering BMOF materials to treat dye wastewater.

1. INTRODUCTION out due to its straightforward operation, high efficiency, and

) .
The global issue of water pollution stemming from organic absence of secondary pollution. * Traditional dye adsorbents
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dyes has emerged as a significant environmental concern.”” As include activated carbon,” cellulose, ™ zeolite, ” chitosan,

117 . .
industrialization progresses, various organic dyes are widely graphene oxide, * and so on. However, their adsorption
used in printing, plastics, textile, rubber, and other industries, capacity for numerous dyes is relatively low. Therefore, there is
resulting in hundreds of thousands of tons of dye waste every an urgent and imperative need to develop adsorbents with a
year.” These dyes contain harmful aromatic structures that are high adsorption efficiency for organic dyes.

highly carcinogenic and are difficult to biodegrade, posing a In recent years, metal—organic frameworks (MOFs) have

threat to human health and ecological safety. Congo red (CR)
is a widely used anionic azo dye with nonbiodegradable
properties and high biological toxicity, which can cause
reproductive disorders and even cancer to humans.* Therefore,
it is necessary to exploit efficient strategies for the removal of
CR from wastewater. Currently, prominent techniques for
treating dye-contaminated wastewater encompass chemical
precipitation,” oxidation,” photocatalytic degradation,” coagu-
lation/flocculation,® membrane separation,9 reverse osmosis, "’
and adsorption.'' Among these methods, adsorption stands

attracted widespread attention as an emerging class of
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materials. © MOFs are characterized as porous crystalline
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materials formed by the self-assembly of metal ions or metal
clusters and organic linkers.'” Due to their advantages such as
high porosity, a high specific surface area, and a large number
of unsaturated metal sites, MOFs have attracted increasing
attention in the realm of wastewater treatment.”’”>’ In
addition, under different synthesis conditions such as the
temperature and reactant ratio, the crystal structure and surface
morphology of MOFs change,”* >° thereby exerting a
significant impact on their adsorption performance. For
instance, when the size of the MOF particles is large or the
coordination binding energy between the metal nodes and the
organic linkers is too strong, the target molecules will be
prevented from entering the MOF framework or binding to the
adsorption site of MOFs.”” Therefore, regulating the
crystallization and morphology of MOFs to improve their
adsorption performance is of great significance for the
treatment of dye-contaminated wastewater. Currently, re-
searchers tend to combine two or more metal ions to form
bimetallic or multimetallic MOF materials, hoping to increase
the specific surface area by reducing the particle size of the
MOF, or combine the advantages of various components to
obtain some special properties.”””” Yang et al. successfully
prepared Fe-ZIF-8—500 by using iron ions as a modulator.*
Since the doped Fe ions provided additional adsorption sites,
the adsorption capacity of the optimized Fe-ZIF-8—500 for
tetracycline reached 867 mg/g, which was significantly higher
than the 214 mg/g of the original ZIF-8. Liu et al®! adjusted
the morphology and size of HKUST-1 by adding inorganic
salts. They found that Na" could interact with the organic
linker to reduce the crystal nucleation rate, successfully
preparing MOFs with different morphologies and sizes.”' Gu
et al. successfully prepared a series of MOFs with different
particle sizes and specific surface areas by adjusting the ratio of
Fe and Mg ions.”” Fe/Mg-MIL-88B had a higher arsenate
absorption capacity compared with the monometallic Fe-MIL-
88B. Additionally, the reaction temperature also plays an
important role in solvothermal synthesis of MOFs. The
production of MOFs, like other reactions, requires energy
extraction at a certain temperature to overcome the energy
barrier.” ]ian§ et al. prepared Co-MOF-74 at different
temperatures.” Co-MOF-74 synthesized at 100 °C exhibited
a flowerlike morphology, while others exhibited a hexagonal
prism morphology. Co-MOF-74—100 °C had the largest
specific surface area and pore volume, reaching 928.9 m*/g and
0.4296 cm®/g, respectively. However, there are few works in
the literature that simultaneously explore the adjustment of
synthesis temperature and bimetal ratio on the MOF structure,
thereby affecting the adsorption properties.

PCN-333 is a water-stable MOF that is characterized by its
exceptionally high specific surface area and pore volume. The
formation of PCN-333 entails the autonomous assembly of
metal clusters and organic ligands into a microporous
tetrahedral cage. Subsequently, the metal clusters within
these tetrahedral cages are shared, resulting in the formation
of larger mesoporous cages.””*® The structural diagram of
PCN-333 can be observed in Figure S1. The large specific
surface area and cage structure of PCN-333 facilitate enhanced
the contact and capture of adsorbed materials by the MOF. In
this work, PCN-333 series-based BMOFs with different Fe/Al
ratios was prepared at two temperatures of 135 and 150 °C.
The two temperatures were chosen because Fe-PCN-333 was
reported to be synthesized at 150 °C, whereas AI-PCN-333 is
synthesized at 135 °C.*° Higher synthesis temperatures
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indicate that the coordination bonding energy barrier between
Fe and the organic linker of H;TATB (4,4',4"-s-triazine-2,4,6-
triyl-tribenzoic acid) is higher than that between Al and
H,TATB. The novelty of our work is that we studied for the
first time the effect of the synthesis temperature on the
crystallization of the BMOFs with different coordination
energy barriers between metal ions and organic linkers. The
molar ratio of Fe to Al ions and the synthesis temperature
affect the final morphology and microstructural features of the
material, helping to optimize the adsorption performance of
the material for CR. The effects of the initial pH, adsorption
time, and initial concentration on CR adsorption performance
were explored. The possible adsorption mechanism was
analyzed using X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FT-IR). Since the
reuse of adsorbents is important from both practical
application and economic perspectives, we investigated the
regeneration and reusability of the best performing BMOFs of
Fe-PCN-333—150 and Fe/AI-PCN-333—135(3:1). The results
show that Fe-PCN-333—150 and Fe/AI-PCN-333—135(3:1)
have great potential to remove CR from wastewater.

2. MATERIALS AND METHODS

2.1. Materials. 4,4,4"-s-Triazine-2,4,6-triyl-tribenzoic acid
(H,TATB, 97% purity) and trifluoroacetic acid (99% purity)
were purchased from Shanghai Macklin Biochemical Co., Ltd.
Aluminum chloride hexahydrate (AICL-6H,O, AR grade),
ferric chloride (FeCl;, AR grade), Congo red (CR), N,N-
dimethylformamide (DMF, > 99.5% purity), and acetone
(>99.5% purity) was obtained from Tianjin Concord
Technology Co., Ltd. All chemicals were of analytical grade
and can be used directly without further treatment. Deionized
(DI) water was used throughout the experiments.

2.2. Preparation of Adsorbents. 2.2.1. Synthesis of Al-
PCN-333—135 and Fe-PCN-333—150. Al-PCN-333—135 or
Fe-PCN-333—150 was synthesized according to recently
published articles with slight modifications.*®

Synthesis of AI-PCN-333—135. H,;TATB (S0 mg, 0.113
mmol) and AICl;-6H,0 (200 mg, 0.828 mmol) were dissolved
in 10 mL of DMF, and then 1.0 mL of trifluoroacetic acid was
added. The mixture was heated in an oven at 135 °C for two
days until a white precipitate formed. The white precipitate
was centrifuged and washed successively with fresh DMF and
acetone for several times. The acetone-exchanged Al-PCN-
333—135 was dried at 85 °C for 1 h.

Synthesis of Fe-PCN-333—150. H;TATB (50 mg, 0.113
mmol) and FeCl; (60 mg, 0.370 mmol) were dissolved in 10
mL of DMF, and then 0.5 mL of trifluoroacetic acid was
added. The mixture was heated in an oven at 150 °C for 12 h
until a brown precipitate formed. The brown precipitate was
centrifuged and washed successively with fresh DMF and
acetone for several times. The acetone-exchanged Fe-PCN-
333—150 was dried at 85 °C for 1 h.

2.2.2. Synthesis of Fe/Al-PCN-333—135. H;TATB (50 mg,
0.113 mmol) and a certain amount of AICl;-6H,0 (0.621,
0.414, 0.207, and 0 mmol) and FeCl, (0.207, 0.414, 0.621, and
0.828 mmol) are dissolved in 10 mL of DMF then 1.0 mL of
trifluoroacetic acid was added. The mixture was heated in an
oven at 135 °C for two days. The molar ratios of Fe to Al in
precursor solution were 1:3 (Fe/Al-PCN-333—135(1:3)), 1:1
(Fe/Al-PCN-333—135(1:1)), 3:1 (Fe/Al-PCN-333—
135(3:1)), and 1 (Fe-PCN-333—135). The precipitates were
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Figure 1. PXRD spectra of (a) PCN-333—135 and (b) PCN-333—150 series samples; FT-IR spectra of (c) PCN-333—135 and (d) PCN-333—150

series samples.

centrifuged, washed successively with fresh DMF and acetone
several times, and dried at 85 °C for 1 h for use.

2.2.3. Synthesis of Fe/Al-PCN-333—150. H;TATB (50 mg,
0.113 mmol) and a certain amount of AlCl;-6H,0 (0.0925,
0.185, 0.2775, and 0.370 mmol) and FeCl; (0.2775, 0.185,
0.0925, and 0 mmol) are dissolved in 10 mL of DMF, and then
0.5 mL of trifluoroacetic acid was added. The mixture was
heated in an oven at 150 °C for 12 h. The molar ratios of Fe to
Al in precursor solution were 1:3 (Fe/Al-PCN-333—
150(1:3)), 1:1 (Fe/Al-PCN-333—150(1:1)), 3:1 (Fe/Al-
PCN-333—150(3:1)), and 1 (AI-PCN-333—150). The precip-
itates were centrifuged, washed successively with fresh DMF
and acetone several times, and dried at 85 °C for 1 h for use.

2.3. Characterizations. The physicochemical properties of
the as-synthesized BMOFs were characterized by the powder
X-ray diffraction (PXRD), scanning electron microscope
(SEM), X-ray photoelectron spectra (XPS), thermogravimetric
analyses (TGA), Fourier transform infrared spectra (FT-IR),
and Brunauer—Emmett—Teller (BET).

2.4. Adsorption Experiments. In all of the adsorption
experiments, CR solutions were prepared using CR and
deionized water. Unless otherwise stated, batch adsorption
experiments were performed on a constant-temperature shaker
with an aqueous solution volume of 30 mL, a temperature of
298 K, a stirring speed of 120 rpm, and S mg of the adsorbent.
In the kinetic experiment, the CR concentration was 400 mg/L
with the contact time ranging from S to 360 min. The isotherm
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experiment was carried out at 298 K, and the initial
concentrations of CR solution ranged from 100 to 1000 mg/
L. Thermodynamic experiments were conducted at 298, 308,
and 318 K with an initial CR concentration of 1000 mg/L. To
investigate the effect of different dosages on CR adsorption
performance, 2.5—12.5 mg of the adsorbent was added to 30
mL of CR solution with an initial concentration of 500 mg/L.
To explore the influence of the pH value on adsorption
performance, the pH value of CR solutions was adjusted by
adding 0.1 mol/L HCI or NaOH.

The CR concentration was measured at 496 nm using a
UV—vis spectrometer. The standard curve of CR is shown in
Figure S2. The adsorption capacity was calculated as follows:

_ (g=c) XV

o= m (1)
_ (CO - Ce) XV

1= m (2)

where ¢, (mg/L), ¢, (mg/L), and ¢, (mg/L) are the initial, ¢
time, and equilibrium concentrations of CR solution,
respectively, q, (mg/g) and g, (mg/g) are the adsorption
capacities at t time and equilibrium, respectively, V (L) is the
volume of the CR solution, and m (g) is the mass of the
adsorbent. All experiments were repeated at least three times.
The removal efficiency (R, %) was calculated as follows:
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Figure 2. SEM images of (a) AI-PCN-333—135, (b) Fe/Al-PCN-333—135(1:3), (c) Fe/Al-PCN-333—135(1:1), (d) Fe/Al-PCN-333—135(3:1),
(e) Fe-PCN-333—135, (f) ALPCN-333—150, (g) Fe/Al-PCN-333—150(1:3), (h) Fe/AI-PCN-333—150(1:1), (i) Fe/Al-PCN-333—150(3:1), and
(j) Fe-PCN-333—150 and macroscopic photographs of (k) PCN-333—13S$ series samples and (1) PCN-333—150 series samples with the increase

of the Fe amount.
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To explore the reusability of the adsorbent, 10 mg of the
adsorbent was added to 60 mL of CR solution (400 mg/L, pH
S). After the adsorption equilibrium was reached, the
adsorbent-loaded CR was shaken with 60 mL of the eluent
at 120 rpm and 298 K for a specific time to determine the
concentration of CR in the eluent. The adsorbent loaded CR
was washed several times with the eluent until no CR was
present in the eluent, and the regenerated adsorbent was dried
in an oven at 85 °C for subsequent use. The desorption
quantity (qq mg/g) and desorption efficiency (D, %) were
calculated as follows

_ Celuent X Vveluent
= o)
q
D= -2 x 100
9. )

where cCuene (mg/L) and Ve, (L) refer to the CR
concentration and volume of the eluent after desorption,
respectively.

3. RESULTS AND DISCUSSION

3.1. Morphology and Structural Characterization.
3.1.1. PXRD and FT-IR Analysis. The crystallization behavior
of the prepared MOF materials was analyzed by PXRD. As
shown in Figure 1a,b, the main diffraction peaks of most of the
prepared adsorbents are in good agreement with the simulated
pattern from the crystallographic information file.*® As the
additional amount of FeCl; or AlCl;-6H,0 increases, only the
intensities of several characteristic peaks change, which implies
that the PCN-333—135 and PCN-333—150 series samples
were successfully prepared. The crystallinity of each product
was determined by analyzing the XRD pattern, and the result is
presented in Table S1. It is evident that the crystallinity of the
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product exhibits a gradual decline as the FeCl; content
increases at a temperature of 135 °C. Similarly, at a
temperature of 150 °C, the crystallinity of the product
gradually diminishes with an increase in the AICl;-6H,0
content. The PXRD spectra of Fe-PCN-333—135, Al-PCN-
333—150, and Fe/Al-PCN-333—150(1:3) exhibited an ab-
sence of distinct diffraction peaks, suggesting the absence of
crystallization in these three samples. This unanticipated
outcome could potentially be attributed to the mismatch in
the synthesis temperature and coordination binding energy
between the metal ions and organic linkers.

To explore the characteristic functional groups of the
prepared PCN-333 materials, FT-IR spectra are shown in
Figure 1c,d. The —COOH vibration peaks at 1651 and 1402/
1400 cm™" confirmed the existence of dicarboxylate coordi-
nated with metal ions.”” The peaks at 1016 cm™' (C=C) and
702 cm™ (C=N) are the characteristic peaks of aromatic
heterocycles and triazine nuclei, illustrating the existence of the
H,TATB linker.*® In addition, the peaks at 1441/1439 and
517 cm™! represent the stretching modes of Al-O and Fe—O,
respectively.

3.1.2. SEM Analysis. The electron microscopy and macro-
scopic photographs of the PCN-333 synthesized with different
Fe/Al ratios at 135 and 150 °C are shown in Figure 2. As
depicted in Figure 2a,j, the monometallic PCN-333 of Al-
PCN-333—135 and Fe-PCN-333—150 exhibits an octahedral
crystal morphology with average crystal diameters of 1.3 and
2.5 pm, respectively. However, the addition of secondary metal
ions resulted in the reduction of the octahedral crystals and the
increase of lamellar agglomerates, as depicted in Figure 2b—i.
This result is consistent with the PXRD spectra of the PCN-
333 series samples. Moreover, the particle size gradually
decreased with the addition of secondary metal ions. As shown
in Figure 2b—e and Figure S3, the particle sizes of PCN-333—
135 series samples gradually decreases with the increasing
amount of FeCl;. The particle size of Fe/Al-PCN-333—
135(1:3), Fe/Al-PCN-333—135(1:1), Fe/AlI-PCN-333—

https://doi.org/10.1021/acsomega.3c09256
ACS Omega 2024, 9, 7173-7187
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135(3:1), and Fe-PCN-333—135 was measured to be 1.13,
0.75, 0.60, and 0.53 pm, respectively. Likewise, as depicted in
Figure 2f—i and Figure S4, the particle sizes of PCN-333—150
series samples gradually decreased with the increasing amount
of AICl;-6H,0. The particle sizes of Fe/Al-PCN-333—
150(3:1), Fe/Al-PCN-333—150(1:1), Fe/Al-PCN-333—
150(1:3), and Al-PCN-333—150 were measured to be 1.87,
1.67, 1.04, and 0.62 pum, respectively.

3.1.3. BET Analyses. The specific surface area and pore size
of the PCN-333—135 and PCN-333—150 series samples were
determined by N, adsorption—desorption experiments. The
results are shown in Figure 3a—d and Tables S2 and S3. In the
extremely low-pressure range (P/P, < 0.05), all the materials
exhibited rapid N, absorption, indicating the presence of
micropores. Moreover, a hysteresis loop appears in the relative
pressure range of 0.4—1.0 P/P, for all samples, indicating the
existence of mesopores. Significantly, the specific surface area
of bimetallic PCN-333 was greatly affected by the Fe/Al ratio
and the synthesis temperature. For the PCN-333—135 series
samples prepared at 135 °C, the specific surface area of Fe/Al-
PCN-333—135(3:1) was much higher than that of other PCN-
333—135 samples. For the PCN-333—150 series samples
prepared at 150 °C, the specific surface area of Fe-PCN-333—
150 was much higher than that of other PCN-333-150
samples. Both Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
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150 exhibit remarkably high specific surface areas as evidenced
by the pore size distribution curves depicted in Figure 3c,d.
Notably, when compared to other series samples, these two
samples demonstrate a substantial increase in pore volume
within the 2—4 nm pore size range, indicating the presence of
hierarchical porosity.”” This increase in the pore volume is
advantageous for enhancing the specific surface area and
facilitating the exposure of additional active sites.””*!

3.1.4. Thermogravimetric and XPS Analysis. Thermogravi-
metric analysis (TGA) curves can reflect the thermal stability
of bimetallic PCN-333 samples, as shown in Figure 4a,b. All of
the TGA curves show two main mass loss regions. The first
mass loss is mainly caused by the evaporation of acetone and
DMF solvent, and the second mass loss is caused by
decomposition of the framework. For the PCN-333—135
series of samples, the decomposition temperature of
monometallic AI-PCN-333—135 was 500 °C, which is
significantly higher than that of monometallic Fe-PCN-333—
135 of 360 °C. Meanwhile, the decomposition temperature of
all bimetallic Fe/AlI-PCN-333—135 samples was between
monometallic AI-PCN-333—135 and Fe-PCN-333—13S. This
result indicated that the thermal stability of AI-PCN-333 is
higher than that of Fe-PCN-333. Likewise, the decomposition
temperature of 510 °C for monometallic AI-PCN-333—150 is
significantly higher than 400 °C for monometallic Fe-PCN-
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Figure 4. TGA curves of (a) the PCN-333—13S series samples and (b) the PCN-333—150 series samples. XPS spectra of (c) Al 2p for PCN-333—

135 series samples and (d) Fe 2p for PCN-333—150 series samples.

333—150. It is noteworthy that the decomposition temper-
atures of PCN-333—150 series samples are higher than that of
corresponding PCN-333—1335 series samples. The results show
that the higher synthesis temperature of 150 °C contributes to
improve the thermal stability of Fe/AI-PCN-333.

XPS was used to further understand the crystal defects of
PCN-333—135 and PCN-333—150, and the results are shown
in Figure 4¢,d. By comparing the coordination number changes
of Fe or Al, the defects can be determined indirectly.”” For the
PCN-333—13S$ series samples, the binding energy of Al 2p
gradually decreased with the Fe increase, indicating that the
coordination number of Al decreased and the defect content
gradually increased. For the PCN-333—150 series samples, as
the Al content increases, the binding energy of Fe 2p gradually
moved to a lower level, indicating that the coordination
number of Fe decreased and the defect content gradually
increased. Defects can lead to the exposure of additional
unsaturated coordination sites,*” which may enhance the CR
adsorption capacity of the PCN-333.

3.2. Adsorption Performance. 3.2.1. Effect of Fe/Al
Ratios. To investigate the effect of the Fe/Al ratio of bimetallic
PCN-333 on the CR adsorption performance, PCN-333—135
and PCN-333—150 samples with different Fe/Al ratios were
used to determine their CR adsorption capacities at different
initial CR concentrations. As shown in Figure Sab, the
adsorption capacities of all the adsorbents were enhanced with
the increase of the initial CR concentration. For the PCN-
333—135 series samples, the adsorption capacity of Fe/Al-
PCN-333-135(3:1) is superior to other adsorbents. However,
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for the PCN-333—150 series samples, Fe-PCN-333—150 has
the highest adsorption capacity. The high adsorption capacity
may be attributed to their elevated specific surface areas, as
evidenced by the data presented in Tables S2 and S3.
Consequently, Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 are chosen for further investigation in subsequent research
endeavors.

3.2.2. Effects of Dosages. Figure Sc,d shows the effects of
the dosage of Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 on the CR adsorption capacity and removal efficiency. As
the dosage of the two BMOFs increased, the removal efficiency
increased and the adsorption capacity declined. When the
dosage increased from 0.083 mg/mL to 0.417 mg/mL, the CR
removal efficiency of Fe/Al-PCN-333—135(3:1) and Fe-PCN-
333—150 increased from 53.2 to 92.1% and from S55.8 to
97.6%, respectively. Meanwhile, the adsorption capacity of Fe/
Al-PCN-333-135(3:1) and Fe-PCN-333—150 decreased from
3190.2 to 1104.9 mg/g and from 3346.5 to 1171.1 mg/g,
respectively. When the dosage of the adsorbent was higher
than 0.167 mg/mL, the CR removal efficiency gradually
stabilized. The initial significant increase in CR removal
efficiency is due to the increase in CR binding active sites.
However, overuse of adsorbents can result in redundant active
sites, leading to unsaturated adsorption and low adsorption
capacity, thus hindering the full utilization of adsorbents.
Therefore, we selected the dosage of Fe/Al-PCN-333—
135(3:1) and Fe-PCN-333—150 to be 0.167 mg/mL for
further study.
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Figure S. Adsorption capacity of (a) PCN-333—135 and (b) PCN-333—150 samples in different initial concentrations of CR solution with a
dosage of 0.167 mg/mL. To ensure the adsorption equilibrium, the contact time was set for 6 h. Effect of the dosages of (c) Fe/Al-PCN-333—
135(3:1) and (d) Fe-PCN-333—150 on CR adsorption performance with an initial CR concentration of 500 mg/mL.

3.2.3. Influence of the Initial pH. pH value is one of the key
factors affecting adsorption properties, which changes the
surface charge of the adsorbent and CR molecules. Figure 6a
shows the effect of the pH value on the CR adsorption capacity
of Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150. It was
found that as the pH value increases from 3 to S, the
adsorption capacities of Fe/Al-PCN-333—135(3:1) and Fe-
PCN-333—150 gradually increase and reach the maximum
value of 2283.7 and 2754.6 mg/g, respectively. With the
further increase of the pH value, the adsorption capacity of the
two adsorbents gradually decreased. CR is an anionic azo dye.
Its sulfonate moiety contains a negative sulfonic acid group,
and its isoelectric point is approximately 3.! Therefore, the
surface charge of the CR in our experiment is negative. In
addition, the metal ions of Fe/Al-PCN-333—135(3:1) and Fe-
PCN-333—150 exhibit a positive charge under acidic
conditions. Therefore, under acidic conditions, the positively
charged adsorbent generates a strong electrostatic attraction
with the negatively charged CR, resulting in higher adsorption
capacity. With the increase of the alkalinity of the solution, the
positive charge on the adsorbent surface declines, so the
adsorption capacities gradually decrease. On the other hand,
large numbers of OH™ in alkaline solution compete with CR
molecules for adsorption sites, resulting in the reduction of
adsorption capacity. Therefore, the optimal pH value for CR
adsorption by Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 was obtained to be S.
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3.2.4. Adsorption Kinetics. To reveal the mass transfer
mechanism and rate-limiting steps of the adsorption process,
pseudo-first-order, pseudo-second-order, and Weber-Morris
intraparticle diffusion models were used to simulate the
adsorption kinetics of Fe/Al-PCN-333—135(3:1) and Fe-
PCN-333—150 on CR. The equations of the three kinetic
models are shown as follows

Pseudo-first-order: ln(qe — qt) =lIngq, — kt (6)
Pseudo-second-order: L ! >+ t
9 ka4 )
Weber-Morris intraparticle diffusion: g, = kgt + C
(8)

where k; (min™"), k, (mg™"-g'min™"), and ky (mg-g~"-min~"*)
are the rate constants of the pseudo-first-order, pseudo-second-
order, and Weber-Morris intraparticle diffusion models,
respectively.

The influence of the contact time on the adsorption
behaviors is presented in Figure 6b. In the initial 30 min,
Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 showed a
rapid adsorption rate and gradually reached equilibrium within
240 min. Moreover, Fe-PCN-333—150 has a higher adsorption
capacity and faster CR adsorption rate than Fe/Al-PCN-333—
135(3:1), which may be due to the larger specific surface area
of Fe-PCN-333—150. The linear fittings of the pseudo-first-
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Figure 6. Effect of Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 on the CR adsorption capacity at different (a) initial pH values and (b)
contact times. (c) Adsorption kinetic curves of CR on Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 fitted by pseudo-first-order and pseudo-
second-order kinetic models. (d) Weber-Morris intraparticle diffusion model for CR adsorption on Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—

150, indicating three stages.

order and pseudo-second-order kinetic models for CR
adsorption by Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 are shown in Figure S5, and the relevant kinetic
parameters are listed in Table S4. Their pseudo-second-order
models fit better than their pseudo-first-order models, and the
correlation coefficient (R?) is also higher. In addition, the fitted
adsorption capacities using the pseudo-second-order model are
closer to the experimental adsorption capacities, indicating that
the pseudo-second-order model is more accurate in analyzing
the CR adsorption behavior by Fe/Al-PCN-333—135(3:1) and
Fe-PCN-333—150 (Figure 6¢c). This result indicates that
chemical adsorption plays a major role in the CR adsorption
process.

The diffusion mechanism of CR on Fe/Al-PCN-333—
135(3:1) and Fe-PCN-333—150 was analyzed using the
Weber-Morris intraparticle diffusion model. As can be seen
from Figure 6d, the adsorption process can be roughly divided
into three stages: surface diffusion, mesopore diffusion, and
micropore diffusion. As shown in Table S3, the diffusion
constants of Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 show a trend of kjg; > kig, > kig3. For the solid—liquid
adsorption process, surface diffusion is very fast and can usually
be ignored. The diffusion constants of kig;, ks and ki
correspond to mesoporous diffusion, microporous diffusion,
and chemical equilibrium, respectively. The appearance of a
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lower diffusion constant of k4, indicated that the micropore
diffusion is the rate-limiting step in the adsorption process.*’

3.2.5. Adsorption Isotherms. Figure 7a,b shows the effect of
the initial concentration of CR on the adsorption capacities of
Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150. As the
initial CR concentration increases from 100 to 1000 mg/L,
the adsorption capacity of Fe/Al-PCN-333—135(3:1) and Fe-
PCN-333—150 gradually increased while the removal
efficiency gradually decreased. Figure S6 shows the color
changes before and after the adsorption of CR by Fe/Al-PCN-
333—135(3:1) and Fe-PCN-333—150 at 200 mg/L. Signifi-
cantly, the removal efficiency of CR by these two materials is
very high at low concentrations. To further understand the
process of CR adsorbed onto the two BMOFs and estimate the
maximum CR adsorption capacity (gme), the isothermal
adsorption data were fitted to the Langmuir and Freundlich
models, which are represented as follows

c, c, 1
Langmuirmodel: — = +
qe qmax KLqmax (9)
. 1
Freundlichmodel: Ing = —Inc, + InKj;
¢ n (10)

where ¢, (mg/g) is the maximum adsorption capacity and K.
and Kg are the adsorptions constant for the Langmuir and
Freundlich models, respectively.
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Figure 7. Effect of the initial CR concentration on the adsorption of CR by (a) Fe/Al-PCN-333—135(3:1) and (b) Fe-PCN-333—150. (c)
Adsorption isotherm of Fe/AI-PCN-333—135(3:1) and Fe-PCN-333—150 adsorbing CR. (d) Comparison of the q,,,, and equilibrium adsorption
times of Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 with other reported adsorbents.

Table 1. Comparison of CR Adsorption Capacities of Various Adsorbents

adsorbents t (min) T (K)
Co/Fe-BDC-(1) 120 298
Ui0-66/G0O-2.5 15 303
2D Zn-MOF 40 298
ZIF-67@C-MOF-74 20 298
Fe;0,@MOF (Fe) @COF 120 318
MIL-53-PPTA-(2) 240 298
MIL-53 360 298
[C,mim]Cl—Eu-MOF 40 303
MIL-88A (Fe—Al) /CS 360 298
Z1s0,(OH),(OAC)((BTC), 70 298
Fe/Al-PCN-333—135(3:1) 240 298
Fe-PCN-333—-150 240 298

dosage (mg/mL) Gmax (mg/g) refs

1 1935.68 44

0.01 1250 45

0.083 6639.55 46

1 180 47

0.02 1250.02 48

1 1053.41 49

1 666.67 49

0.1 2606 =0

0.5 1312 1

0.2 870 S1

0.167 32339 this work
0.167 3933.0 this work

As depicted in Figure 7c, the adsorption isotherm exhibits a
type I shape. The linear fitting, corresponding fitting
parameters, and fitting theoretical curves for CR adsorption
on Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 are
shown in Figure 7¢, Figure S7, and Table S5, respectively.
The correlation coefficient of the Langmuir model (R* > 0.99)
is higher than that of the Freundlich model, indicating that the
Langmuir model can better describe the adsorption of CR on
the two materials. In addition, the theoretical value of g, is
basically consistent with the experimental value. As a result, we
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concluded that CR is adsorbed on the surface of Fe/Al-PCN-
333—135(3:1) and Fe-PCN-333—150 in the monolayer form.
The experimental q,,,, values of Fe/Al-PCN-333—135(3:1)
and Fe-PCN-333—150 for CR were 3233.9 and 3933.0 mg/g,
respectively, which are much higher than that of most materials
reported in the literatures (Figure 7d and Table 1). Therefore,
Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 are very
promising materials for the treatment of CR-contaminated

wastewater.
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Table 2. Thermodynamic Parameters of the CR Adsorption of Fe/Al-PCN-333-135(3:1) and Fe-PCN-333-150 at Different

Temperatures
AG° (kJ/mol)
adsorbents AH® (kJ/mol) AS® (J-mol™'K™") 298 K 308 K 318 K
Fe/Al-PCN-333—135(3:1) 7.048 39.771 —4.804 —5.201 —5.599
Fe-PCN-333-150 13.939 66.948 —6.012 —6.681 —7.350
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3.2.7. Adsorption Thermodynamics. To understand the
thermodynamic of the CR adsorption by Fe/AI-PCN-333—
135(3:1) and Fe-PCN-333—150 and to evaluate its depend-
ency on temperature, the adsorption capacities of Fe/Al-PCN-
333—135(3:1) and Fe-PCN-333—150 were measured at 298,
308, and 318 K. The thermodynamic parameters were
calculated as follows:

AGY = — R:rlnE
Ce (11)
AG® = AH® — TAS® (12)
q, AH® AS°
In—¢ =—- — + =
C. RT R (13)

where AS°, AG’, and AH° represented the change of standard
entropy, Gibbs free energy, and enthalpy of the adsorption,
respectively. T was the absolute temperature in Kelvin (K),
and R was the ideal gas constant (8.314 J-mol ™K ™").

The CR adsorption capacities of Fe/Al-PCN-333—135(3:1)
and Fe-PCN-333—150 at different temperatures are shown in
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Figure S8a. As the temperature increases, the adsorption
capacities of both materials increases slowly. To evaluate the
effect of temperature on the adsorption process, we plotted the
ln(qe/ce) values against 1/T for the CR adsorption on Fe/Al-
PCN-333—135(3:1) and Fe-PCN-333—150, as shown in
Figure S8b. A linear regression analysis was performed to
determine the thermodynamic parameters, and the results are
listed in Table 2. The negative values of AG® indicate that the
adsorption process is thermodynamically favorable and
spontaneous at all of the temperatures studied. This suggests
that the adsorbent material has a strong affinity for CR, driving
the adsorption process. The decrease in AG’ with the
temperature indicates that the adsorption process becomes
favorable at higher temperatures. Moreover, the positive values
of AH? and AS° indicate that the CR adsorption on Fe/Al-
PCN-333—135(3:1) and Fe-PCN-333—150 is an endothermic
process, accompanied by an increase in disorder or random-
ness of the solid—liquid interface. This may be attributed to
the replacement of ordered water molecules on the surface of
BMOFs by CR during the adsorption process.

https://doi.org/10.1021/acsomega.3c09256
ACS Omega 2024, 9, 7173-7187


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09256/suppl_file/ao3c09256_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09256/suppl_file/ao3c09256_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09256?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09256?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09256?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09256?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
(2)
Cls
O1ls
_ Fe2p Nls
g L_,.-L/\J
= PCN-333- HC S1pai2
< Fe/Al-PCN-333-135(3:1)+CR D P
= Cls
H
&
= O1ls
Fe/Al-PCN-333-135(3:1) Fe 2p
Nils
Al 2p
T T T T T T
1200 1000 800 600 400 200 0
Binding Energy (eV)
(©
Fe2p,,
Fe2p Fe2pin PO s

Fe/Al-PCN-333-135(3:1)+CR

Fe2p,,

Intensity (a.u.)

Fe/Al-PCN-333-135(3:1)

725 720 715 710

Binding Energy (eV)

735 730

(e)

Al 2p 74.02

Fe/Al-PCN-333-135(3:1)+CR

Intensity (a.u.)

Fe/Al-PCN-333-135(3:1)

80 78 76 74

Binding Energy (eV)

72 70

(b)

Ol1s

Fe-PCN-333-150+CR  Fe 2p
S 1pAl2p
]

1Is

Intensity (a.u.)

Ols

Fe-PCN-333-150

Fe2p Nls

Al2p
Y

T T T T
800 600 400 200

Binding Energy (eV)

: -
1200 1000 0

(d)

711.57

Fe-PCN-333-150+CR

Fe2p,,

Intensity (a.u.)

729.47 !

715 710

Binding Energy (eV)

705
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3.3. Adsorbents' Regeneration and Reuse. Adsorbents
that can be reused have more advantages in practical
applications because the reuse of materials can reduce the
cost of adsorption.””>* The regeneration of adsorbents is an
important step in reuse, and we used ethanol and acetone as
eluents to regenerate Fe/Al-PCN-333—135(3:1) and Fe-PCN-
333—150. The advantage of using organic solvent is that it
facilitates the recovery of the CR dye through drying the
solvent. As depicted in Figures S9 and S10, the desorption
efficiency of ethanol is higher than that of acetone. Therefore,
we used ethanol as an eluent to carry out the adsorption—
desorption cycle experiments. Figure 8a,b shows the
adsorption—desorption cycles of CR. It can be observed that,
with the increase in the cycle number, the removal efficiency of
CR and the desorption efficiency gradually decrease. The CR
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removal efficiency of Fe/Al-PCN-333—135(3:1) decreased
from 82.7% (the first cycle) to 72.3% (the second cycle) then
to 60.8% (the third cycle). The Fe-PCN-333—150 removal
efficiency of CR decreased from 91.6% (the first cycle) to
71.5% (the second cycle) then to 56.5% (the third cycle). The
decrease of CR removal eficiency is a result of the adsorbed
CR being partially retained on the adsorbent, and the
adsorption sites cannot be completely regenerated.”” After
the third cycle, Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—
150 still maintained an acceptable adsorption capacity (1458.8
and 1355.8 mg/g, respectively), indicating that the two
materials have good reusability.

3.4. Adsorption Mechanism. To further explore the
adsorption mechanism of CR by Fe/Al-PCN-333—135(3:1)
and Fe-PCN-333—150, FT-IR and XPS spectra were used to
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characterize the functional groups, elements, and binding
energies of Fe/AI-PCN-333—135(3:1) and Fe-PCN-333—150
before and after CR adsorption. The FT-IR spectra of Fe/Al-
PCN-333—135(3:1) and Fe-PCN-333—150 before and after
CR adsorption are shown in Figure 8c,d. CR has a stretching
vibration of S=O in the —SO;™ group at 1222, 1177, and 1060
cm™’, a stretching vibration in the —N=N-— group at 1584
cm™, and a characteristic peak at 930 cm™' for the biphenyl
group.”® After CR adsorption, the peak of Fe/Al-PCN-333—
135(3:1) and Fe-PCN-333—150 at 1651 cm™"' moved to 1601
cm™, which was caused by the overlap between the stretching
vibration of the carboxyl group in PCN-333 and the stretching
vibration of the —N=N-— group in CR. Moreover, the
widening of adsorption peaks at 3420/3397 cm™" is related to
the overlap of the absorption peak of N—H and O—-H
stretching vibrations. These results indicated the n—x
interaction and hydrogen bond formation during the
adsorption process.”***> Furthermore, Fe/Al-PCN-333—
135(3:1) and Fe-PCN-333—150 adsorbed by CR appeared
with new peaks at 1227, 1175, 1036/1038, and 930 cm™}, and
the peak at 517 cm™ was widened. The stretching vibration
peak of S=O in the —SO;~ group of CR was shifted after
adsorption, indicating that there was electrostatic attraction
between the metal in PCN-333 and the —SO;™ group of CR in
the adsorption process.

The XPS spectra of Fe/Al-PCN-333—135(3:1) and Fe-
PCN-333—150 before and after CR adsorption are shown in
Figure 9a—e. After Fe/Al-PCN-333—135(3:1) and Fe-PCN-
333—150 adsorbed the CR, a new peak of S 1p appeared on
the wide-scan XPS spectrum (Figure 9a,b). This shows that
CR was successfully captured on the surface of Fe/Al-PCN-
333—135(3:1) and Fe-PCN-333—150. As depicted in Figure
9c—e, after Fe/Al-PCN-333—135 (3:1) and Fe-PCN-333—150
adsorbed CR, the peaks of Fe 2p moved toward higher binding
energy and the Al 2p peak showed a slight shift, indicating that
both Fe and Al form new chemical bonds. Combined with the
above FT-IR analysis, the Fe/Al-O—S bonds between PCN-
333 and CR was formed after the materials adsorbed CR.

Based on the above results and analysis, it is proven that Fe/
Al-PCN-333—135(3:1) and Fe-PCN-333—150 adsorb CR
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through a 7—x interaction, hydrogen bond, and electrostatic
attraction. The possible schematic diagram of adsorption
mechanism is shown in Figure 10.

4. CONCLUSIONS

In this study, Fe/Al PCN-333 p3OFs with different crystal
structures and specific surface areas were prepared successfully
by a solvothermal method at different temperatures. Among
them, Fe-PCN-333—150 and Fe/Al-PCN-333—135(3:1) have
a relatively high specific surface area and excellent CR
adsorption properties. The adsorption kinetics of the two
adsorbents is in accordance with pseudo-second-order kinetics,
and the Langmuir model can describe the adsorption of CR on
these two materials well. At 298 K, the adsorption capacities of
Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 for CR
were up to 3233.9 and 3933.0 mg/g, respectively. The
elevated adsorption capacities of the two adsorbents are
ascribed to their high specific surface area and pore volume,
engendering ample adsorption sites and facilitating the
diffusion of the adsorbed substances. FT-IR and XPS spectral
results show that the main mechanism of CR adsorption by
Fe/Al-PCN-333—135(3:1) and Fe-PCN-333—150 is a n—7
interaction, hydrogen bonds, and electrostatic attraction. This
work has shown that Fe/Al-PCN-333—135(3:1) and Fe-PCN-
333—150 are effective adsorbents for the treatment of dye
wastewater.
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