Article

Photocatalytic Degradation of Organic
Micropollutants in Water by
Zr-MOF/GO Composites
Rina Heu 1,2, Mohamed Ateia 3,*, Dion Awfa 1,4, Patiparn Punyapalakul 5,6 and Chihiro Yoshimura 1
1

Department of Civil and Environmental Engineering, Tokyo Institute of Technology, 2-12-1-M1-4
Ookayama, Tokyo 152-8552, Japan; heu.r.aa@m.titech.ac.jp (R.H.); awfadion@gmail.com (D.A.);
yoshimura.c.aa@m.titech.ac.jp (C.Y.)
2 Faculty of Hydrology and Water Resources Engineering, Institute of Technology of Cambodia,
Phnom Penh 12156, Cambodia
3 Department of Chemistry, Northwestern University, Evanston, IL 60208, USA
4 Water and Wastewater Engineering Research Group, Institut Teknologi Bandung (ITB), Ganesha 10,
Bandung 40132, Indonesia; awfadion@gmail.com
5 Department of Environmental Engineering, Faculty of Engineering, Chulalongkorn University,
Bangkok 10330, Thailand; patiparn.p@chula.ac.th
6 Center of Excellence on Hazardous Substance Management, Chulalongkorn University,
Bangkok 10330 Thailand
* Correspondence: ateia@northwestern.edu
Received: 26 April 2020; Accepted: 7 May 2020; Published: 12 May 2020

Abstract: Nanocomposites of UiO-66 and graphene oxide (UiO-66_GO) were prepared with
different GO contents by a one-step hydrothermal method, and their photocatalytic activities for the
degradation of carbamazepine (CBZ) were investigated under ranges of GO loading, catalyst dose,
initial pollutant concentration, and solution pH. The UiO-66_GO nanocomposites showed
photocatalytic rate constant up to 0.0136 min-1 for CBZ degradation and its high overall removal
efficiency (˃ 90%) in 2 h. The photocatalytic rate constant over the UiO-66_GO nanocomposite was
about 2.8 and 1.7 times higher than those over pristine GO and UiO-66, respectively. The
enhancement of photocatalytic activity by GO was attributed to increased surface area and porosity,
improved light absorption, and narrowed band gap. The composite also showed substantial
recyclability and stability over five consecutive cycles of photocatalytic degradation. The
experimental results indicated that O2●− and OH● are the responsible radicals for photocatalytic
degradation, which helped us propose a photocatalytic mechanism for the enhanced CBZ
photodegradation. This work provides a reference for the development of GO-based composite
photocatalysts and expands the application of UiO-66 as a photocatalyst for the degradation of
persistent micropollutants in water.
Keywords: carbamazepine; graphene oxide; metal–organic framework; photocatalysis; UiO-66

1. Introduction
Heterogeneous photocatalysis is one of the so-called advanced oxidation processes (AOPs) and
has attracted a great deal of attention over the past few decades for water purification and disinfection
due to its advantages of being non-selective, chemical-free, cost-effective, and simple to operate [1–
4]. New semiconductor photocatalysts have been developed with the aim of achieving improved
photocatalytic performance [5,6]. In this regard, metal–organic frameworks (MOFs), as crystalline
porous materials, have attracted extensive interest as emerging metal complex photocatalysts and
semiconductor photocatalysts in recent years [7,8].
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MOFs are composed of inorganic metal ions as connecting centers and organic moieties as
linkers and offer two significant advantages in photocatalysis. First, their high surface areas (up to
3000 m2/g), high porosity (up to 1 cm3/g), and abundance of functional groups increase the number
of active sorption sites, while also providing additional pathways for photo-induced electron
migration, facilitating charge carrier separation [9,10]. Second, the organic linkers and metal nodes of
MOFs can be integrated with, or replaced by, other linkers and metal ions, making MOFs chemically
and structurally diverse materials [11–13]. However, low chemical, thermal and hydrothermal
stabilities are one of the main weaknesses of MOF materials [4], limiting their application for
photocatalytic processes in actual treatment plants.
UiO-66, a zirconium-based MOF, has been proposed as a potential photocatalyst due to its
thermal and chemical stability, modifiability, high surface area, and photoactivity [14–16].
Nevertheless, photodegradation rates over UiO-66 are limited by its low adsorption capacity and
wide band gap (3.7 eV) [16,17]. A few studies have demonstrated that graphene oxide (GO) enhances
the photocatalytic activity of UiO-66 by increasing its adsorption capacity, reducing charge
recombination, and acting as a light sensitizer [18–20]. As summarized in Table S1, previous studies
on UiO-66_GO composites have solely been focused on hydrogen production, CO2 adsorption and
membrane filtration.
In this study, we present a facile hydrothermal method for preparing UiO-66_GO
nanocomposites, and report, for the first time, its application for the photodegradation of an organic
micropollutant (OMP). Carbamazepine (CBZ), which is one of the most persistent and frequently
detected pharmaceuticals in aquatic environments [21], was selected as a model OMP due to its high
potential risk to the environment [22–24] and resistance to biological degradation and under UV
irradiation [25–27]. The specific objectives of this study were: (1) to investigate the enhancing effect
of GO on the photocatalytic activity of UiO-66, (2) to test the photodegradation of CBZ with different
GO contents in the composites under ranges of catalyst doses and solution pH, (3) to elucidate the
photocatalytic mechanism of UiO-66_GO composites under UV irradiation, and (4) to test the
recyclability and stability of the prepared photocatalyst.
2. Materials and Methods
2.1. Material
Carbamazepine (>98%), hydrochloric acid (35–37%), hydrogen peroxide (30–35.5%), methanol
(99.9%), p-benzoquinone (≥98%), potassium permanganate (>99.0%), sulfuric acid (≥95%),
terephthalic acid (≥98%), and zirconium(IV) chloride (>99.5%) were purchased from Sigma-Aldrich
(Tokyo, Japan). N,N’-Dimethylformamide (DMF; 99.5%) and potassium peroxodisulfate (≥98%) were
purchased from Kanto Chemical (Tokyo, Japan). Graphite flakes (325 mesh, 99.8%), isopropanol
(≥100%), and sodium oxalate (≥99.5%) were obtained from Wako Chemical (Tokyo, Japan). All
chemical reagents were of analytical grade and were used immediately after purchase without
further purification. Milli-Q water was used as a solvent for all experiments. A GLK8MQ UVC lamp
(254 nm) was purchased from Sankyo Denki Co., Ltd. (Kanagawa, Japan).
2.2. Material Synthesis
GO and UiO-66 were synthesized according to the methods of Abdolhosseinzadeh et al. [28] and
Ma et al. [29], respectively, with some modifications (see the Supporting Information). To prepare
composites of UiO-66 and GO (Figure S1), different amounts of GO (0.1, 0.5, 1, and 5 wt% with respect
to the total amount of ZrCl4 and H2BDC) were dispersed in DMF (150 mL) with the aid of sonication
for 8 h. Each GO solution was then mixed with ZrCl4 (1.16 g) and stirred overnight. H2BDC (0.83 g)
was then added, and the mixture was stirred until complete dissolution and transferred to the
reaction vessel. After hydrothermal reaction for 24 h at 120 °C, the obtained composite material was
allowed to cool to room temperature, centrifuged (4,500 rpm for 15 min), and repeatedly washed with
DMF and methanol. Finally, the product was dried in a freeze-dryer overnight and kept dry until
use. Due to the hydrothermal condition during the preparation, GO could be partially reduced [30].
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The obtained composites with different GO contents are designated as UiO66_GO-0.1, UiO66_GO0.5, UiO66_GO-1, and UiO66_GO-5, respectively.
2.3. Analytical Methods
The crystalline structures of UiO-66, GO, and UiO-66_GO composites were confirmed by X-ray
diffraction (XRD) analysis (Miniflex 600, Rigaku, Japan) in the 2θ range 5−50° employing Cu-Kα
radiation (λ = 0.15406 nm). The surface morphologies, microstructures, and elemental compositions
of the prepared catalysts were examined by means of both a scanning electron microscope (SEM;
SU9000, Hitachi, Japan) and a transmission electron microscope equipped with an energy-dispersive
X-ray spectroscopy attachment (TEM-EDS; JEM-2010 F, JEOL, Japan). Fourier-transform infrared
(FTIR) spectra were recorded from samples in KBr pellets in the range  = 400–4000 cm−1 to identify
the functional groups present (FTIR 4600, JASCO, Japan). Specific surface areas, principal pore sizes,
and pore volumes were determined by recording N2 adsorption–desorption isotherms on an
Autosorb-iQ analyzer (Quantachrome, USA) at 77 K. UV/Vis absorption spectra were measured with
a UV-2600 spectrophotometer (Shimadzu, Japan). For further investigation of the optical properties
of the materials, their indirect band gaps were calculated by the Tauc plot method as described in
Wang et al. (2016) [9]. The mineralization of CBZ was determined by dissolved organic carbon (DOC)
using total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan).
2.4. Adsorption and Photodegradation Experiments
The photocatalytic activities of the prepared photocatalysts were evaluated by the
photodegradation of CBZ under irradiation with UVC light of wavelength 254 nm and intensity 0.16
W/cm2. The prepared photocatalysts were mixed in a 100 mL glass beaker containing CBZ solution
(50 mL) at an initial concentration of 5 mg/L. The pH of the solutions was adjusted using 0.1 m HCl
or 0.1 m NaOH solutions. The mixture was stirred in the dark at room temperature (25 °C) for 1 h
until the CBZ adsorption–desorption reached equilibrium. The adsorption capacity of CBZ was then
calculated according to Equation (1) [31]:
=

−

×

(1)

where qt is the adsorption capacity at equilibrium (mg/g), C0 is the initial concentration of CBZ (mg/L),
Ct is the concentration of CBZ at time t (mg/L), M is the mass of absorbent (g), and V is the total
volume of solution (L).
After adsorption–desorption equilibrium had been attained, the UVC light was turned on and
samples were collected at different time intervals: 20, 40, 60, 90, 120, and 180 min. After the
irradiation, the solution was passed through a syringe filter (0.22 µm PES filter, Membrane Solution,
Japan) to remove the photocatalyst, and then 100 µL of the filtrate was used for CBZ analysis. The
analysis was carried out by injecting the sample into a high-performance liquid chromatography
(HPLC) system (Prominence UFLC, Shimadzu, Japan) equipped with a UV/Vis absorbance detector
(SPD-20 UFLC, Shimadzu, Japan). A C18 column of dimensions 4.6 mm × 250 mm × 5 µm (Kinetex
Phenomenex, USA) was used. The UV/Vis detector was operated at 285 nm and the oven temperature
was set at 40 °C. The mobile phase consisted of methanol (60%) and water (40%) at a flow rate of 0.6
mL/min. The degradation rate was determined according to a pseudo-first-order kinetic model
(Equation (2)) [32]:
= −

(2)

where k is degradation rate (mn−1), Ceq is the concentration of CBZ at equilibrium adsorption (mg/L),
Ct is the concentration of CBZ at time t (mg/L), and t is photodegradation time (min). Coefficient of
determination ranged from 0.75 to 0.97 in this study.
The scavenger experiments were conducted by adding 1mM of the individual scavenger such
as p-benzoquinone (BQ), sodium oxalate (SO), isopropanol (IPA), and potassium persulfate (K2S2O8)
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to quench superoxide radicals (O2●−), holes (h+), hydroxyl radicals (OH●), and electrons (e−),
respectively [31,33].
A recycling experiment involving five runs was conducted under optimal conditions based on
the above-mentioned experiments to investigate the stability and recyclability of the catalyst. After
each run, the catalyst was collected, sonicated, and freeze-dried prior to reuse under identical
conditions. Correlation analysis were applied to examine the relationship of adsorption equilibrium
(q) and photocatalytic rate (k) with specific surface area, porosity and band gap of composite catalyst
by using R software (version 3.4.1).
3. Results and Discussion
3.1. Material Characteristics
3.1.1. Crystalline Structure
The pristine graphite used showed a peak at 2θ  26.52° in XRD patterns, corresponding to an
interlayer spacing of 0.34 nm, whereas the most intense peak of GO appeared at 2θ  10.08°,
corresponding to an interlayer spacing of 0.88 nm (Figure 1A). The increase in interlayer spacing after
oxidation was due to the presence of oxygen functional groups on each carbon layer, as could be
confirmed by FTIR, indicating that graphite was oxidized to GO. The XRD pattern of UiO-66 was in
good agreement with that reported in the literature [14,15], demonstrating its successful synthesis.
Similar peaks to those of UiO-66 were observed in the diffraction patterns of the UiO-66_GO
composites ranging from 0.1 to 5 wt%, but the crystalline peak of GO was not observed due to its low
loadings in the composites and its good dispersion in DMF [34,35]. However, when increasing GO
loading to more than 5 wt%, the number of peaks were reduced as clearly seen in the profile of UiO66_GO-10 and 20 wt%. These observations suggest that the small amount of GO (0.1%–5%) did not
interfere with crystalline structure of UiO-66 in the composite.
3.1.2. Surface Functional Groups
The FTIR spectrum of GO (Figure 1B) featured absorption peaks at  = 1,734 cm−1 due to the C=O
bonds of carboxyl and carbonyl groups, 3,365, 1,625, and 1,409 cm−1 due to the O−H bonds of hydroxyl
groups, and 1,050 cm−1 due to the C−O bonds of epoxy and alkoxy groups [36,37], confirming the
presence of oxygen functional groups. The absorption peaks of UiO-66 showed the fingerprint
groups, including the C=O bond of carboxylate groups in the 1,4-benzenedicarboxylic acid (BDC)
ligand (1670 cm−1), the O−C−O unit of BDC (1585 and 1395 cm−1), C=C of the benzene ring (1506 cm−1),
the O−H bonds of hydroxyl groups (3365 and 746 cm−1), a Zr−O mode (659 cm−1), and Zr−O−C
symmetric stretching [10,29]. However, no significant absorption bands of GO were observed in the
spectra of the UiO-66_GO composites, which suggests that the oxygen atoms of carboxyl groups (COO-) on the GO layer are bonded with the coordinatively unsaturated metal complex (Zr-OH/OH2+)
of UiO-66, similarly to the bonding between the H2BDC linker and the metal complex in pristine UiO66 as confirmed by previous studies [35,38]. However, the occupation of sites on the coordinatively
unsaturated metal complex (Zr-OH/OH2+) of UiO-66 by GO might interfere with the adsorption
capacity of CBZ, which would be expected to bind at the same site and X-ray photoelectron
spectroscopy (XPS) analysis may be useful for further confirmation.
3.1.3. Morphology and Element Compositions
SEM images revealed dense layered sheets of GO (Figure S2A) and cubic crystalline particles of
UiO-66 (Figure S2B), the size of the latter (120 nm) was in a similar range (100–150 nm) to that
reported in the literature [29,31]. The different particle size is probably due to the different ratio of
ZrCl4, H2BDC, and DMF used in the synthetic process. Moreover, the UiO-66 particle size in the
composites decreased with increasing GO content, as shown in Figure S2, which may be related to
the limited growth space on the GO layers [29]. This may be regarded as further evidence for
successful loading of UiO-66 on the GO layers.
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Differences in microstructure and elemental composition among the composites could be
discerned from their TEM images and EDS patterns, respectively (Figure 2). A uniform distribution
of UiO-66 particles on a large GO sheet could clearly be observed (Figure 2C). It can be envisaged
that the Zr4+ metal nodes in UiO-66 are coordinated by oxygen functional groups (C=O, O-H and CO) on the GO layer, thus preventing the aggregation of UiO-66 and improving its dispersion, as
suggested previously [39]. Additionally, the EDS pattern from a TEM image of GO (Figure 2D)
showed C and O as the main elements, whereas UiO-66 and the composites showed C and Zr (Figures
2E and 2F).

Figure 1. (A) XRD patterns and (B) FTIR spectra of graphite, GO, UiO-66, and UiO-66_GO composites.
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Figure 2. TEM images of (A) GO, (B) UiO-66, and (C) composite (UiO-66_GO-5) and EDS spectra of
(D) GO, (E) UiO-66, and (F) composite (UiO-66_GO-5).

3.1.4. Specific Surface Area and Pore Volume
The specific surface area of UiO-66 was determined to be 420 m2/g (Table 1), which falls within
a similar range (400–600 m2/g) as that reported in some previous studies [40–42], but lower than that
in other reports (800–1200 m2/g) [9,18,43]. The different specific surface areas may be associated with
the completeness of solvent removal during the preparation of the material [41]. The micropores of
UiO-66 were predominantly in the size range of 0.4–1 nm, although some pores in the range of 1–2.45
nm were also discerned. The specific surface area and pore volume of GO were evaluated as 56 m2/g
and 0.23 cm3/g, respectively. The former is higher than those reported in previous studies (7–30 m2/g)
[44–46]. This might be attributed to different degrees of exfoliation of GO during preparation of the
material [47,48].
Although the specific surface area of GO is low, its presence in the respective composites
significantly increases their surface areas, total pore volumes, and micropore volumes compared to
those of the pristine UiO-66 (Table 1). The increase in the porosity of UiO-66_GO is apparent at both
the micro- and macropore levels (as shown in Table 1). The enhancement of the macroporosity of the
composite surface can be attributed to a new porous structure produced at the interface between the
GO layer and the UiO-66 “block,” as seen in the N2 adsorption and pore size distribution (PSD) plot
(Figure S3). Meanwhile, the microporosity might be improved by the enhancement of crystalline
structure dispersion along with the GO layer inducing smaller particle size. At high GO contents, as
in UiO-66_GO-1 and UiO-66_GO-5, the surface area and total pore volume were significantly
decreased as a result of GO sheet stacking and cubic UiO-66 particles being enveloped by the GO
sheets. These observations imply that the introduction of GO markedly affects the pore structure of
the composites, but that a continuous increase in GO content (> 0.5 wt%) does not have a beneficial
effect. Nonetheless, the large surface area and pore volume of UiO-66_GO composites likely provide
more active sites for adsorption and photocatalytic performance. Conversely, the accessibility of CBZ
into the micropore structure of UiO-66 might be impaired by the presence of GO layers and the rigid
3D structure of the composite, which will be less accessible than an MOF with a 1D flexible structure.
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3.1.5. Light Absorption and Band Gap
The pristine GO showed light absorption in the wavelength range of 200–800 nm (Figure S4a),
in agreement with previous reports by Peng et al. [49] and Yang et al. [20]. The absorption spectrum
of UiO-66 featured a peak due to the Zr-O clusters at 255 nm and a ligand-based absorption at 290
nm (Figure S4a) [9,50]. After adding GO, all the UiO-66_GO composites showed higher light
absorption in the UV region (200–400 nm) and extended absorption in the visible region (400–700 nm)
compared to the pristine UiO-66 (Figure S4a). Increased GO content evidently decreased the band
gap of UiO-66, as previously observed for MOF_GO, TiO2_GO, and other GO-based semiconductor
composites [19,51,52]. The band gap of UiO-66 was measured as 3.55 eV, corresponding to a
wavelength of 350 nm, whereas that of the composite UiO-66_GO-5 was only 3.2 eV, corresponding
to a wavelength of 390 nm (Figure S4b). The enhancement of light adsorption and narrowed bandgap
of composite materials were attributable most likely to the presence of GO, which plays the role of
electron acceptor and enhances carrier separation of photogenerated electron and holes in the MOF
[20]. This modified light absorption and band gap serves to enhance the photocatalytic activity of
UiO-66_GO composites.
3.2. Photocatalytic Performance
3.2.1. Effect of Photocatalyst Composite
This modified light absorption and band gap serves to enhance the photocatalytic activity of
UiO-66_GO composites. Negative control experiments showed that hydrolysis and photolysis had
no significant effect on CBZ concentration, and in the adsorption phase all photocatalysts reached
equilibrium within 1 h (Figure 3). At equilibrium (Figure 3B), each of the UiO-66_GO composites
showed an adsorption capacity up to 2.5 times higher than that of pristine UiO-66, attributable to the
larger surface areas (correlation coefficient R = 0.77, n = 5, p = 0.13) and pore volumes (R = 0.53, n = 5,
p = 0.35) (Table 1). The adsorption of CBZ on UiO-66 is principally through Van der Waals
interactions with metal clusters [40], whereas its adsorption on GO is mainly through π-π electron
donor–acceptor interactions [53,54]. Among the composite materials, UiO-66_GO-0.1 showed the
highest adsorption capacity of approximately 2.96 mg/g, which corresponds to its highest surface
area and porosity. Higher GO content resulted in lower adsorption capacity because of its lower
surface area and porosity. These results further imply that excessive GO wrapped around the UiO66 reduces the number of adsorption sites, being consistent with the results from BET analysis and
SEM observation.
Under UVC irradiation, the presence of GO increased the photodegradation rate of CBZ over
UiO-66 (Figure 3B), except in the case of UiO-66_GO-5. The improvement of photodegradation rate
can be attributed to the increased photocatalyst surface area (R = 0.93, n = 5, p = 0.02), and porosity (R
= 0.77, n = 5, p = 0.13) and the narrower band gap (R = 0.31, n = 5, p = 0.62), as indicated by the BET
analysis and UV/Vis absorption spectra, respectively. The maximum degradation rate (k = 0.0135 min–
1) was obtained over UiO-66_GO-0.5. However, the CBZ degradation rate was lower at GO contents
of less than 0.5 wt% (as seen for UiO-66_GO-0.1), probably because the GO content was too low to
narrow the band gap of UiO-66. When the GO content exceeded 0.5 wt% (UiO-66_GO-1 and UiO66_GO-5), the degradation rate sharply decreased. This was because the excessive GO reduced the
number of catalyst active sites, as shown by the BET analysis (Table 1), and shielded the UiO-66 by
absorbing light, which resulted in far fewer photogenerated charges [19,52]. Moreover, compared to
TiO2, which is one of most frequently used semiconductor materials [55], UiO-66/GO composite (in
case of 0.5%) showed a higher degradation rate of CBZ by about 6.4 times [56] and 16.9 times [57].
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Table 1. Surface area, pore size, pore volume, and indirect band gap of GO, UiO-66, and composites.

Catalyst

SSABET a
m2/g

Main pore size b
nm

PVtotal c
cm3/g

GO
UiO-66
UiO-66_GO-0.1
UiO-66_GO-0.5
UiO-66_GO-1
UiO-66_GO-5

56.4
419.9
1004.6
913.4
778
552.4

10.94
3.94
3.95
4.02
3.92
4.03

0.588
0.448
0.879
1.052
0.811
0.398

BJH pore volume distribution d
PVmicro(< 2 nm)
cm3/g, [%]
0.027 [4.63]
0.177 [39.41]
0.577 [65.65]
0.526 [50.04]
0.385 [47.45]
0.226 [56.79]

PVmeso(2–50 nm)
cm3/g, [%]
0.004 [0.68]
0.013 [2.99]
0.007 [0.83]
0.004 [0.36]
0.005 [0.56]
0.005 [1.33]

PVmacro(> 50 nm)
cm3/g, [%]
0.557 [94.69]
0.258 [57.60]
0.295 [33.52]
0.522 [49.6]
0.522 [51.99]
0.167 [41.87]

Indirect band gap e
eV
N/A
3.55
3.55
3.45
3.3
3.2

a Composites specific surface area calculated from N2 adsorption data using the Brunauer–Emmett–Teller (BET) method. b Pore diameter calculated from N2 adsorption
data using the Barrett–Joyner–Halenda (BJH) method. c Total pore volume calculated from N2 adsorption data using the BJH method at P/P0 = 0.99. d Pore volume
distribution classified according to the IUPAC definition and calculated by the BJH method. e Indirect bandgap calculated from UV/Vis absorption data by the Tauc plot
method. N/A: not available.
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Figure 3. (A) Adsorption and photodegradation of CBZ, (B) adsorption capacity and photocatalytic
rate k with no photocatalyst, GO, UiO66, 0.5 wt%, 1 wt%, and 5 wt% GO-loaded UiO-66 composites
(experimental conditions: initial CBZ concentration = 5 mg/L; pH = 7±0.2; photocatalyst concentration
= 1 g/L; solution volume V = 50 mL). Plots and error bars represent averages and standard deviations
from triplicate experiments.
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3.2.2. Effect of Photocatalyst Dose and Reaction Conditions
For the initial concentration of CBZ at 5 mg/L, the optimal dose of the catalyst was 1 g/L, showing
high adsorption capacity (2.5 mg/g) and degradation rate (0.0135 min–1) and good CBZ removal (>
90%) in 2 h (Figure 4). A higher catalyst dose led to greater CBZ adsorption, as it provided more
adsorption sites [31,58]. At a dose of 2 g/L, most of the CBZ was adsorbed and only a small amount
(< 40%) remained in solution. However, the equilibrium adsorption at 2 g/L was smaller than those
at lower dosages (0.5 and 1 g/L) due to low availability of CBZ in the reaction system, as confirmed
in Section 3.2.3, and by the aggregation of the catalyst, which reduced the effective number of active
sites [59] (Figure 4B). The degradation rate (Figure 4B) at 2 g/L was also lower than those with lower
dosages (0.5 and 1 g/L) because of light-shielding [26]. Although the highest equilibrium adsorption
(3.42 mg/g) was seen at 0.5 g/L, the degradation rate was low (0.0091 min–1); this dose was insufficient
to remove CBZ, resulting in a low photodegradation efficiency (˂ 75%).
The effect of initial CBZ concentration on its photodegradation was investigated by applying
different initial CBZ concentrations of 3, 5, 10, and 20 mg/L. Equilibrium adsorption first increased
with increasing CBZ concentration due to a higher driving force of the concentration gradient [31,60]
(Figure 5). In contrast, when the initial concentration increased from 3 to 10 mg/L, the degradation
rate decreased. This was because excessive initial concentration could shield some UV light, reducing
the amount of photons reaching the composite [61,62]. When the CBZ concentration increased from
10 to 20 mg/L, the degradation rate remained constant. A possible reason for this result is that at high
initial CBZ concentration, more CBZ molecules are exposed to OH●, resulting in a higher degradation
rate, as explained by Ali et al. and Khan et al. [25,63].
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Figure 4. (A) Adsorption and photodegradation and (B) equilibrium adsorption and photocatalytic
rate k of different photocatalyst doses (experimental conditions: initial CBZ concentration = 5 mg/L;
pH = 7±0.2; concentration of UiO-66_G-0.5 = 0.5, 1, or 2 g/L; solution volume V = 50 mL). Plots and
error bars represent averages and standard deviations from triplicate experiments.
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Figure 5. Effect of initial CBZ concentration on equilibrium adsorption q and degradation k rate
(experimental conditions: pH 7±0.2; concentration of UiO-66_GO-0.5 = 1 g/L; solution volume V = 50
mL). Plots and error bars represent the averages and standard deviations from duplicate experiments.

From our experiment, CBZ is extremely stable in strong acid (pH = 2) and alkali (pH = 10)
conditions. However, the photodegradation of CBZ proved to be pH-dependent, with higher
degradation being observed in a low pH range of 2–6 (Figure 6). Since the pKa of CBZ is 13.9 [64,65],
it would be neutral or bear a positive charge in acidic pH. Meanwhile, pH corresponding to the point
of zero charge (pHpzc) is at 6 for UiO-66 and at 4 for GO, and thus the surface of the composite
adsorbent will be positively charged at pH < 4 and negatively charge at pH > 6 [40,53,66]. Therefore,
the adsorption of CBZ at pH < 4 might be disfavored by repulsive interactions between the positive
charges of CBZ and UiO-66_GO-0.5. The highest equilibrium adsorption was obtained at pH = 4–6,
at which the surface charge of UiO-66_GO-0.5 is almost neutral. Apparently, electrostatic interactions
are not the main adsorption mechanism of CBZ. The adsorption of CBZ decreased when the pH was
raised to 8–10. This might be related to the increased number of deprotonated Zr-O-groups on the
metal clusters of UiO-66_GO-0.5, which might reduce the number of active sites for hydrogen
bonding. Thus, due to higher equilibrium adsorption, the lower pH range ≤ 6 showed higher overall
removal efficiency (R = 0.84, n = 6, p = 0.03).
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Figure 6. (A) Photodegradation of CBZ at different solution pH and (B) effect of solution pH on
equilibrium adsorption q and degradation rate k (experimental conditions: initial CBZ concentration
= 5 mg/L; concentration of UiO-66_GO-0.5 = 1 g/L; solution volume V = 50 mL). Plots and error bars
represent averages and standard deviations from duplicate experiments.
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3.2.3. Identification of Reactive Species and Photodegradation Mechanism
To gain further understanding of the role of photogenerated radicals in the CBZ degradation
mechanism, p-benzoquinone (BQ), sodium oxalate (SO), isopropanol (IPA), and potassium persulfate
(K2S2O8) were used to quench superoxide radicals (O2●−), holes (h+), hydroxyl radicals (OH●), and
electrons (e−), respectively [31,33]. The addition of BQ or IPA significantly inhibited the degradation
of CBZ, whereas the addition of SO or K2S2O8 had no significant effects (Figure 7). These observations
suggested that O2●− and OH● are the main active species for CBZ photodegradation over the UiO66_GO system, which is in line with previously reported UiO-66 composites [9,31].
The mechanism of CBZ photodegradation over UiO-66 enhanced by GO (UiO-66_GO) can be
hypothesized to involve the following equations (Equations (3–5)) [9] and is outlined in Figure 8.
UiO-66_GO + hv → e− + h+

(3)

e− + O2 → O2●−

(4)

h+ + OH− → OH●

(5)

CBZ was most likely adsorbed on the benzene structure in UiO-66_GO nanoparticles. Under UV
irradiation, the organic ligands (H2BDC) of the composite catalyst were excited and could then
transfer a photoelectron to the inorganic Zr-O clusters. The photogenerated electron (e−) in the
conduction band of UiO-66 then quickly migrated to the GO support, greatly enhancing the carrier
separation, resulting in improved photocatalytic activity. Subsequently, the photogenerated electron
(e−) reacted with dissolved oxygen in the reaction system to form first O2●− and then OH●. The O2●−
and OH● radicals then degraded the CBZ molecule to CO2, H2O, and other intermediates during the
photolysis. This hypothesized mechanism is in good agreement with previous literature [19,20,31].
The result of TOC analysis showed that the mineralization rate of CBZ after photodegradation
was 25%. This mineralization rate indicated that CBZ was degraded into CO2 and H2O and other
organic intermediate compounds about 75%. Thus, the chemical structure and toxicity of those
intermediate products after CBZ photodegradation need to be further studied.
3.3. Recyclability of the Composites
After five consecutive runs, the photocatalytic activity of the UiO-66_GO-0.5 composite was still
considerably high (> 60%). It decreased by only 30% between the 1st and 3rd runs and maintained a
similar level until the 5th run (Figure 9). The decline in CBZ degradation could be due to its
accumulation and deposition of its photodegradation by-products on the UiO-66_GO-0.5
nanoparticles, as confirmed by FTIR (Figure S5). After five runs, no significant change in the structure
of UiO-66_GO-0.5 was observed by XRD or SEM (Figures S6 and S7), indicating good stability and
recyclability of UiO-66_GO-0.5 for practical applications. However, quantitative and qualitative
measurements of CBZ accumulation and its by-products on catalyst surface are required in further
study for better understanding the major factors on stability and recyclability of the composite
catalyst.
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Figure 7. Effects of the absence and presence of scavengers on (A) the photodegradation efficiency
and (B) the degradation rate of CBZ over UiO-66_GO-0.5. (Experimental conditions: initial CBZ
concentration = 5 mg/L; solution pH 7; concentration of UiO-66_GO-0.5 = 1 g/L; solution volume V =
50 mL). Plots and error bars represent averages and standard deviations from duplicate experiments.
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Figure 8. Schematic diagram of the proposed mechanism for the enhanced photocatalytic oxidation
over the UiO-66_GO composite catalyst.

Figure 9. Photocatalytic performance over five cycles (experimental condition: initial CBZ
concentration = 5 mg/L; pH = 7; concentration of UiO-66_GO-0.5 = 1 g/L; solution volume V = 50 mL).
Plot and error bars represent averages and standard deviations from triplicate experiments.
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4. Conclusions
UiO-66_GO composite catalysts were prepared by a simple solvothermal method and was
applied for the photodegradation of the persistent pharmaceutical compound CBZ. The results
showed the effective degradation efficiency in 2 h (≥ 90%) superior to those of its constituent
materials: GO (< 67%) and UiO-66 (< 76%). This enhancement by GO in the photocatalytic activity of
UiO-66 is most likely attributable to the increased SSA and porosity and the narrowed band gap. In
addition, the photocatalytic activity of UiO-66_GO composites was shown to be significantly
influenced by GO loading, catalyst dose, initial pollutant concentration, and solution pH. The main
reactive species responsible for the photodegradation of CBZ were identified as O2●− and OH●
radicals. Furthermore, the composite showed good recyclability, maintaining a high CBZ degradation
efficiency of more than 60% for five cycles.
Overall, this work confirmed that the modification of semiconductors with GO as electron
acceptor is an effective technique for improving photocatalytic activity. It also gives us great
inspiration for the development of other GO-based composite photocatalysts and the application of
UiO-66 in water or wastewater treatment technologies. Moreover, since this composite material can
absorb light in the visible light region (400–700 nm), it could possibly be applied as a solar-base
catalyst. To the best of our knowledge, this is the first application of UiO-66_GO for photocatalysis,
showing the optimum experimental conditions. Practical conditions, such as actual concentrations of
target OMPs, and water matrix might also affect UiO-66_GO catalysts, which need to be investigated
in further research.
Supplementary Materials: The following are available online at www.mdpi.com/2504-477X/4/2/54/s1, Table S1:
Summary of UiO-66_GO applications, Figure S1: synthesis method of UiO-66_GO composite, Figure S2: SEM
images of GO, UiO-66 and composites, Figure S3: Pore size, pore volume distribution and N2 adsorption of GO,
UiO-66 and composites, Figure S4: Pore size and pore volume distribution of GO, UiO-66 and composites, Figure
S5: FTIR spectra of fresh and after 5th run of UiO-66_GO-0.5, Figure S6: XRD patterns of fresh and after 5th run of
UiO-66_GO-0.5, Figure S7: SEM images of fresh and after 5th run of UiO-66_GO-0.5.
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