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Adsorption is an attractive technique for the removal of volatile organic compounds (VOCs) from polluted
air; however, it is still challenging to efficiently release adsorbed VOCs. Herein, in consideration of the
unprecedented VOC adsorption capability of MOFs and excellent photothermal effects of Ag nanoparticles,
a novel photodynamic Ag/UiO-66 adsorbent was constructed by integrating Ag nanoparticles with UiO-66
using a colloidal deposition method. The obtained Ag/UiO-66 samples were found to possess the excellent
porosity and high styrene adsorption capability of parent UiO-66. Upon exposure to simulated solar light,
Ag nanoparticles could convert light energy into thermal energy, which gave rise to light-induced localized
heat near Ag nanoparticles. Subsequently, this localized heat triggered the thermal desorption of the
adsorbed styrene from Ag/UiO-66, thus successfully realizing efficient in situ regeneration of Ag/UiO-66
under solar light irradiation. Moreover, the desorption capacity can be effectively regulated by the Ag
content. More importantly, the regenerability of Ag/UiO-66 remained intact even after five adsorption-
desorption cycles; however, pure UiO-66 recovered only 51.6% of its adsorption capacity and maintained
77.0% of its desorption capacity after five cycles. Furthermore, adsorption kinetic parameters and a possible
regeneration mechanism are described in detail.
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Environmental significance

Adsorption is an attractive technique for the removal of volatile organic compounds from polluted air; however, it remains challenging due to the great
energy penalty associated with regeneration of adsorbents. Therefore, a novel photodynamic Ag/UiO-66 adsorbent was constructed by the integration of
high VOCs adsorption capability of MOF and the excellent photothermal effects of Ag nanoparticles, and its in situ regeneration was realized under solar
light irradiation by light-induced localized heat. Importantly, no appreciable decline was observed in both the adsorption and desorption efficiencies of Ag/
UiO-66 after five adsorption-desorption cycles. Considering the exceptional adsorption properties and green in situ regeneration process triggered by
naturally abundant solar light, the development of photothermal MOF-based composites may open new avenues for adsorption applications.

1. Introduction biological toxicity and photochemical behaviours of VOCs
even at very low concentrations,” the development of
environmentally benign methods for efficient removal of
gaseous VOCs from polluted air has received considerable
attention, and multiple techniques have been screened to
control VOC emissions, such as absorption, adsorption,
catalytic oxidation and biofiltration.”*™* Among these
methods, the adsorption technique has been intensively
investigated because it is economic, highly efficient, and also
holds great potential to recover both valuable VOCs and

Volatile organic compounds (VOCs) are among most crucial
air contaminants; they mainly originate from diverse
chemical process industries, including petrochemicals,
polymer syntheses, paint and coatings." Due to the severe
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adsorbents for further reuse. Some porous materials (e.g.,
activated carbon, polymeric resins, zeolite) which possess
high specific surface areas and pore volumes are commonly
used as adsorbents.” "> However, their limited adsorption
capability and difficulties in regeneration have restricted
their applications in the removal of VOCs.'®'" In particular,
regeneration is a great concern for the practical application
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of adsorbents. Currently, heating, vacuum and hot gas
purging are often implemented to release VOCs and
regenerate adsorbents.”'> Apparently, these regeneration
approaches usually involve high energy consumption and
potential changes in the properties of adsorbents.'
Therefore, the development of advanced adsorbents in
combination with efficient regeneration approaches, which
can offer high adsorption capability and excellent
regenerability, is extremely imperative.

In addition to high pore volume and specific surface area,
metal-organic frameworks (MOFs) as an emerging class of
porous materials possess many unique characteristics,
including open and ordered pore structures, abundant
interconnected 3D channels, ultrahigh porosity, and
tailorable chemical properties.”*™® These distinguished
features endow MOFs with great potential toward application
as adsorbents in the removal of VOCs."*'® Accordingly,
MOFs have been extensively investigated and proved to
exhibit significant improvements in terms of their adsorption
capacities compared with traditional porous adsorbents.'>**
For instance, hybrid MIL-101(Cr)@PFs composites
synthesized via loading MIL-101(Cr) onto pulp fibers have
been used for the adsorption of benzene vapor.'> Moreover,
MIL-101(Cr)@PFs with an MIL-101(Cr) content of 67%
displayed an optimal benzene equilibrium uptake of 10.29
mmol g~*, which is 12, 10 and 7.7 times as high as those of
SBA-15, silicalite-1, and H-ZSM-5, respectively. Shafiei et al
reported that a modified M-MIL-101(Cr) exhibited
extraordinarily high adsorption capacity for six investigated
VOCs,”" with approximately 3.6-7.4 times more capacity than
commercially  activated carbons.  Unfortunately, the
regeneration of the MOF adsorbents was still implemented
by conventional gas liberating strategies.

On the other hand, surface plasmon resonance (SPR) of
metallic nanostructures has aroused much interest due to its
ability to convert incident light into thermal energy, therefore
opening up numerous opportunities for various applications
from artificial actuators to solar steam generation, sensors,
photocatalysis and cancer photothermal therapy.>* >’
Particularly, for drug delivery applications, it has been
demonstrated that the localized heating generated by
metallic nanostructures under light irradiation can efficiently
trigger the release of loaded molecules.”®*” Considering the
outstanding VOCs adsorption capacity of MOFs and the light-
induced local heating of metallic nanostructures, we
speculate that it would be a feasible strategy for VOCs
adsorption and subsequent light-induced regeneration via
integrating the advantages of both MOFs and metal
nanoparticles with SPR.

Herein, as a proof-of-concept, we report the construction
of Ag/UiO-66 nanocomposites by incorporation of Ag
nanoparticles into UiO-66 using a colloidal deposition
method, and their potential application in VOC adsorption
and light-induced regeneration are also attempted. In this
combination, the abundant interconnected and open 3D
cavities within MOFs would allow the facile diffusion of VOCs
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Scheme 1 |llustration of the solar-light-triggered styrene adsorption/
desorption process using Ag/UiO-66 as an adsorbent.

and the facile penetration of light. Moreover, the localized
heat generated by metal nanoparticles would promote the
fast desorption of their surrounding VOCs, thus avoiding
heating of the entire adsorbent bed (Scheme 1). As expected,
the Ag/UiO-66 samples exhibited typical SPR absorption of Ag
nanoparticles, and the SPR absorption intensity was
effectively regulated by the Ag content. Evidently, the surface
temperature of the Ag/UiO-66 samples was found to be
remarkably enhanced within minutes after exposure to
simulated solar light. We further examined the application of
the Ag/UiO-66 nanocomposites in the in situ adsorption-
desorption of VOCs for air purification under solar
irradiation. Finally, a possible regeneration mechanism for
the photo-induced desorption of VOCs over the Ag/UiO-66
nanocomposites was also proposed.

2. Experimental section
2.1 Chemicals

All chemical reagents were purchased commercially and
employed without further modification. Zirconium
tetrachloride (ZrCl,, 98%) and terephthalic acid (98%) were
purchased from J&K Scientific Ltd. Ethanol (A.R.), methanol
(A.R.), acetic acid (A.R.) and N,N-dimethylformamide (DMF,
A.R.) were obtained from Guangzhou Jinhuada Chemical
Reagent Co., Ltd. Silver nitrate (AgNO;, A.R.), sodium
borohydride (NaBH,, A.R.), polyvinylpyrrolidone (PVP, M.W. =
56000) and styrene were obtained from Shanghai Aladdin
Reagent Co., Ltd.

2.2 Materials synthesis

Synthesis of Ui0-66. UiO-66 was synthesized according to
a reported procedure in the literature with a few
modifications.”® In a typical synthesis, 133.6 mg of ZrCl,, 100
mg of terephthalic acid, 4 mL of glacial acetic acid and 40
mL of DMF were added to a 100 mL Schlenk tube.
Subsequently, the uniform mixture was obtained by
ultrasonication for 30 min and then underwent hydrothermal
reaction at 130 °C for 24 h. After cooling to room
temperature, the generated white powder sample was washed
with DMF and methanol several times. Finally, the activated
sample was achieved under dynamic vacuum at 130 °C for
12 h.

This journal is © The Royal Society of Chemistry 2021
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Synthesis of Ag/Ui0-66 nanocomposites. UiO-66-Supported
silver nanoparticles were synthesized using a simple colloidal
deposition method. Typically, the required amount of PVP
(PVP monomer/Ag = 15:1, molar ratio) was dispersed in an
AgNO; methanol solution wunder vigorous stirring.
Subsequently, a fresh methanol solution of NaBH, (0.1 M,
NaBH,/Ag = 5:1, molar ratio) was quickly added to the above
mixture. Then, the activated UiO-66 was added, and the
formed suspension was further stirred for 10 h. The solid
was collected, washed with methanol, and finally dried under
vacuum at 100 °C for 12 h to obtain the Ag/UiO-66 samples.

2.3 Characterization

The crystal structures of the synthesized samples were
obtained by powder X-ray diffraction (D/MAX-Ultima IV, Cu
Ka radiation, 40 kV, 40 mA) with a scan rate of 6° min .
Fourier transform-infrared spectra (FT-IR) were recorded on a
Nicolet iS10 instrument in the range of 500-4000 cm™* using
the KBr pellet technique. The loading of Ag in the Ag/UiO-66
nanocomposites was analysed via flame atomic absorption
spectroscopy. The specific surface areas and pore structures
were measured using a Micromeritics ASAP 2020 by the low
temperature N, adsorption-desorption method. UV-vis diffuse
reflectance spectra were collected by an Agilent Cary 300
spectrophotometer using BaSO, as a standard reference. A
transmission electron microscope (JEM-2010HR, Japan) with
EDX analysis (Oxford INCA EDS) was employed to observe the
morphologies and structures of the samples. A thermal
imaging infrared camera (Fluke, TiX640) was employed to
monitor the temperature changes of the UiO-66 and Ag/UiO-
66 samples under the illumination of a 300 W xenon lamp.

The surface acidity of the samples was investigated by a
Nicolet iS10 Fourier transform infrared spectrometer
employing pyridine as a probe molecule. The solid sample
was firstly pressed into a self-supporting thin slice and then
was in situ degassed in a quartz infrared chamber at 200 °C
in a vacuum of 107> Pa for 2 h. After the sample was cooled
to room temperature, the pyridine vapor was introduced
into the sample chamber and equilibrated for 30 min.
Subsequently, the excess pyridine on the surface of the
sample was removed at 40 °C for 1 h under vacuum. Finally,
the FTIR spectrum was collected at 30 °C after heating the
sample at 250 °C for 1 h.

The surface acidities of Brgnsted acid and Lewis acid were
calculated based on the molar extinction coefficients
previously reported in the literature.”® The formulas were as
follows (eqn (1) and (2), respectively):

Cy = 1.83%)” (1)
AR
Cr =142 = (2)

where Cy and Cj, refer to the concentrations of the Bronsted
acid and Lewis acid, respectively, in mmol g™ " catalyst; IA(B)
refers to the integrated absorbance of the Bregnsted band
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(em™); IA(L) refers to the integrated absorbance of the Lewis
acid (cm™); R refers to the radius of the sample slice (cm);
and W refers to the weight of the sample slice (mg).

2.4 Adsorption and desorption performance measurements

The adsorption experiments were carried out in a fixed-bed
quartz reactor under ambient pressure in the dark. Typically,
0.1 g of the adsorbent was filled into the reactor and
pretreated in N, at 120 °C for 4 h to remove the adsorbed
impurities. After cooling to 30 °C, the inlet gas was switched
from N, to a gas mixture with a styrene concentration of 200
+ 1 ppmv balanced by air at a stable flow rate of 25 mL min™"
by mass flow controllers to start the adsorption test. The
styrene concentration of the outlet gas was continuously
monitored by an online gas chromatograph with a flame
ionization detector.

After the establishment of the gas-solid adsorption
equilibrium, the inlet gas was switched to N, with a flow rate of
25 mL min~". Meanwhile, a 300 W Xe lamp with a wavelength
range of 320-780 nm that was vertically placed above the reactor
with a distance of 12 c¢cm was turned on to investigate the
desorption behaviours. The composition of the effluent gas,
including styrene and the possible organic products as well as
mineralization products, was detected using an online gas
chromatograph with two flame ionization detectors.

Based on the breakthrough curve, the adsorption capacity
(g, mg g of the adsorbent was calculated using eqn (3):

174 t
q = m(Cot_ JOCtdt> (3)

The desorption capacity of the adsorbent was calculated

on the basis of the desorption curve using eqn (4):
74 t

7= J000m JOC‘dt (4)
where C, and C, (mg L") represent the concentrations of
styrene at the inlet and outlet, respectively; V is the
volumetric flow rate (mL min™") of the gaseous styrene; m (g)
is the mass of adsorbers in the reactor; and ¢ (min)
represents the adsorption time.

The adsorption kinetics of styrene on the adsorbents were
obtained by fitting the experimental adsorption data using
pseudo-first order and pseudo-second order models,
respectively. The pseudo-first order and pseudo-second order
models are expressed as eqn (5) and (6), respectively:

Gt = qe(1 — exp(—kit)) (5)
B q.>kst
qt - 1 + qekst (6)

where g, (mg g™') represents the styrene adsorption amount
at any adsorption time ¢ (min), g. (mg g ') represents the
equilibrium adsorption capacity of styrene, and k; (min™)
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and k; (min™") refer to the first order and second order rate
constants, respectively.

2.5 In situ DRIFTS studies

The in situ DRIFTS experiments were performed on a Nicolet
iS10 spectrometer equipped with a liquid nitrogen-cooled
MCT detector and a diffuse reflectance cell (Harrick Scientific
Praying Mantis) with two ZnSe windows and one glass
observation window. 20 mg of the powder sample was placed
in a porous screen at the bottom of the cell. Then, the cell
was quickly sealed and the sample was pretreated in N, at
120 °C for 3 h. After cooling to room temperature, a
background spectrum was firstly measured in N,.
Subsequently, when N, was switched to a gas mixture
composed of styrene and air, collection of the DRIFTS spectra
was started by averaging 32 scans at a resolution of 4 cm ™.

2.6 Temperature programmed desorption experiments

To obtain the desorption activation energies of styrene on the
UiO-66 and Ag/UiO-66 nanocomposites, temperature-
programmed desorption (TPD) experiments were performed.
Each sample was activated at 130 °C under vacuum for 10 h.
After cooling to room temperature, the sample was instantly
transferred into a penicillin bottle containing a given
concentration of styrene, and the penicillin bottle was placed
in a glovebox overnight. The sample with adsorbed VOCs was
transferred to a quartz tube and purged in N, (40 mL min™"
at 40 °C) for 60 min. Subsequently, the heating procedures
began, with different heating rates from 3 to 7 K min",
respectively. The effluents were detected by a control system
(TP-5076, Xian Quan, China) with temperature coefficients of
delay detectors. The desorption activation energies of styrene
on the UiO-66 and Ag/UiO-66 samples could be calculated
based on their TPD curves. Assuming that the desorption
process follows first-order kinetics, the following expression
for the desorption activation energy was also obtained based
on the Polanyi-Wigner eqn (7):

(P ) Ba g (e
In(RTp2 _RTP+In ko @)

where Eq (k] mol™") represents the desorption activation
energy of styrene on the adsorbate, S (K min™") refers to the
heating rate, and T}, (K) refers to the temperature of the peak
in the desorption curve.

Table 1 Characterization results of UiO-66 and the Ag/UiO-66 adsorbents
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3. Results and discussion

3.1 Material characterization

The XRD patterns of the UiO-66 and Ag/UiO-66
nanocomposites are displayed in Fig. S1.f The characteristic
diffraction peaks of the Ag/UiO-66 samples were in
accordance with the parent UiO-66, implying that the UiO-66
structure was stable during Ag loading. However, no
characteristic peaks correlated with Ag could be observed,
probably due to the high dispersion and low loading amount
of Ag nanoparticles in the Ag/UiO-66 samples. Additionally,
the actual Ag loadings of the Ag/UiO-66 samples measured by
AAS were 0.46, 0.89, 1.88 and 2.85 wt% (Table 1), which were
very close to their corresponding theoretical loadings. As
displayed in Fig. S2,; pure UiO-66 displayed a typical
octahedral shape, as observed by TEM. After the loading of
Ag nanoparticles on UiO-66, the sizes and morphologies of
the parent UiO-66 were still retained well (Fig. 1),
demonstrating that the loading of Ag did not change the
structure of UiO-66. Moreover, TEM images and the
corresponding size distribution histogram as well as the EDX
elemental mapping of the Ag/UiO-66 sample visually showed
that Ag nanoparticles with sizes of approximately 3-4 nm
were unevenly dispersed on UiO-66, and no apparent
aggregation was observed regardless of the 3 wt% Ag loading
(Fig. 1 and S37).

It is well known that the specific surface area and
pore structure of an adsorbent influence its adsorption-
desorption  properties.*?®  Therefore, the textural
properties of the synthesized samples were investigated
by N, physisorption measurements at 77 K, and the
results are displayed in Fig. 2 and Table 1. The N,
physisorption isotherms of pure UiO-66 and Ag/UiO-66
with different Ag loadings (Fig. 2a) all exhibited typical
type I curves due to the presence of micropores. Based
on the isotherms of UiO-66, its BET surface area and
total pore volume were found to be 1479 m® g™ and
0.62 cm® g ' (Table 1), respectively. Comparatively, the
Ag/UiO-66 samples displayed slight decreases in both BET
surface area and total pore volume after the loading of
Ag into UiO-66 (Fig. 2 and Table 1). Moreover, the BET
surface area and total pore volume generally decreased as
the Ag loading was increased. This can be attributed to
partial blockage of the cavities by the well-dispersed Ag
nanoparticles and the contributions of non-porous
Ag nanoparticles to the total mass of the Ag/UiO-66
composites.

Sample Sper (M* g™) Stangmuir (M” g7 Voore (cm® g™ Actual Ag loading (wt%)
UiO-66 1479 1582 0.62 —

0.5 wt% Ag/UiO-66 1414 1507 0.60 0.46

1 wt% Ag/UiO-66 1363 1461 0.59 0.89

2 wt% Ag/UiO-66 1288 1346 0.54 1.88

3 wt% Ag/UiO-66 1169 1273 0.50 2.85
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Fig. 1 TEM images of the Ag/UiO-66 adsorbents with Ag loadings of 2
wt% (a) and 3 wt% (b). HAADF-STEM image (c) of Ag/UiO-66 with Ag
loading of 2 wt% and the corresponding EDX elemental mapping (d).
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Fig. 2 N, adsorption-desorption isotherms (a) and pore-size
distribution curves (b) of pure UiO-66 and Ag/UiO-66 with Ag loadings
of 0.5, 1, 2 and 3 wt%, respectively.

The optical responses of the UiO-66 and Ag/UiO-66
samples were investigated via UV-vis diffuse reflection spectra
(Fig. 3a). The pure UiO-66 only showed a strong absorption
peak at ca. 270 nm. In addition to the similar peak to UiO-66,
the Ag/UiO-66 with 0.5 wt% Ag exhibited a new absorption
peak at approximately 400 nm resulting from the LSPR
excitation of the Ag nanoparticles. Notably, the light
absorption intensities were significantly enhanced and the
light harvesting range gradually extended to 800 nm as the
Ag content was increased. These observations suggest that
the optical response of UiO-66 can be effectively regulated by
adjusting the content of Ag nanoparticles and that Ag/UiO-66
is an outstanding light absorbing material for potential
photothermal conversion.

To better understand the photothermal properties, the
pure UiO-66 and Ag/UiO-66 were irradiated by simulated
solar light with a wavelength range of 320-780 nm;
meanwhile, their surface temperatures were monitored using
a thermal imaging infrared camera. When the quartz slide

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 UV-vis diffuse reflectance spectra (a) and time-dependent
temperature curves under simulated solar light irradiation (b) of pure
UiO-66 and the Ag/UiO-66 adsorbents with Ag loadings of 0.5, 1, 2
and 3 wt%, respectively.

was exposed to simulated solar light, the surface temperature
was only raised by approximately 1.3 °C after 660 s (Fig. 3b),
suggesting that the quartz slide would have a negligible
temperature influence on the investigated photothermal
materials. Interestingly, the temperature of the 0.5 wt% Ag/
UiO-66 was rapidly boosted from 27.8 to 43.9 °C, whereas the
temperature increase of pure UiO-66 in a control experiment
was only 9.8 °C after 660 s (Fig. 3b). Furthermore, with
increasing Ag loading, both the heating rate and stable
temperature of Ag/UiO-66 were obviously raised; however, the
temperature curves all presented a rapid increase and
subsequent plateau. Notably, 2 wt% Ag/UiO-66 exhibited
optimal photothermal performance, and the stable
temperature reached 75.0 °C within 11 min. However, the
temperature was stable at 69.1 °C and lower than that of 2
wt% Ag/UiO-66 when the Ag loading was further increased to
3 wt%, which may be associated with the size and content of
Ag on Ui0-66.%"

3.2 Adsorption kinetics and photothermal desorption
regeneration of adsorbents

3.2.1 Adsorption kinetics and breakthrough modelling of
styrene. Styrene is an important aromatic chemical that is
widely utilized in synthetic rubber, plastics, polyesters and
resins, etc.*** However, due to its high volatility, styrene is
inevitably discharged into the atmosphere and has numerous
adverse effects on both humans and ecosystems. Thus,
styrene, as a representative VOC, was chosen as a model
substrate to evaluate the adsorption and photothermal
desorption regeneration performance of the pristine UiO-66
and Ag/UiO-66 nanocomposites. Initially, the adsorption tests
were conducted using pristine UiO-66 as an adsorbent under
200 + 1 ppmv styrene at a flow rate of 25 mL min™". As shown
in Fig. 4a, the ratio of the outlet styrene concentration to the
inlet styrene concentration immediately dropped to near zero
within 2 min and began to emerge until 1910 min with
pristine UiO-66. Moreover, the complete breakthrough time
could extend to 3230 min and the equilibrium adsorption
capacity of styrene on pure UiO-66 was estimated to be
569.4 mg g ' by eqn (3), indicating the outstanding
adsorption capacity of UiO-66 for styrene. After the loading of
Ag on UiO-66, the breakthrough curves were similar to those

Environ. Sci.: Nano, 2021, 8, 543-553 | 547
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Fig. 4 The breakthrough curves (symbols) and corresponding fitting
curves by the Yoon-Nelson model (solid line) of pure UiO-66 and
the Ag/UiO-66 adsorbents with Ag loadings of 0.5, 1, 2 and 3 wt%,
respectively (a); experimental styrene uptake and corresponding fitting
curves from the pseudo-first order kinetic model and second order
kinetic model of pure UiO-66 (b) and the Ag/UiO-66 adsorbent with
Ag loading of 2 wt% (c); and the corresponding desorption curves
under the irradiation of a 300 W Xe lamp (d).

of pristine UiO-66. However, the breakthrough times
gradually decreased as the Ag loading content increased, and
the adsorption amounts of styrene on Ag/UiO-66 with Ag
loadings of 0.5, 1, 2 and 3 wt% were obtained as 489.1, 432.5,
364.6 and 323.6 mg g ' (Table S1f), respectively, implying a
decreasing adsorption capacity with increasing Ag loading
content. It is known that the specific surface areas and the
pore structures of adsorbents influence their adsorption
properties.’*?*%** As shown in Fig. 2 and Table 1, the specific
surface areas were in the order of UiO-66 > 0.5 wt% Ag/UiO-
66 > 1 wt% Ag/UiO-66 > 2 wt% Ag/UiO-66 > 3 wt% Ag/UiO-
66, which was obviously consistent with the order of their
adsorption amounts. Furthermore, considering that the
loading of Ag on UiO-66 did not alter the pore size of UiO-66,
it is reasonable to speculate that the decreased adsorption
capacities of Ag/UiO-66 were closely correlated with their
declined specific surface areas compared with those of UiO-
66.

Additionally, the styrene dynamic adsorption behaviours
were predicted by the Yoon-Nelson model according to the

following eqn (8):*°
_, .1 Ce
t=7+dn <Co . Ct) (8)

where C, (mg L") refers to the inlet concentration of styrene,
C; (mg L™ refers to the effluent concentration of styrene at
breakthrough time ¢ (min), r (min) represents the time taken
to reach 50% breakthrough of styrene, and k is the kinetic
constant based on the styrene diffusion characteristic in the
fixed bed reactor.

As can be seen in Fig. 4a, the predicted breakthrough
curves of the Yoon-Nelson model can simulate the
experimental breakthrough data well, with regression
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Table 2 Fitting parameters for breakthrough curves by a Yoon-Nelson
model

Sample 7 (min) k (min™) R?

Ui0-66 2408.47 0.00737 0.999
0.5 wt% Ag/UiO-66 2091.62 0.00612 0.998
1 wt% Ag/UiO-66 1857.45 0.00699 0.999
2 wt% Ag/UiO-66 1574.99 0.00663 0.999
3 wt% Ag/UiO-66 1337.82 0.00517 0.998

coefficients of R* > 0.99 for all the investigated adsorbents
(Table 2). The fitting parameters listed in Table 2 display that
the rate constant k and fitted time 7 for styrene adsorption on
UiO-66 are both larger than that of Ag/UiO-66. Moreover, the
fitted time 7 declined gradually with increasing Ag loading
amount, indicating that the loading of Ag on UiO-66 could
affect both the adsorption kinetics and capacity. However,
the trends of these fitting parameters observed in the
predicted breakthrough curves were well matched with those
in the experimental breakthrough curves.

A pseudo-first order model and pseudo-second order
model were employed to analyse the adsorption kinetics of
styrene on UiO-66 and Ag/UiO-66 based on their
breakthrough curves. The experimental adsorption amounts
of styrene (points) and the theoretical curves (lines) are
presented in Fig. 4b and c¢ and S4-S6.f In addition, the
kinetic parameters estimated for both the models and the
correlation coefficients of R* are summarized in Table 3. The
kinetics constant k¢ and ks increased as the Ag content on
UiO-66 increased regardless of the kinetic model that was
used (Table 3). However, a lower adsorption amount of
styrene was predicted with increasing Ag loading despite its
faster adsorption rate, which would be relevant to the
shortened diffusion distance of styrene through the partial
blockage of pores in UiO-66 by the loaded Ag nanoparticles.
As can be seen in Fig. 4b and ¢ and S4-S6,F both the pseudo-
first order model and pseudo-second order model can follow
the initial stages of adsorption. However, when the
adsorption equilibrium was approached, the adsorption
amounts were obviously overestimated by the pseudo-second
order model for all the investigated adsorbents. The R* values
of the pseudo-first order model were in the range of 0.989-
0.990, which were higher than that of the corresponding
pseudo-second order model (0.984-0.989). Furthermore, it is
clear from the comparison of the predicted and experimental
adsorption amounts that the equilibrium adsorption
amounts obtained by the pseudo-first order model were more
approximate to the experimental values. The above results
revealed that the pseudo-first order model could better
describe the adsorption behaviours than the pseudo-second
order model. It is well accepted that the pseudo-first order
model is suitable to predict the adsorption behaviours based
on physical interactions, while the pseudo-second order
model is proposed on the basis of a strong chemical
interaction between the adsorbate and adsorbent.®?°
Therefore, it is plausible that physical adsorption by

This journal is © The Royal Society of Chemistry 2021
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Table 3 Coefficients of the kinetic equations for the adsorption of styrene on the adsorbents
Pseudo-first-order Pseudo-second-order

Sample ge (mg g™) ke (107 min™) R? ge (mg g™) ks (107 min™) R?
Uio-66 997 2.92 0.990 1724 0.99 0.989
0.5 wt% Ag/UiO-66 714 4.42 0.990 1159 2.42 0.989
1 wt% Ag/UiO-66 598 5.43 0.989 952 3.71 0.987
2 wt% Ag/UiO-66 468 7.18 0.989 719 6.83 0.986
3 wt% Ag/UiO-66 365 9.48 0.989 528 13.60 0.984

micropore volume filling is a predominant mechanism for
UiO-66 and Ag/UiO-66. This conclusion was also supported
by the close correlations between the equilibrium styrene
adsorption capacities of UiO-66 and Ag/UiO-66 and their
specific surface areas (Fig. 2 and Table 1).

3.2.2 Photothermal regeneration of adsorbents. After the
adsorption equilibrium was accomplished, the in situ
photothermal desorption test was also performed under Xe
lamp irradiation, and the results are shown in Fig. 4d. It was
clearly observed that a roll-up phenomenon appeared in all
the desorption curves regardless of the Ag loading, which
would be relevant to their excellent equilibrium adsorption
capacity. When the lamp was turned on, plentiful adsorbed
styrene would be released from the surface of adsorbents due
to their high adsorption capacities, thus leading to high
outlet concentration within the initial degradation stage. For
the pure UiO-66, the outlet styrene concentration rapidly
ascended to its highest point of 332.9 ppmv within the initial
10 min and then gradually decreased. When 0.5 wt% Ag was
introduced into UiO-66, the highest point of the outlet
styrene concentration was boosted to 503.3 ppmv. Moreover,
the highest point of the outlet styrene concentration was
raised with increasing Ag loading despite the lower
equilibrium adsorption capacity. More importantly, the
adsorbed styrene on Ag/UiO-66 with Ag loadings of 2 and 3
wt% could be almost completely desorbed after 2800 and
1815 min of irradiation, respectively. However, it was difficult
to achieve complete desorption of styrene on UiO-66 because
the desorption rate was very sluggish after long irradiation.
For instance, the styrene desorption capacity was only
improved from 158.7 to 207.2 mg g~ with the increase of the
irradiation time from 2005 to 3145 min. For the Ag/UiO-66
samples with Ag loadings of 0.5 and 1 wt%, their styrene
desorption capacities were 198.8 and 219.4 mg g after
around 3000 min of irradiation. Given that the desorption
rates of all the investigated adsorbents noticeably slowed
with the irradiation time, we also compared their styrene
desorption capacities within 875 min of irradiation. As
displayed in Table S1, the styrene desorption efficiency of
pure UiO-66 was only 18.1% after 875 min of irradiation,
whereas 0.5 wt% Ag/UiO-66 could offer 22.3% desorption
efficiency under the same conditions. Remarkably, the
styrene desorption efficiency was also distinctly improved
from 22.3% to 85.3% as the Ag loading content was raised
from 0.5 to 3.0 wt%. Meanwhile, the generated CO, amounts
during the irradiation process were measured. The results

This journal is © The Royal Society of Chemistry 2021

displayed that no CO, was detected in the presence of pure
UiO-66 and Ag/UiO-66 during the irradiation processes,
implying that the mineralization could be negligible under
the investigated conditions. Furthermore, we investigated the
styrene desorption performance on pure UiO-66 at 75 °C. The
results showed that the styrene adsorbed on UiO-66 could be
completely desorbed after heating for 2500 min (Fig. S77).
These results disclosed that the Ag nanoparticles were
indispensable partners to release the adsorbed styrene from
the adsorbent, and the in situ regeneration of Ag/UiO-66 can
be facilely achieved under light irradiation.

Reusability is a crucial factor for an adsorbent, and it
usually determines the potentiality of the adsorbent for
practical application. Therefore, five runs of in situ
adsorption-desorption were performed using pure UiO-66
and 2 wt% Ag/UiO-66 as adsorbents. After each adsorption
equilibrium, a 300 W Xe lamp irradiated the adsorbent to
desorb the adsorbed styrene prior to the following adsorption
run. In the presence of 2.0 wt% Ag/UiO-66, both the
adsorption and desorption curves during the five adsorption-
desorption cycles were very consistent with that in the first
run (Fig. 5a). Furthermore, the adsorption capacities
estimated from their breakthrough curves were in the range
of 359.7-368.2 mg g ', and the desorption capacities were
maintained at 342.8-350.0 mg g~ during the five successive
runs. These results obviously reveal that there was hardly any
diminution in either the adsorption capacity or desorption

3)1_0- —a— cycle 1 s 800 b) —a— cycle 1
—o— cycle 2 E_ —o—cycle 2
081 = ot S600
2064 = cycle 5 g
= 400
©04 £
g 200
0.24 g
o
0'0 T T T T o 0 T T T T T
0 500 1000 1500 2000 0 600 1200 1800 2400 3000
Time (min) Time (min)
C) 104 cycle 1 d) —a—cycle 1
—o— cycle 2 —o— cycle 2
0.8 —e—cycle3 300 ——cycle 3
—o— cycle 4 —o— cycle 4

—o—cycle5 —e—cycle 5

>
E
Qo
&
0.6 5
> £ 200
O 0.4 £
c
0.2 § 100
<]
0.0 © ol
0 1000 2000 3000 0 600 1200 1800 2400 3000
Time (min) Time (min)

Fig. 5 Cycle performance of styrene adsorption and desorption on
the 2 wt% UiO-66 (a and b) and pure UiO-66 (c and d) adsorbents.
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capacity in the presence of 2.0 wt% Ag/UiO-66 (Fig. 5a and b).
Considering the very slow styrene desorption rate of UiO-66
after long irradiation, 3000 min of irradiation was chosen for
each desorption. The styrene adsorption capacities of UiO-66
during the five runs were 561.7, 449.3, 407.1, 328.9 and
290.2 mg g, respectively. In sharp contrast, only 51.6% of
the adsorption capacity was retained after the fifth run of
adsorption-desorption using pure UiO-66 as the adsorbent
(Fig. 5c¢). Additionally, the styrene concentration during the
desorption process decreased with increasing adsorption-
desorption cycle number, and the desorption capacity
showed a gradual decrease from 212.9 mg g™" in the first run
to 163.9 mg g ' in the fifth run (Fig. 5d). The above results
demonstrate that the modification of UiO-66 with Ag
nanoparticles could substantially improve its photo-induced
VOC desorption performance, thus resulting in extraordinary
regenerability of Ag/UiO-66 under solar light irradiation.

3.3 Regeneration mechanism of the adsorbents

In situ DRIFTS experiments were performed to obtain insight
into the difference in styrene adsorption on the pure UiO-66
and Ag/UiO-66 at the molecular level. Initially, the adsorption
of gaseous styrene on Ag/UiO-66 was investigated, and the
results are displayed in Fig. 6. The results showed bands at
3080 and 3060 cm™', which can be attributed to the
stretching vibration of aromatic C-H bonds.*”*® The band at
1510 cm™* was related to the skeleton vibrations of the
benzene ring in the Ui0-66 structure.’”*® Two very strong
bands observed at around 1600 and 1450 cm™' were
correlated with the asymmetric and symmetric stretching
vibrations of COO™.>>*° After the introduction of styrene, five
new absorption bands, including the C-H stretching
vibration of alkenes at 3025 and 3010 cm ™, the C-H bending
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Fig. 6 In situ DRIFTS spectra of 2 wt% Ag/UiO-66 in the range of
3685-3580 cm™ (a), 3100-2960 cm™ (b), 1640-1380 cm™ (c) and
1000-770 cm™ (d) during styrene adsorption at different times in the
range of 0-90 min.
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vibration at 990 and 910 cm™, and the aromatic C-H
bending vibration at 780 cm™, appeared, and their
intensities were enhanced with prolonged adsorption time,
indicating that styrene was gradually adsorbed onto 2.0 wt%
Ag/UiO-66 (Fig. 6 and S8t). Meanwhile, the stretching
vibrations of COO™ at 1600 and 1450 cm™* as well as the
skeleton vibrations of the benzene ring at 1510 cm™ " within
the UiO-66 structure became weaker and showed slight red
shifts as the adsorption time was increased, which can be
attributed to the increased electron density of the Zr
sites.*"*? In addition, the peak at 3674 cm ™" assigned to the
terminal-OH groups on the Zr-node of the UiO-66 framework
decreased gradually, while the hydroxyl peak of bound water
was formed at 3589 cm™".*°

To further verify the potential adsorption by the
interactions between the Lewis basic alkene C=C bonds in
styrene with the Lewis acidic sites on the surface of UiO-66
and Ag/UiO-66 absorbents, the surface acidity of the prepared
samples was investigated using a pyridine adsorption
method. The results included in Fig. S9 and Table S2f
demonstrated that the parent UiO-66 possessed a high total
acidity of 227.2 umol g™ comprised of Lewis acidity of 193.6
umol ¢g™* and Brensted acidity of 33.6 umol g . The Lewis
acidity would derive from the coordinatively unsaturated Zr
sites after the terminal H,O elimination within the UiO-66.
However, the surface Lewis acidity of Ag/UiO-66 revealed a
slight reduction compared to that of pure UiO-66, while the
Brgnsted acidity remained unchanged. Considering the
presence of Zr Lewis acids on UiO-66, it can be speculated
that styrene was adsorbed on the Zr Lewis acid sites of UiO-
66 by the electron-rich C=C bonds of alkenes in addition to
micropore volume filling, thus gradually replacing the
terminal-OH adsorbed on the Zr Lewis acids. Moreover, the
electron donation effect of the C—=C bond of the alkene to its
adsorbed Zr site may increase the electron density of the Zr
sites, which was responsible for the variations of the COO™
groups coordinated with Zr within UiO-66. Compared to Ag/
UiO-66, the characteristic peaks and observed variations in
pristine UiO-66 before and after the introduction of styrene
were almost consistent with those of Ag/UiO-66 (Fig. 6 and
S10t), suggesting that the loading of Ag nanoparticles on
UiO-66 would not change the adsorption behaviours of
styrene.

For an adsorbent, the desorption activation energy is
essential to obtain a fundamental understanding of its
regenerability. In view of this, a series of TPD experiments
were also performed at heating rates from 3 to 7 K min™" to
estimate the desorption activation energies of styrene on
pristine UiO-66 and the Ag/UiO-66 nanocomposites with
different Ag loadings. As presented in Fig. 7, only one peak
was observed in each TPD curve of styrene desorbed from the
investigated adsorbents, suggesting that there is one major
site in UiO-66 and Ag/UiO-66 for styrene adsorption.
Evidently, the temperature of the peak on the desorption
curve of pristine UiO-66 was higher than that on the Ag/UiO-
66 nanocomposites. It was also noted that the temperature of

This journal is © The Royal Society of Chemistry 2021
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the UiO-66 and Ag/UiO-66 adsorbents (f).

the peak gradually decreased as the Ag loading increased at
the same investigated conditions. These results demonstrated
that it is less difficult to release styrene from Ag/UiO-66 with
increased Ag loading. Based on eqn (7), the desorption
activation energies of Ag/UiO-66 with 0.5, 1.0, 2.0 and 3.0
wt% were estimated to be 30.9, 29.8, 29.0 and 28.0 k] mol™,
respectively, which were lower than that of pristine UiO-66
(31.4 kI mol™, Table S3f). Considering that physical
interaction was principally involved during the adsorption of
styrene on pristine UiO-66 and Ag/UiO-66, the partial
blockage of the pores in UiO-66 by Ag nanoparticles would
render a moiety of the pores useless and thus shorten the
diffusion length of styrene in the pore channels, which would
be responsible for their decreased desorption activation
energy.

On the basis of the above results, a plausible mechanism
for the regeneration of Ag/UiO-66 was tentatively proposed. A
careful comparison of the pristine UiO-66 and Ag/UiO-66
revealed that the introduction of a small amount of Ag
nanoparticles caused almost no change in the adsorption
mechanism and slightly affected the desorption activation
energy. However, the styrene desorption capabilities of the
Ag/UiO-66 nanocomposites were improved significantly.
Therefore, it is speculated that the excellent photothermal
properties of the Ag nanoparticles is responsible for their

This journal is © The Royal Society of Chemistry 2021
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superior regenerability. First, due to the plentiful
interconnected 3D cavities of Ag/UiO-66 accessible with the
open pores of UiO-66, it exhibited excellent adsorption
capacity of styrene, which would give rise to a high local
concentration of styrene to surround the highly dispersed Ag
nanoparticles. Second, heat was produced on the surfaces of
the Ag nanoparticles, induced by their outstanding SPR
response, when the Ag/UiO-66 composites were irradiated by
the simulated solar light (Fig. 3b). Owing to the inherent
inferior thermal conductivity of MOFs,”® the heat transfer
and heat loss would be effectively suppressed and thus give
rise to localized light induction heat near the Ag
nanoparticles. Subsequently, this localized heat might be
transported to both the surrounding UiO-66 and the high
concentration of adsorbed styrene, eventually triggering and
accelerating the desorption of styrene from the surface of the
Ag/UiO-66 adsorbent. As a result, outstanding photo-induced
regeneration capability of the Ag/UiO-66 adsorbent was
achieved under the simulated solar light irradiation.

Conclusions

In summary, a photothermally induced renewable adsorbent,
Ag/UiO-66 nanocomposite, was successfully constructed by
loading of Ag nanoparticles on UiO-66 through a facile
colloidal deposition method. The obtained Ag/UiO-66
samples were found to retain the regular morphology and
excellent porosity as well as the outstanding styrene
adsorption capability of the parent UiO-66. Upon exposure to
simulated solar light, the temperature of the Ag/UiO-66
samples could be instantly elevated, and the 2.0 wt% Ag/UiO-
66 exhibited optimal photothermal performance with a
temperature increase of 47.2 °C. This localized heat was able
to trigger the desorption of the adsorbed styrene from Ag/
UiO-66, thus successfully realizing efficient in situ
regeneration of the adsorbent under solar light irradiation.
Impressively, no appreciable decline was observed in either
the adsorption or desorption efficiencies for 2.0 wt% Ag/UiO-
66 even after five adsorption and desorption cycles; however,
only 51.6% of the styrene adsorption capacity and 77.0% of
the desorption capacity were maintained after five runs in
the presence of pristine UiO-66. Considering the exceptional
adsorption properties and green in situ regeneration process
triggered by naturally abundant solar light, we speculate that
the development of photothermal MOF-based composites will
open new avenues for exploiting novel adsorbents.
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