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The nano-MOF-303 synthesized by microwave method exhibited efficient adsorption capacity (232 mg/g)
toward Ag*, in which the adsorption behaviors were fitted by the pseudo-second-order kinetic and the
Freundlich isotherm model. The outstanding Ag* sorption ability of nano-MOF-303 could be contributed
to electrostatic interactions, weak coordination interaction of Ag-N, and AgCl precipitates originating from
the stored Cl- in nano-MOF-303. Besides the adsorbent regeneration, the formed Ag/AgCl onto nano-
MOF-303 could produce Ag/AgCI/MOF-303 as a photocatalyst for sulfamethoxazole degradation under vis-
ible light. In this work, both the adsorption and photocatalysis mechanisms were clarified, which might
provide insight to develop more effective adsorbents for mining the critical resource from the wastewater.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a precious metal, silver is widely used in various fields in-
cluding but not limited to photographic industry [1,2], electronic
applications [3], and even consumer goods [4]. Considering the
outstanding antibacterial ability, in 2020, more than 100,000 tons
silver nanoparticle was used in the textile for socks, undergar-
ments and wound dressings [5]. Although trace silver could exhibit
effective antibacterial ability, it was reported that high concentra-
tions of silver in the water pose a great threat to the environment
[6,7]. It was necessary to remove and recover Ag from the aque-
ous waste streams from both environment sustainability and re-
source recycling. Adsorption is deemed as a preferential method to
remove and recover Ag* due to that it can concentrate the low or
even trace concentration of Ag* to facilitate the subsequent reuse.
In our previous work, we utilized NH,-MIL-125(Ti) to remove and
recover the Ag*™ from the simulated wastewater, in which the sat-
urated NH,-MIL-125(Ti) could be transferred into Ag/C/TiO, pho-
tocatalyst under high temperature [8]. The above-mentioned work
practiced the 3Rs strategy (reduce, recycle and reuse) and achieved
triple objectives of eliminating pollution, recovering resource, and
reusing resource [9].

Nano-MOF-303, as an environmentally friendly AI-MOF, demon-
strated some characteristics like porous structure, large surface
area, outstanding thermal stability and chemical stability [10].
Nano-MOF-303 is constructed from AIP* and 1-H-pyrazole-3,5-
dicarboxylate (PZDC) linkers, in which two exposed nitrogen atoms
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in the pyrazole ring might interact with the metal ions. Accord-
ing to the previous report [11], there were generally four ways
like solvothermal, reflux, vessel and microwave-assisted ones to
synthesize MOF-303. Traditional synthesis approaches can achieve
stable textural properties, morphology and affinity for adsorp-
tion, which suffered from long reaction time, high temperature
and pressure. Fortunately, the microwave assisted method demon-
strated some advantages including short reaction time (within
30min), high yield and easy crystal nucleation. In this work, we
utilized the massive Cl~ anions from the AlCl3 precursor left in the
framework of nano-MOF-303 to enhance the adsorption capacity
via the formation of AgCl precipitates and produce Ag/AgCl/MOF-
303 composite as a potential photocatalyst (Fig. 1a) [12]. For ex-
ample, Zhang et al. [13] fabricated a ternary Ag/AgCl/ NH,-UiO-
66 photocatalyst using chemical reagents to achieve effective pho-
tocatalytic Cr(VI) reduction, in which the Cr(VI) reduction perfor-
mance was superior to the pristine NH,-UiO-66 due to the boosted
separation of photo-induced electrons and holes.

The information of the chemicals and analytic methods was
provided in Texts S1 and S2 (Supporting information).

In this study, high throughput nano-MOF-303(Al) was synthe-
sized by a microwaved-assisted approach (Text S3 in Supporting
information) [11]. The PXRD patterns (Fig. 1b) of the synthesized
nano-MOF-303 particles were well matched with the single crystal
data (CCDC #2078717), indicating nano-MOF was successfully syn-
thesized with high purity. The specific surface area (1338.8 m2/g)
and pore volume (0.7993 cm?3/g) of the as-prepared nano-MOF
were comparable to those reported in the previous reports (Fig.
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Fig. 1. (a) Synthetic illustration for the nano-MOF-303 preparation and the reuse

strategy. (b) The PXRD patterns of nano-MOF-303 before and after adsorption. (c)
The HRTEM images of nano-MOF-303.

S1 in Supporting information) [14]. The high-resolution transmis-
sion electron microscope (HRTEM) image (Fig. 1c and Fig. S2 in
Supporting information) revealed that the nano-MOF exhibited ir-
regular particles with the size of 50nm [15], which was smaller
than those synthesized by the solvothermal method (100-500 nm).
This may be due to the rapid synthesis kinetics of the microwave
method shorten the time of particle growth.

The adsorption experiment (Text S4 in Supporting information)
results revealed that the as-prepared nano-MOF-303 displayed ex-
cellent adsorption ability toward Ag*™ cations with maximum ad-
sorption capacity of 232 mg/g, which surpassed the other previous
adsorbents (Table S1 in Supporting information). Three isotherm
models like Langmuir and Freundlich were employed to under-
stand how the Ag* ions interact with the nano-MOF-303 (the de-
tailed calculation can be found in Support information). As de-
picted in Fig. 2a and Table S2 (Supporting information), the higher
fitting correlation coefficients R? (0.9953-0.9966) of the Freundlich
model revealed that the uptake of Ag™ by nano-MOF-303 was
mainly a multilayer adsorption process [16]. The value of 1/n<1
represented that the adsorption energy decreased as the surface
concentration increased [17]. The gmax value estimated by the Fre-
undlich model decreased with increasing temperature, confirming
that the adsorption of Ag* ions over nano-MOF-303 was exother-
mic. The K¢ decreased with the temperature increasing, further
verifying that it is favorable for the adsorption of Ag" on the ad-
sorbent at low temperatures. To ulteriorly understand the adsorp-
tion, the thermodynamic parameters including standard enthalpy
change (AH9, kJ/mol), standard entropy change (AS?, ] mol-1K-1)
as well as standard Gibbs free energy (AGP, kj/mol) were calcu-
lated by formula (Supporting information), based on the results
obtained from the adsorption isotherm. The exothermic sorption
process was affirmed by the negative AH? (—45.64k]/mol) as pre-
sented in Table S3 (Supporting information). From the experimen-
tal results, it can be seen that the adsorption process of nano-
MOF-303 toward Agt was inhibited by the increase in tempera-
ture. The positive AS? (35.51] mol~!K-1) indicated that the high
affinity between nano-MOF-303 and Ag™ ions resulted in increased
randomness. The Gibbs free energy variation from —10.27 k]J/mol to
—10.98kJ/mol in the temperature range of 293K to 303K further
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Fig. 2. (a) The adsorption isotherms model of nano-MOF-303 for Ag* adsorp-
tion under different temperatures. (b) pseudo-first-order and (c) pseudo-second-
order kinetics models for sorption process of Ag* on nano-MOF-303. (d) The intra-
particle diffusion models for adsorption process. Experimental conditions: sorbent
dosage = 0.2 mg/L, [Ag* ]o =20 mg/L, initial pH 5.6, T=25°C.

verified that the absorption of Ag*™ on nano-MOF-303 was ther-
modynamically spontaneous.

The adsorption kinetics models fitting results of Ag™ on nano-
MOF-303 were shown in Figs. 2b and c and Table S4 (Sup-
porting information). It was obvious that the adsorption kinet-
ics of nano-MOF-303 followed the pseudo-second-order model. Be-
sides, the predicted equilibrium adsorption capacity (223 mg/g)
was consistent with the actual experimental adsorption capacity
data (232 mg/g). The high fit proved that the adsorption process
was mainly chemisorption.

The intra-particle diffusion model was always applied to ascer-
tained whether the rate-limiting steps determined the intraparticle
diffusion. Fig. 2d exhibited that both intraparticle and extra parti-
cle diffusion were responsible for controlling the adsorption rate
because the linear fit of the intraparticle diffusion model did not
pass through the origin. In the process of mass transfer of silver
ions in solution, three main stages occurred. The first step showed
that Ag ions migrated by membrane diffusion to the nano-MOF-
303’s outer surface, which was followed by intra-particle diffusion
from the boundary layer to the adsorbent’s pores. In the last stage,
silver ions were gradually adsorbed to the active sites to realize the
adsorption-desorption equilibrium. Table S4 (Supporting informa-
tion) demonstrated the intra-particle diffusion constants K; and K
for adsorption’s first and second stages. Since K; was greater than
Ky, indicating that Ag* ions were rapidly diffused at the begin-
ning of adsorption. Then, they entered the slow adsorption phase,
when Ag*t occupied the majority of the adsorption sites of nano-
MOF-303 surface, in which the increased ion competitions and de-
creased the mass transfer driving force in turn slowed down the
adsorption rate [18]. The experimental results of the intra-particle
diffusion model showed that the adsorption process of Ag™ on
nano-MOF-303 was controlled by both film diffusion and intra-
particle diffusion.

Aqueous solution pH was an important parameter in the ad-
sorption process, owing to the hydronium ions could influence the
adsorbent surface charge and adsorbate state of existence. On the
other hand, considering that at higher pH values, precipitates of
silver hydroxide would be formed [8]. The influence of pH on the
Ag* adsorption of nano-MOF-303 was analyzed by varying the pH
values between 2.0 and 5.0 (Fig. 3a). It was observed that the ad-
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Fig. 3. (a) Effect of pH on adsorbed amount of Agt (Co =50mg/L) and zeta poten-
tial of nano-MOF-303 at different pH value. (b) Effects of interfering ions on the Ag*
capture. [Cd?**]g, [C0%* ], [Zn%*]o, [Cr3*]g, [Ni?*]o =1mg/L, [Agt]o =5mg/L. (c) The
effect of CI- on the adsorption process. [Ag*]o =80 mg/L. sorbent dosage =0.2 mg/L.
(d) The PXRD of nano-MOF-303 after adsorption with different degrees of washing.

sorption capacities increase slightly as the initial pH of the solu-
tion increased. Based on the zeta potential, the isoelectric point
(zero value of zeta potential) of nano-MOF-303 occurred at pH 3.5.
The nano-MOF-303 adsorbent exhibited negative surface charge at
pH > 3.5 (Fig. 3a), which facilitated the boosted interactions be-
tween negatively charged nano-MOF-303 and positively charged
Ag* cations [19].

In order to study interference of other competing ions, different
cations like Ni?t, Zn2t, Cd%*, Cr3*, and Co?* were added to the
Ag* solution to simulate silver plating wastewater samples. Nano-
MOF-303 exhibits high selectivity towards Ag* (Fig. 3b), indicat-
ing that it can be potentially applied as an adsorbent to mine the
Ag* from some specific wastewater containing silver ions. More-
over, nano-MOF-303 synthesized by microwave method exhibited
better adsorption capacity (117 mg/g) than those synthesized by
solvothermal method (90 mg/g). It could be attributed to that the
smaller particle size that increased the contact area and active sites
of the adsorbent to interact with the silver ions (Fig. S3 in Sup-
porting information). Some stored Cl~ anions may be washing off
from the nano-MOF-303 (Fig. S4 in Supporting information), pos-
sibly leading to the decreased adsorption capacity. The results af-
firmed that the adsorption capacities decreased from 127.64 mg/g
of pristine nano-MOF-303 to 119.45 mg/g of sample being washed
for 10 d and could maintain their stability (Figs. 3c and d), im-
plying that the stored Cl~ in the framework of nano-MOF-303 left
from the reaction precursor AICl3 could further enhance the cap-
ture ability toward Ag™ due to the formation of AgCl precipitates.
While, the adsorbent nano-MOF-303 synthesized from precursor
Al(NO3); exhibited poorly adsorption capacity (92.96 mg/g), which
further authenticated the stored Cl~ played an irreplaceable role in
recovering Agt.

Several adsorption interactions could potentially be involved
in the adsorption of nano-MOF-303 toward Ag™. The PXRD pat-
terns of fresh and used nano-MOF-303 were measured (Fig. 1a).
It was seen that the new peaks of 20 being 27.82°, 32.24° and
46.24° attributed to (111), (200) and (220) typical crystal facets of
AgCl [20]. The result revealed that, along with the electrostatic in-
teraction between nano-MOF-303 and Ag™, the chemical precip-
itation of AgCl enhanced the adsorption. In Figs. 4a and b, the
high-resolution TEM (HRTEM) revealed that the presence of cen-
tral atom (Al) and nano-MOF-303 particles were doped with some
Ag/AgCl crystal particles, which can be demonstrated by the EDS

Chinese Chemical Letters 36 (2025) 110035

Fig. 4. (a) STEM-HAADF images of Ag/AgCl/MOF-303. (b, c) The EDS mapping of
nano-MOF-303 after adsorption. (d) High-resolution TEM of Ag/AgCl/MOF-303.
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Fig. 5. The XPS spectra of nano-MOF-303 and Ag/AgCl/MOF-303, (a) Survey, (b)
N1s, (c) Cl 2p (d) Ag 3d.

determination (Fig. 4c) and the lattice of d=0.27 nm (facet (200)
of AgCl) and d=0.23 nm (facet (111) of Ag®) [8,21] in HRTEM im-
age (Fig. 4d).

The X-ray photoelectron spectroscopy (XPS) spectra of the fresh
and used nano-MOF-303 could further affirm the formation of
Ag/AgCl during the adsorption process (Fig. 5a). The peaks at
285.17, 368.20, 400.84, 74.92, and 532.24 eV were assigned to C1s,
Ag 3d, N1s, Al 2p, and O1s, respectively. And the representative
peaks of 368.20eV verified that silver cations were adsorbed into
the nano-MOF-303. As depicted in Fig. 5b, XPS apectra of N1s
could be divided into C=N (399.58 eV), C-NH (400.45eV), and N-H
(401.40eV) species [22,23]. After adsorbing Ag*, the peak of C=N
at 399.58 eV weakened obviously, and a new peak belonging to Ag-
N (399.44eV) was appeared, indicating that the nitrogen atoms in
C=N could interact with Ag* to form Ag-N bond. The spectra of
Cl 2p (Fig. 5¢) indicated that the binding energies of 199.87 eV and
198.09 eV could be assigned to Cl 2pj, and Cl 2p3j, [24]. As shown
in Fig. 5d, the peaks at 373.41eV and 367.38eV can be attributed
to AgCl, whereas the peaks at 374.48 eV and 368.48eV can be at-
tributed to Ag® [21,25,26]. Combined with the above experimental
and characterization results, it could be included that electrostatic
interaction, Ag-N bond and AgCl precipitate primarily contributed
to the boosted adsorption ability of nano-MOF-303 toward Ag™.
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Fig. 6. (a) UV-vis DRS and (inset) E; plots of nano-MOF-303 and corresponding
Ag/AgCI/MOF-303. (b) The SMX degradation under different photocatalysts (Ex-
perimental conditions: dosage=0.2mg/L, initial pH 5.9, [SMX]o =5mg/L). (c) Ad-
sorption mechanism of nano-MOF-303 for Ag™ and photocatalysis mechanism of
Ag/AgCl/MOF-303.

The recyclability of nano-MOF-303 was examined by regenera-
tion via several adsorption-desorption cycles, in which NaOH, HCI,
HNOj3, and thiourea were employed as desorbing agents. It was
found that the mixture of 1% HNO3 and 1% thiourea solutions
exhibited the best desorption ability. As shown in Fig. S5a (Sup-
porting information), the adsorbed Ag*™ into nano-MOF-303 could
be desorbed within 10 min, in which 66% Ag* could be desorbed
in the second cycle. Subsequently, the PXRD patterns of the des-
orbed nano-MOF-303 agreed well with the pristine nano-MOF-
303, in which the typical peaks of AgCl evidently disappeared (Fig.
S5b in Supporting information). After three cycles of adsorption-
desorption, nano-MOF-303 maintained stable adsorption capacity
and phase stability, implying that nano-MOF-303 demonstrated
high chemical stable and satisfactory reusability.

Apart from the desorption for reusing nano-MOF-303 as adsor-
bent to remove and recover the Ag* from the aqueous solution,
the formation of Ag/AgCl onto the nano-MOF-303 might accom-
plish the as-formed Ag/AgCl/MOF-303 acting as effective photocat-
alyst. As illustrated in Fig. 6a, the UV-vis DRS revealed that the
used nano-MOF-303 could absorb the visible light in the wave-
length range from 400 nm to 600 nm, indicating that the introduc-
tion of Ag/AgCl achieved the as-formed Ag/AgCl/MOF-303 could be
irradiated by visible light. The charge carrier transfer and recombi-
nation were further affirmed by electrochemical impedance spec-
troscopy (EIS) determination, in which the Ag/AgCl/MOF-303 dis-
played smaller Nyquist arc radius (Fig. S6a). The Ag nanoparticles
on the surface of the nano-MOF-303 with the strong surface plas-
mon resonance (SPR) effect dramatically improved the ability to
absorb visible light, implying that the Ag/AgCl/MOF-303 displayed
better electrical conductivity and smaller radius [27].

As a model pollutant, the sulfamethoxazole (SMX) was selected
to assess the photocatalytic activity of Ag/AgCI/MOF-303 under the
irradiation of low power LED visible light (25W) (Text S5 in Sup-
porting information) [28]. The pristine nano-MOF-303 exhibited
weak adsorption and degradation activity toward SMX. In addi-
tion, it was observed that less than 30% SMX was adsorbed onto
Ag/AgCI/MOF-303 under dark conditions for 30 min, possibly due
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to the Ag-S bond generation. As illustrated in Fig. 6b, 99.0% SMX
can be degraded by Ag/AgCl/MOF-303 under visible light irradia-
tion for 40 min. As shown in Fig. S6b (Supporting information), to
identify the active species during the photocatalysis process, TBA,
BQ, EDTA-2Na, and L-histidine (0.2 mmol/L) were utilized to cap-
ture *OH, 0,°~, and e~, respectively [29]. The addition of TBA and
EDTA-2Na exerted little influence on SMX degradation. Conversely,
the SMX degradation efficiency extremely declined after introduc-
ing BQ, demonstrating that O,"~ might dominate the degradation
of SMX over the Ag/AgCl/MOF-303. The SPR effect of Ag® could en-
hance the visible-light absorption ability, and the component of
Ag/AgCl could also improve the separation of the photoinduced
charge carriers. More photo-induced electrons were utilized to re-
act with O, to form O,"~ radicals for SMX degradation. It was con-
cluded that the introduction of Ag/AgCl not only boosted visible
light adsorption, but also enhanced the separation of photogener-
ated electrons and holes (Fig. 6c).

In all, the as-prepared nano-MOF-303 could capture the Ag*
ions from the wastewater, which could be ascribed to the elec-
trostatic interaction, weak Ag-N coordination bond and the forma-
tion of AgCl precipitates resulted from the stored Cl~ ions in the
framework of nano-MOF-303. Different from the traditional des-
orption treatment for re-generation and reuse of adsorbents, an
effective Ag/AgCl/MOF-303 photocatalyst was developed to accom-
plish organics degradation under visible light due to the forma-
tion of Ag/AgCl onto nano-MOF-303 during the adsorption pro-
cess. In our work, the Cl~ stored in the framework can not only
synergize with nano-MOF-303 to promote the adsorption process,
but also form Ag/AgCl/MOF-303 heterojunction photocatalyst with
good photocatalytic performance, which pave an avenue for practi-
cal industrial wastewater treatment. This work provided a case of
“Reduction of pollution and carbon emissions” to mine the critical
resource and eliminated the pollutants from wastewater for sus-
tainable development.
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