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ABSTRACT: Visible-light-responsive materials sparked wide
interest due to visible light possessing some merits like no
byproduct formation, environmental friendliness, and nearly
zero energy consumption. In this work, UiO-66-NH2/Ag2CO3
(UAC-X) composites with outstanding adsorption and visible-
light-triggered desorption performance toward sulfonamides
(SAs) like sulfamethoxazole (SMX), sulfisoxazole (SIX), and
sulfamethazine (SMT) were reported. It was believed that the
interactions between −NH2 from SAs and Ag+ of Ag2CO3
(UAC-X) nanoparticles contributed to the outstanding
adsorption performance toward the SAs. The conversion
from Ag+ to Ag0 of the photosensitive Ag2CO3 (NPs) in the
UAC-X composites led to the controlled delivery of SAs, in which the release performance could be tuned by the UiO-66-NH2
proportion in UAC-X. Additionally, the DFT calculation results demonstrated that the binding energy of Ag+−NH2 (BE =
−0.925 eV) is lower than the band gap of Ag2CO3 (BE = 2.3 eV), implying that the conversion from Ag+ to Ag0 contributed to
the SAs desorption. The light-induced desorption will provide new strategies to realize environment friendly and inexpensive
regeneration of adsorbents.
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1. INTRODUCTION

The pharmaceutical and personal care products (abbreviated
as PPCPs) are emerging as pseudo persistent organic
pollutants,1 including substances for the purpose of personal
health/cosmetic reasons, along with the products to improve
the livestock’s growth and health.2 Elevated levels of PPCPs
have been detected in the aquatic and soil environment
throughout the world, which exert serious threats to the
ecological environment and even human health.3−7 The
antibacterial sulfonamides (SAs) are widely selected to prevent
infectious diseases and to boost livestock growth, which
resulted in their wide distribution in the environment
annually.8,9 The presence of SAs in the environment can
become toxic to aquatic life and to humans via drinking
water10−12 and even increase drug resistance toward disease-
causing bacteria.13,14 Therefore, it is essential to monitor and
remove the environmental PPCPs even at trace levels.
Several removal methods including adsorption,15−18 ad-

vanced oxidation processes (AOPs),19−21 and biological
technologies22,23 have been utilized to remove PPCPs from
the aquatic systems. Adsorption has been shown to remove
PPCPs from the environment due to their flexible and simple

design, low initial cost, high efficiency, and easy operation.24,25

Considering that conventional adsorption is generally a
spontaneous process, chemical treatment (using organic
solvents, acid or alkali) or energy is needed to achieve
desorption, which might result in secondary pollution and
massive energy consumption. Functional materials, which can
be structurally switchable by light,26−33 have attracted wide
interest, since light, especially concentrated sunlight, possessed
several advantages such as no byproducts, environmental
friendliness, and nearly zero energy input.34 Hence, visible-
light-triggered desorption is highly preferred in the wide
research fields ranging from environmental chemistry,
materials science, and biology.34−38

In this paper, a series of UiO-66-NH2/Ag2CO3 composites
(UAC-X, X = 20, 50, 100, 150, and 200 mg of UiO-66-NH2)
were fabricated via an in situ ion-exchange solution method,
which adopted AgNO3, Na2CO3, and UiO-66-NH2 as
precursors. It was found that the suitable combination of
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Ag2CO3 with UiO-66-NH2 could achieve better adsorption
performance than individual component and could accomplish
visible-light-triggered controlled release. The adsorption−
desorption activities of sulfamethoxazole (SMX), sulfisoxazole
(SIX), and sulfamethazine (SMT) were determined, and the
corresponding mechanism of light triggered desorption was
proposed and clarified.

2. EXPERIMENTAL SECTION
2.1. Materials and Instruments. The details of materials and

instruments were listed in the Supporting Information.
2.2. Fabrication of UiO-66-NH2/Ag2CO3 Composites. UiO-66-

NH2 octahedra were synthesized following a reported solvothermal
route with a minor modification.39,40 Briefly, ZrCl4 (1.05 g, 4.5 mmol)
and 2-aminoterephthalic acid (NH2−BDC 0.81g, 4.5 mmol) were
dissolved in 40.0 mL of N,N-dimethylformamide (DMF). Then,
acetic acid (17.0 mL) was mixed with the above solution to regulate
the morphology of the products in a 100 mL Teflon-lined bomb. The
Teflon-lined bomb was then heated in an oven at 293 K for 24 h.
After cooling to room temperature, the products were collected by
centrifugation and washed with ultrapure water for several times. The
harvested light-yellow material was dried in an air oven at 333 K for
12 h.
UAC-X (X = 20, 50, 100, 150, and 200) composites were fabricated

using a modified in situ ion-exchange solution method,40−43 as
illustrated in Scheme 1. Series UiO-66-NH2/Ag2CO3 with UiO-66-
NH2/AgNO3 weight ratio of 0.02/0.1 (UAC-20), 0.05/0.1 (UAC-
50), 0.1/0.1 (UAC-100), 0.15/0.1 (UAC-150), and 0.2/0.1 (UAC-
200) were prepared by using UiO-66-NH2, AgNO3, and Na2CO3 as
precursors. Theoretically, series UiO-66-NH2/Ag2CO3 composites
were fabricated with the same weight of Ag2CO3 and the different
weight of UiO-66-NH2. For instance, the weight ratios of UiO-66-
NH2 and Ag2CO3 in UAC-100 and UAC-150 were calculated as 100/
81 and 150/81, respectively. After filtration, the product was washed
with ultrapure water several times, followed by being dried in an air
oven at 333 K. For comparison, the pristine Ag2CO3 was synthesized
from the same procedure as that for UAC-X composites except for the
addition of UiO-66-NH2.
2.3. Adsorption and Visible-Light-Triggered Desorption

Experiment. Series batch experiments were conducted to evaluate
the adsorption−desorption performance of UAC-X toward sulfona-
mides (SAs) including sulfamethoxazole (SMX), sulfisoxazole (SIX),
and sulfamethazine (SMT). The adsorption activities of UAC-X
toward SAs were tested by adopting 40.0 mL of SAs aqueous solution
with concentration of 50.0 mg L−1 and 10.0 mg UAC-X particles at
room temperature in a 50 mL quartz reactor. As well, 10.0 mg L−1 and

200.0 mg L−1 SMX aqueous solutions were also selected to explore
the effect of concentration of target on desorption activity. After
stirring for 60 min to achieve adsorption−desorption equilibrium in
the dark, the light-triggered desorption was tested under visible light
illumination (λ > 420 nm, Figure S1 in Supporting Information) from
a 350 mW LED light source (PCX50A, Beijing Perfect Light
Technology Co., Ltd.).

2.4. Theoretical Calculation. Density functional theory (DFT)
with the Perdew−Burke−Ernzerh generalized gradient approximation
calculations were conducted using DMol3 package, and double-
numeric quality basis set with polarization functions was used for all
the atoms.44,45 A 0.005 hartree thermal smearing and a 0.37 nm real-
space cutoff were adopted. The geometry convergence tolerances
were 0.000 01 hartree, 0.02 hartree nm−1, and 0.0005 nm for energy
change, max force, and max displacement, respectively. During
geometry optimization, all atoms were permitted to relax freely. The
binding energy (BE) is defined as BE = Etot − EAg2CO3

− ESMX, where

Etot, EAg2CO3
, ESMX are the energies of the Ag2CO3 with an adsorbed

SMX molecule, the Ag2CO3, and the SMX molecule, respectively. The
negative binding energy implies that the SMX molecules will be
energetically favorable to be bonded with the Ag+ in Ag2CO3.

3. RESULTS AND DISCUSSION
3.1. Characterizations of UAC-X Composites. The

morphologies and structures of the UAC-X were characterized
by TEM and PXRD. The TEM images (Figure 1 and Figure
S2) demonstrated that Ag2CO3 nanoparticles were dispersed
on the UiO-66-NH2 substrates. UiO-66-NH2 octahedrons as a
deposition platform/substrate could affect the growth of
Ag2CO3 crystals and minimize the aggregation of Ag2CO3
NPs. In detail, the higher UiO-66-NH2 proportion in the
UAC-X composites induced the smaller of Ag2CO3 nano-
particles. It was found that the particle size of Ag2CO3
decreased from 500 to 800 nm in the pure Ag2CO3 (Figure
1a) to 50−110 nm in UAC-150 (Figure 1c) and 50−60 nm in
UAC-200 (Figure S2). The PXRD diffraction patterns (Figure
2a) of UiO-66-NH2 match well with those reported.39,46,47 For
the pristine Ag2CO3 NPs, all of the diffraction peaks can be
readily indexed to monoclinic phase (JCPDS card no. 00-026-
0339 (RDB)).48 The peaks of both UiO-66-NH2 and Ag2CO3
can be clearly identified in PXRD patterns of UAC-X
composites (Figure 2a). The different preferred orientation
of UAC-X composites and the interaction between the
incorporated Ag2CO3 and the UiO-66-NH2 substrate resulted

Scheme 1. Fabrication of UiO-66-NH2/Ag2CO3 Composites (UAC-X)
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in PXRD peaks of UAC-X near 20° that could not match well
with Ag2CO3 or UiO-66-NH2 individually. The slightly
broader Ag2CO3 peak at ∼33° in UAC-X composites
(including UAC-20, UAC-50, etc.) compared with that of
pure Ag2CO3 indicates the smaller Ag2CO3 particle sizes in
UAC-X composites, which is in agreement with the TEM
images (Figure 1 and Figure S2). Clear fringe spacing of
approximately 0.264 and 0.230 nm corresponding to the (130)
and (031) crystal planes of Ag2CO3 ((JCPDS card no. 00-026-
0339 (RDB) can be observed through the HRTEM image

(Figure 3a), implying that Ag2CO3 NPs are successfully
incorporated into UiO-66-NH2.

49,50

The successful deposition of Ag2CO3 nanoparticles on UiO-
66-NH2 substrate was further proved via FTIR spectra, as
illustrated in Figure 2b. The two peaks at 664 and 769 cm−1

are attributed to Zr−O2 clusters.
51 The peaks at 1449, 1382,

884, and 707 cm−1 were the characteristic peaks for CO3
2−

from Ag2CO3.
39 With UiO-66-NH2 proportion growth, the

peaks of Ag2CO3 at 1449, 1382, 884, and 707 cm−1 decreased
gradually and the intensity of two sharp peaks (664 and 769
cm−1) of Zr−O2 cluster increased significantly.The XPS
spectra in Figure 2c displayed the presence of Ag, C, O, Zr,
and N elements in UAC-X, indicating the successful fabrication
of both UiO-66-NH2 and Ag2CO3. Additionally, the XPS
results show that the Ag 3d peaks exhibited a slight shift to the
higher binding energy in UAC-X compared to those of
individual Ag2CO3, which might be assigned to the synergistic
effect between the incorporated Ag2CO3 and the UiO-66-NH2
substrate, further enhancing the light sensitivity of the final
composite.41 The TGA of individual UiO-66-NH2 (Figure 2d)
revealed that the weight losses from 200 to 450 °C were
presumably due to the decomposition of the NH2−BDC
ligand, leaving the zirconium oxide derived from the “node” of
UiO-66-NH2 as residue.

52−54 It was worthy to note that there
is over 20% weight loss before 300 °C, resulting from UiO-66-
NH2 not being activated before preparation of UAC-X.
Considering the pore size of UiO-66-NH2 (less than 1.0 nm,
Figure S3) and the particle size of Ag2CO3 (500−800 nm), the
solvent molecules in their pores and cages could not hinder the
Ag2CO3 NPs formation inside UiO-66-NH2. The pristine
Ag2CO3 was decomposed thermally to Ag element via two

Figure 1. TEM images of (a) Ag2CO3, (b) UAC-100, (c) UAC-150,
(d) UiO-66-NH2.

Figure 2. (a) PXRD patterns, (b) FTIR and (c) XPS spectra, and (d) TGA curves of Ag2CO3, UAC-X (X = 20, 50, 100, 150, and 200 mg)
composites, and UiO-66-NH2.
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Figure 3. HRTEM images of UAC-150 of (a) as-prepared and (b) after adsorbing SMX in dark and under visible light illumination for 3 h.

Figure 4. Uptake and relaese activity of Ag2CO3, UAC-X (X = 20, 50, 100, 150, and 200 mg) composites, and UiO-66-NH2 toward SMX with
different initial concentrations, (a) 10 mg L−1, (b) 50 mg L−1, (c) 200 mg L−1, (d) 200 mg L−1 (adsorption in dark), in aqueous solution without
SMX (desorption under visible light illumination). Uptake and release activity of Ag2CO3, UAC-X (X= 20, 50, 100, 150, and 200 mg) composites,
and UiO-66-NH2 toward (e) SIX and (f) SMT with initial concentration of 50 mg L−1.
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distinct steps with Ag2O as the intermediate compound.42 The
weight losses of UAC-X composites matched well with UiO-
66-NH2 and Ag2CO3, and the residues were the mixtures of
zirconium oxides52−54 and metallic Ag.42 The standard N2

adsorption−desorption measurements (Table S1 in Support-
ing Information) confirmed that the Ag2CO3 NPs were
anchored with UiO-66-NH2, in which the BET surface area
decreased from 745.92 m2 g−1 (UiO-66-NH2) to 26.029 m2

g−1 (UAC-20).
3.2. Adsorption and Visible-Light-Triggered Desorp-

tion Performance of UAC-X toward SAs. 3.2.1. Adsorption
toward SAs of UAC-X. 3.2.1.1. Adsorption Performance. It
was found that UAC-X exhibited higher adsorption perform-
ances toward SAs than UiO-66-NH2. Under dark condition,
Ag2CO3 particles could adsorb nearly 100% selected SAs with
initial concentration of 50 mg L−1 for SIX and SMT and 200
mg L−1 for SMX within 20 min, whereas the individual UiO-
66-NH2 could only capture less than 20% of the selected SAs
with initial concentration of 50 mg/L, as illustrated in parts c,

Figure 5. (a) N 1s and (b) Ag 3d XPS spectra of SMX and Ag2CO3 after SMX adsorption in the dark. (c) S 2p XPS spectra in Ag2CO3, UAC-100,
and UAC-150 after SMX adsorption in the dark. (d) TEM images of UAC-100 after SMX adsorption in the dark. (e) FTIR spectra of as-
synthesized Ag2CO3, SMX, Ag2CO3 after SMX adsorption in the dark. (f) FTIR spectra of as-synthesized UAC-150, SMX, UAC-150 after SMX
adsorption in the dark.

Figure 6. Optimal configurations obtained via DFT calculations of
NH2−Ag+ coordination interaction.
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e, and f of Figure 4. Moreover, Ag2CO3, UAC-20, and UAC-50
can achieve nearly 100% SMX uptake (with initial concen-
tration of 200 mg L−1) within 20 min in the dark, while UAC-
100, UAC-150, and UAC-200 only captured approximately
61.0%, 37.9%, and 27.8% SMX after 1 h under the identical
conditions. It was implied that the adsorption activities of
UAC-X were mainly controlled by Ag2CO3 NPs. Therefore,
the increase of UiO-66-NH2 proportion induced decreased
adsorption performance, in which the adsorption amounts
decreased from 1902 (Ag2CO3) to 1578.7 (UAC-20), 921.0
(UAC-50), 509.4 (UAC-100), 314.0 (UAC-150), and 245.5
mg g−1 (UAC-200).
3.2.1.2. Adsorption Mechanism. It is believed that the

interactions between Ag+ and −NH2 of SAs were conducive to
the outstanding adsorption activity of Ag2CO3 for SAs.55,56

Specifically, the XPS results show an obvious red shift of XPS
spectra from 399.79 to 399.34 eV for N 1s in NH2 attached to
SMX after adsorption process on Ag2CO3 (Figure 5a). On the
contrary, the Ag 3d peaks demonstrate a blue shift from
368.17 eV (3d5/2) and 374.19 eV (3d3/2) in prepared Ag2CO3

(Figure S4)57,58 to 368.5 and 374.52 eV in SMX@Ag2CO3

(Figure 5b), affirming that the −NH2 of SMX had a
coordination effect with Ag+ from Ag2CO3.

55 The Ag 3d and
N 1s XPS spectra of UAC-100 and UAC-150 before and after
SMX adsorption were shown in Figure S5 and Figure S6,
which were in good agreement with the results of SMX@
Ag2CO3. The difference of BE shift of Ag 3d and N 1s in
SMX@Ag2CO3 and SMX@UAC-X could be attributed to the
coordination between Ag+ and −NH2 tending to promote
electrostatic attractions of Ag+ ions resulting in the blue shift of
Ag 3d, while the Ag+−NH2 coordination interaction tends to
weaken the electrostatic attractions from −NH2 group.
Theoretically, 1.0 mol of Ag2CO3 is stoichiometrically
interacted with 2.0 mol of SMX, implying that 1.0 g of
Ag2CO3 can capture 1837 mg of SMX. Practically, the
experimental adsorption capacity (1902 mg g−1) of Ag2CO3

toward SMX was slightly higher than the calculated one (1837
mg g−1), which might be ascribed to other interactions like
electrostatic interaction, hydrogen bonding interaction, and so
on.59−64 As well, the poorest adsorption activity toward SAs of

UiO-66-NH2 revealed that SAs particle could not be adsorbed
by pores of UiO-66-NH2.
It can be seen from the TEM images (Figure 5d and Figure

S7) that strip-like SMX was absorbed on the Ag2CO3, UAC-
100, and UAC-150. Moreover, the S 2p peak originating from
SMX in the XPS spectra (Figure 5c) could be observed, which
affirmed that Ag2CO3, UAC-100, and UAC-150 have good
adsorption activity toward SMX. In addition, the occurrence of
several characteristic peaks of SMX at 3378.22, 3299.1, 3314,
and 547.13 cm−1 was found in the FTIR spectra of SMX@
Ag2CO3 and SMX@UAC-150, which further confirmed that
SMX was adsorbed onto Ag2CO3 and UAC-150 (Figure 5e
and Figure 5f).
Compared to as-prepared Ag2CO3, the new weight losses in

TGA curves (Figure S8) of the Ag2CO3 treated with SMX
adsorption in dark and under visible light illumination for 3 h
matched well with the weight loss of SMX, in which the extra
weight loss nearly was equal to the experimentally adsorbed
SMX. As a result, Ag2CO3 could not achieve desorption and
photocatalytic degradation for SMX upon visible light
illumination. It was suggested that the coordination between
Ag+ in Ag2CO3 and −NH2 in SMX in the dark could prevent
the Ag2CO3 NPs’ photocatalytic degradation behaviors.

3.2.2. Visible-Light-Triggered Release of SAs from UAC-X.
3.2.2.1. Release Performance. Among various stimuli, light is
certainly prospective with the advantage of a high level of
control over time and location.65 The combination of UiO-66-
NH2 and Ag2CO3 (UAC-100/150/200) can achieve efficient
uptake of several selected SAs and also accomplish good
desorption toward these SAs under the visible light
illumination. For example, the UAC-150 exhibited excellent
desorption activity with maximum adsorption amount of 314
mg g−1, and ∼80.8% adsorbed SMX was released upon visible
light illumination (Figure 4b). In addition, 66.7% SIX and
43.7% SMT could be released by UAC-150, as illustrated in
Figure 4e and Figure 4f. It is obvious that the desorption
performance could be tuned by the UiO-66-NH2 content in
UAC-X composites. UAC-X with low content of UiO-66-NH2
such as UAC-20 has good adsorption activity and poor
desorption activity toward SMX, whereas larger content of
UiO-66-NH2 such as UAC-200 leads to decreased adsorption

Scheme 2. Proposed Mechanism of the Visible-Light Controlled Desorption of SAs from UAC-X Composites
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and good visible-light-triggered desorption performance. In
detail, the desorption performance of UAC-X for SMX with
adsorption amount being 200 mg g−1 follows the order of 0%
(UAC-20), 14.8% (UAC-50), 71.3% (UAC-100), and 80.8%
(UAC-150), while under the identical condition, the
adsorption capacity of UAC-200 toward SMX is 168 mg g−1,
and 83.5% SMX was released upon the visible light
illumination. Furthermore, the desorption rate was positive
related with the UiO-66-NH2 proportion in UAC-X
composites.
3.2.2.2. Effect of Concentration of SMX on Release

Activity. At relative low initial concentration (10 and 50 mg
L−1), UAC-150 can achieve good uptake in the dark and
visible-light-triggered release performance toward SMX, as
depicted in Figure 4a and Figure 4b. However, at high initial

concentration of SMX like 200 mg L−1, no significant
desorption can be detected with the presence of visible light
(Figure 4c). It was believed that it was difficult to accomplish
SMX desorption under visible light illumination using
saturated UAC-X. This further affirmed that UAC-100 and
UAC-150 saturated by SMX exhibited no visible-light-triggered
desorption behaviors even in aqueous solution, as illustrated in
Figure 4d. Additionally, the desorption activity of UAC-X
toward SMX with lower initial concentration (10 mg L−1) was
lower than that SMX with relative higher initial concentration
(50 mg L−1). As a result, the UAC-X which has reached
saturated adsorption could not release the SMX under visible
light illumination. Furthermore, the release performance of
UAC-X composites toward SMX was positive related to the
experimental adsorption weight under their maximum/

Figure 7. PXRD patterns of (a) Ag2CO3, (c) UAC-100, and (e) UAC-150 as-prepared, after SMX adsorption in the dark and visible-light-triggered
desorption, treated with dispersion in aqueous solution without SMX and visible light irradiation for 3 h. Ag 3d XPS spectra of (b) Ag2CO3, (d)
UAC-100, and (f) UAC-150 after adsorbing SMX in the dark and visible-light-triggered desorption.
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saturated adsorption capacities. It was assumed that the
Ag2CO3 NPs saturated by SMX with initial concentration of
200 mg L−1 in UAC-100 and UAC-150 composites had been
wrapped with SMX, resulting in Ag2CO3 NPs that could not
harvest light for the conversion from Ag+ to Ag0.
3.2.2.3. Visible Light Controlled Release Mechanism. It has

been reported that Ag-containing compounds such as Ag3PO4,
Ag3VO4, Ag2CrO4, and Ag2CO3 have outstanding photo-
sensitive activity, in which the Ag+ could be reduced to Ag0 by
obtaining e− following eq 1 under light irradiation.43,66 After
adsorption, the optimal configuration between SMX and
Ag2CO3 was shown in Figure 6 via DFT calculations. The
coordination interaction of NH2−Ag+ was formed, which
consisted of the proposed adsorption mechanism. The DFT
calculation results displayed that the adsorption behavior of
SMX could be attributed to chemical adsorption (BE = −0.925
eV). As well, the band gap energy of Ag2CO3 semiconductor
was estimated to be 2.3 eV.43 It could be concluded that the
light with wavelength less than 539 nm can accomplish enough
energy to produce photoinduced electrons to reduce Ag+ to
Ag0. As a result, the conversion from Ag+ to Ag0 led to the SAs
desorption, which could be further enhanced via increase of
the UiO-66-NH2 proportion in UAC-X composites. The Ag+

in Ag2CO3 NPs of UAC-X composites can capture the
photoinduced electrons to form Ag0, followed by the
breakdown of Ag+−NH2 interaction between Ag2CO3 and
SAs (as illustrated in Scheme 2), which was proposed as the
possible mechanism of visible light controlled SAs release from
UAC-X. The smaller size Ag2CO3 NPs enhance the light
harvesting,67 which facilitated the efficiency and rate of
conversion from Ag+ to Ag0, leading to adsorptive sites’
(Ag+) sharp reduction and subsequent desorption of SMX
under visible light illumination. TEM results illustrated in
Figure 1 and Figure S2 revealed that the smaller size Ag2CO3
NPs could be achieved via increase of the UiO-66-NH2
proportion in the composites. Therefore, the desorption
activities of UAC-X toward SMX increases with the UiO-66-
NH2 content.

+ →+ −Ag e Ag0
(1)

Judged by PXRD, XPS, and TEM analysis results, the
enhanced reduction activity of Ag+ can be obtained from
smaller Ag2CO3 NPs in UAC-X. Obvious characteristic peaks
belonging to Ag0 in UAC-100/150 could be detected in Figure
7c, Figure 7e, and Figure S9, whereas for Ag2CO3/UAC-20, it
is difficult to differentiate the Ag0 due to the minor content via
PXRD patterns after 3 h visible light irradiation. For Ag 3d of
pristine Ag2CO3 treated with SMX adsorption in the dark and
visible light triggered release, it exhibited both Ag+ coordinated
with −NH2 in SMX (374.52 and 368.5 eV) and Ag0 peaks
(374.7 and 368.7 eV) (Figure 7b),50 while there were only Ag0

peaks (368.76 and 374.77 eV) in treated UAC-100/150, as
illustrated in Figure 7d and Figure 7f. Additionally, due to the
synergistic effect between the incorporated Ag2CO3 and the
UiO-66-NH2 substrate which is in agreement with the Ad 3d
peakes shift in Figure 2c, the binding energy of Ag0 in treated
UAC-100/150 was higher than that of Ag2CO3. The TEM
images displayed that the Ag0 clusters increased with the
increasing UiO-66-NH2 proportion in UAC-X composites
treated with SMX adsorption in the dark and visible-light-
triggered release (Figure 8). HRTEM image (Figure 3b) could
give further evidence of the presence of Ag0 after SMX
desorption upon the visible light illumination, in which the
fringe spacing of 0.234 nm can be ascribed to the (111) crystal
plane of Ag0.68 Furthermore, the residual SMX in the SMX@
UAC-X composites decreased with increasing UiO-66-NH2
proportion in UAC-X composites after visible light irradiation
for 3 h. The results were in agreement with the PXRD and XPS
results as stated above. As a result, the SMX desorption activity
depended on the conversion efficiency from Ag+ to Ag0 which
could be tuned by the UiO-66-NH2 proportion in UAC-X
composites. The desorption activity of UAC-50 with initial
SMX concentration of 200 mg L−1 was inferior to that of 50
mg L−1, which could be attributed to the high SMX content in
the UAC-50 leading to low reduction efficiency from Ag+ to
Ag0. Furthermore, the conversion from Ag+ to Ag0 was not
ascribed to the presence of SMX, which was affirmed by the
PXRD patterns of Ag2CO3, UAC-100, and UAC-150 being
dispersed in aqueous solution without SMX and irradiated
under visible light for 3 h (parts a, c, and e of Figure 7). It can
be seen from the PXRD patterns that there were no Ag0 peaks

Figure 8. TEM images of (a) Ag2CO3, (b) UAC-20, (c) UAC-50, (d) UAC-100, (e) UAC-150, (f) UiO-66-NH2 after SMX adsorption in the dark
and then visible-light-triggered desorption.
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presented in Ag2CO3 and UAC-X after adsorbing SMX in the
dark. Hence, it could be concluded that the transformation
from Ag+ to Ag0 under visible light irradiation might be the
possible mechanism, as illustrated in Scheme 2. UiO-66-NH2
could provide a platform to accomplish the distribution of
Ag2CO3 NPs and subsequently tune the size of Ag2CO3 NPs to
promote the SMX release.

4. CONCLUSION
In summary, UiO-66-NH2/Ag2CO3 composites (UAC-X)
were fabricated by incorporating UiO-66-NH2 with Ag2CO3
via a facile in situ ion-exchange precipitation method in
aqueous solution. The good distribution of fine Ag2CO3 NPs
on the UiO-66-NH2 substrate contributed to the good
adsorption behavior and visible-light-triggered desorption
activities of the UAC-X toward SMX, SIX, and SMT.
Specifically, UAC-150 possesses high-performance adsorption
activity (experimental adsorption amount: 200 mg g−1 for
SMX, SIX, and SMT, respectively) and desorption activity
toward SAs (release ratio being 80.8% for SMX, 66.7% for SIX,
and 43.7% for SMT). Visible-light-induced conversion from
Ag+ to Ag0 is considered to be the possible mechanism for the
SAs visible-light-triggered release, which was confirmed by the
density functional theory (DFT) calculation. Compared to our
previous work on the visible-light-triggered release of SMX on
UAP-X (UiO-66-NH2/Ag3PO4) composites, in this work,
three sulfonamides were selected as targets to test the light-
triggered desorption performance of UAC-X (UiO-66-NH2/
Ag2CO3) composites. It was highlighted that the effect of
concentration of SMX on release activity was investigated and
the mechanism was further clarified via DFT calculation
besides corresponding characterizations. This work further
confirmed it is feasible to achieve visible-light-triggered
desorption adopting the strategy of the combination between
light sensitive Ag-based NPs and UiO-66-NH2 MOFs
substrate. As well, these composites might provide new
possibility to develop unprecedented light-desorption-based
sample pretreatment for GC and LC, which is potentially
superior to the conventional thermal adsorption and
solvoadsorption.
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