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ABSTRACT

In this study, a novel recyclable Co-doped UiO-66 nanoparticle was synthesized by a one-step solvothermal
method. A high adsorption capacity of 224.1 mgg~' was obtained by the CoUiO-1 nanoparticle, then the ad-
sorbed tetracycline (TC) molecules could be removed more than 94% of initial concentration under simulative
sunlight irradiation. The adsorptive ability and photocatalytic performance of CoUiO-1 nanoparticle were about
7.6 and 6.9 times higher than the pristine UiO-66, respectively. The adsorption capacity of CoUiO-1 nanoparticle
was sensitive to adsorbent dosage, coexisting ions, solution pH values and initial TC concentrations. Pseudo-
second-order and Freundlich models fitted well with the adsorption process. Thermodynamic study indicated the
TC adsorption on CoUiO-1 nanoparticle was a spontaneous and exothermic process. TC photodegradation ex-
periment showed that the Co-doped modification expanded light absorption and facilitated charge separation of
Ui0-66, which was beneficial to enhance photocatalytic performance. The mechanism of TC photodegradation
by Co-doped UiO-66 nanoparticle was investigated. Moreover, a plausible degradation pathway for TC was
proposed. The high removal efficiencies of CoUiO-1 nanoparticle were obtained towards real samples including
tap water, river water and pharmaceutical wastewater. Therefore, the novel Co-doped MOFs photocatalytic
adsorbent showed great potential in wastewater treatment.
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1. Introduction

Antibiotics, a kind of significant pharmaceutical ingredients, have
been widely used in human and veterinary medicine [1,2]. It has been
reported that the antibiotics concentrations in untreated domestic
wastewater range between 100ngL~! and 6 ugL~?!, while the con-
centrations in pharmaceutical and hospital wastewater can reach up to
100-500mg L~ ! [3]. Antibiotic pollution in aqueous environment is
becoming a worldwide environmental issue for their solubility, persis-
tence and high toxicity [4,5]. Tetracycline (TC) antibiotic is widely
used in human activities, once they enter into water cycling system,
they will be a threat to human health and ecosystem balance [6-8].

The existence of persistent organic pollutants brings challenge to
wastewater treatment. Notably, the combination of adsorption and
photocatalysis method is a potential strategy to better remove the
pollutants in wastewater without bringing secondary pollution. Yang
et al. [9,10] reported a three-dimensional hydrogel with adsorption
property and high visible-light catalytic activity to remove sulfonamide
antibiotics in water. Zn-Fe mixed metal oxides were developed by Di
et al. and co-workers [11] to adsorb and photodegrade several phar-
maceuticals and arsenic, the Zn-Fe mixed metal oxides with bifunction
could efficiently remove contaminants in water. As a novel emerged
class of porous materials, metal-organic frameworks (MOFs) with a
number of potential applications have become a focus in the area of
materials science because of the high specific surface area, controllable
porous structure and well-organized framework [12,13]. It is worth
noting that MOFs are great choices for adsorbing and completely pho-
todegrading the organic pollutants in aqueous environment. Similar to
semiconductors, in presence of metal centers and organic linkers, MOFs
can be excited by light irradiation to gain electron-hole pairs because
the organic ligands in MOFs can absorb light and activate metal clusters
via a ligand-to-metal charge-transfer (LMCT) [14,15]. Therefore, the
MOFs photocatalysts are being actively studied.

The discovery of Ui0-66 (ZrsO4(OH)4(BDC);5) with high structural
stability in water was a huge step forward in MOFs [16,17]. Since then,
various strategies have been used to modify the structures and prop-
erties of UiO-66, one common method is to immobilize semiconductor
or conductor on MOFs substrate to form hybrid photocatalysts and gain
some unique functions [18,19]. For instance, Zhou et al. [20] have
reported on efficient photodegradation of Rhodamine B (RhB) by
Ag,C0O5/Ui0-66 composites, the cooperative synergism between the
Ag>CO3 and UiO-66 in the composites might contribute to the stability
and enhance the photocatalytic performance of the photocatalyst.
However, most of the synthetic method is both complex and not scal-
able [21]. A simple and scalable modification method to achieve a
superb UiO-66 photocatalyst is highly needed. Recently, there are many
methods to modify the structures and properties of UiO-66. Notably,
doping modification is an effective method because it has impact on
pore structure and light adsorption region [22-24]. The generated
photocatalytic performance might be due to the metal-to-metal charge-
transfer (MMCT) excitation that producing oxo-bridged bimetallic
redox site [25]. Xu et al. [26] illuminated that the doping of Fe ions into
UiO-66 lattice was conductive to the photocatalytic performance for the
MMCT excitation between Fe and Zr species could improve the charge
separation efficiency. Based on these works, we assume that cobalt (Co)
should be a promising element to be doped into UiO-66 for its excellent
electrochemical properties.

Herein, Co element was adopted to synthesize a novel Co-doped
UiO-66 nanoparticle by a one-step solvothermal method for the first
time. The Co-doped UiO-66 nanoparticle was characterized by mor-
phology, structure, porosity, optical performance and photoelec-
trochemical properties. Effects of different Zr: Co molar ratios, pH va-
lues and initial TC concentrations on adsorption removal of TC
molecules were investigated. Moreover, the photocatalytic activity,
mechanism and recyclability of the photocatalyst were evaluated under
simulative sunlight irradiation. The novel stable Co-doped MOFs
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photocatalytic adsorbent showed great potential in the wastewater
treatment and the methodology provided a new way to synthesis metal-
doped MOFs photocatalytic adsorbent with practical application.

2. Experimental
2.1. Materials

Zirconium chloride (ZrCly), 1, 4-benzenedicarboxylic acid (H,BDC;
CgHgO,4), cobaltous chloride (CoCly6H,0), N’N-Dimethylformamide
(DMF; (CH3),NCHO), ethanol (C;H¢O) and tetracycline (TC) were of
analytical reagent. Deionized water was applied as solvent in the whole
experiment.

2.2. Preparation of CoUiO-66 series

CoUi0-66 series with different Co: Zr mole ratios were synthesized
by a one-step hydrothermal method. Typically, H,BDC, ZrCl, and DMF
with a molar ratio of 1:1:162 were mixed in a beaker. Then, various
amounts of CoCly6H,O were added respectively and kept magnetic
stirring at room temperature for 1h. Subsequently, the blue solution
was placed into a Teflon reactor at 120 °C for 24 h. After nature cooling,
the precipitate was separated by centrifugation, washed with DMF and
ethanol for several times. Finally, the CoUiO-66 series were vacuum
dried overnight at 60 °C. The final products were labeled as CoUiO-X
(X =1, 2, 4 and 8, which stand for the Zr: Co mole ratio). For com-
parison, the UiO-66 was also prepared in the absence of CoCly6H,0
according to the same methods.

2.3. Analytical methods

The powder X-ray diffraction (XRD) was tested by Bruker AXS D8
Advance diffractometer. Field emission scanning electron microscopy
(FESEM, JSM-7001F) and transmission electron microscopy (TEM, JES-
3010) were used to characterize the morphology of samples. X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher, USA) spectrum was
applied to investigate the valence state and chemical composition of
samples. The N, adsorption-desorption isotherm and Brunauer-Emmett-
Teller (BET) method were used to characterize the porous nature and
surface area. The zeta potential of sample was detected by a Zeta-sizer
Nano-ZS (Malvern, UK). Photoluminescence (PL) spectroscopy was re-
corded on FLS980 Series of Fluorescence Spectrometers at room tem-
perature. UV-vis-NIR diffuse reflectance spectra (UV-vis-NIR DRS) was
examined by a Hitachi UH-4150 spectrophotometer. Electron spin re-
sonance (ESR) signals were detected by a Bruker ER200-SRC spectro-
meter under simulative sunlight. Mineralization of TC was estimated by
the total organic carbon (TOC) using a Shimadzu TOC-VCPH analyzer.

2.4. Adsorption experiments

The dark adsorption experiments were conducted in 250 mL beakers
containing 100 mL of 20mgL~! TC solution to investigate the ad-
sorption of TC onto CoUiO-1, CoUiO-2, CoUiO-4, CoUiO-8 and UiO-66.
Notably, 20 mg of materials were added to TC solution for the ad-
sorption process with continuously magnetic stirring for 180 min.
Samples were collected after a regular time interval and the TC con-
centration was measured using a UV-Vis spectrophotometer
(Shimadzu, Japan).

Effect of TC solution pH values on CoUiO-1 nanoparticle adsorption
capacity at the pH values of 2, 4, 6, 8, 10, 12 were estimated using
dilute H,SO4 and NaOH solution. The zeta potentials of CoUiO-1 so-
lutions at the pH values of 2, 4, 6, 8, 10, 12 were estimated. The TC
solutions with various concentrations of NaCl, Na,SO, and Na,COs
were chosen to investigate the effect of coexisting anions on the ad-
sorption performance of CoUiO-1 nanoparticle. Four TC concentrations
of 10, 30, 50 and 70 mg L.~ ! were chosen to investigate the adsorption
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kinetics of CoUiO-1 nanoparticle. Moreover, the thermodynamic stu-
dies were performed at three temperatures of 25 °C, 35 °C and 45 °C.

2.5. Photocatalytic experiments

Photocatalytic activity of Co-doped UiO-66 series were conducted
by the photodegradation of TC with simulative sunlight irradiation.
After addition of 20 mg as-prepared product into TC solution (100 mL,
20 mg L.~ ') with continuous magnetic stirring for 1 h to get adsorption-
desorption equilibrium, a 300 W Xenon lamp was used as the simulative
sunlight source to irradiate the suspension. At fixed time intervals, 4 mL
of samples were taken and centrifuged to detect TC concentration. The
TC concentration after adsorption equilibrium was applied as zero
point. Furthermore, cycle experiments were performed to verify the
stability and recyclability of photocatalyst. Control experiments were
carried out without addition of the as-prepared product.
Photodegradation intermediates of TC were detected by the liquid
chromatograph tandem mass spectrometer (LC-MS, 1290/6460 Triple
Quad, USA). TC solution of 20 mg L~ was prepared for degradation
products identification. The detailed information of LC-MS was listed in
the Supporting Information.

3. Results and discussion
3.1. Characterizations

XRD analysis could provide information on the composition and
crystallinity of as-prepared samples. The XRD patterns of UiO-66 and
CoUiO-X (X =1, 2, 4, 8) were showed in Fig. 1. The characteristic
peaks of UiO-66 matched well with the previous report [17], which
verified the successful synthesis of UiO-66. When Co doped into UiO-
66, the main diffraction peaks behaved similarly as that of UiO-66 and
no diffraction peaks of Co species were found, suggesting that the doped
Co was low loading and high dispersion. In addition, the Co-doped
modification did not cause the phase transition of UiO-66 crystal. The
doped Co element was probably incorporated into the lattice of UiO-66
[27].

The SEM images (Fig. 2a) showed that the UiO-66 sample had ty-
pical diameters of 230 nm and presented an agglomerated cubic mor-
phology. Obviously, the CoUiO-1 sample displayed the different mor-
phology, with dispersive and uniform cubic shape (Fig. 2b and c). The
diameter of the cubes was in the range of 170 = 10 nm. The Co-doped
modification of UiO-66 caused a smaller particle size and better dis-
persion. Moreover, from the SEM image of CoUiO-1 nanoparticle after
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Fig. 1. XRD patterns of UiO-66 and CoUiO-X samples.
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adsorptive and photocatalytic process, the CoUiO-1 nanoparticle was
stable and kept the structure unchanged. No obvious particle was found
in the TEM image of CoUiO-1 sample (Fig. 2e), suggesting that there
was no metal or metal oxide attached on CoUiO-1 surface, which
confirmed the XRD results. The EDS spectrum of the CoUiO-1 sample
was obtained using the TEM (Fig. 2f). The signals of Zr, C and O in the
EDS spectrum were very strong, while the signal of Co was very weak,
indicating the content of Co element in CoUiO-1 sample was very low.

XPS measurement was carried out to characterize the valence state
and chemical composition of CoUiO-1 sample. From the survey spec-
trum in Fig. 3a, the elements C, O and Zr existed in the CoUiO-1 XPS
spectrum while the peak of Co was not appeared for the low content.
From the ICP-AES analysis, the doped amount of Co into UiO-66 was
only 0.48 wt%, which certified the XPS and EDS results of low Co
content. Fig. 3b displayed the C 1s spectra of CoUiO-1, the fitting peaks
at 284.0, 284.5, 285.8 and 288.7 eV were corresponded to the C—C,
C=C, C—0O and C=O bonds, which were attributed to the H,BDC
structure in CoUiO-1 [26]. The O 1s spectrum (Fig. 3c) could be de-
composed into three peaks, which were related to Zr-O and Co-O bond
(530.6 eV), C=0 bond (531.5eV) and O—H bond (532.6 eV) [28]. As
shown in Fig. 3d, the binding energy peaks of Zr 3ds,, (182.5 and
183.1eV) and Zr 3d;,, (184.8 and 185.5eV) could be observed, in-
dicating the presence of Zr** for zirconium-oxo cluster [29]. Although,
the Zr: Co mole ratio was equal during the synthesis, a lot of cobalt
species were washed away [30]. There were two weak peaks of Co 2p3,
» and Co 2p, /, around 782.4 and 796.6 eV appear in the Co 2p spectrum
(Fig. 3e), asserted that the doped Co was in contact with O and formed
the Co-O bonds in CoUiO-1 [31]. The Co 2p spectrum indicated the
dominate Co®* charge state and the presence of Co2* [32]. Besides, the
diffraction peaks of the cobalt or cobaltic oxide species could not be
observed, which proved the inexistence of cobalt or cobaltic oxide
species. Therefore, the Co element was successfully doped into UiO-66.

To further investigate the surface morphology and pore volume of
the as-obtained samples, the N, adsorption-desorption isotherms ex-
periments were conducted and the corresponding calculated para-
meters of UiO-66 and CoUiO-X series were showed in Fig. 4 and
Table 1. The as-obtained samples were of typical type I curve for the
microporous adsorption. Compared to UiO-66, the Co-doped UiO-66
series samples attained an increased BET surface area and total pore
volume (V). The pore size in a range from 1.35 to 1.36 nm showed
ignorable change after the Co-doped modification. However, the BET
surface area and V. decreased with the increase of Co content, in-
dicating that Co doped into the pore successfully and it has impact on
pore structure and surface area of UiO-66. Nevertheless, large BET
surface area and pore volume of CoUiO-X series could offer more active
sites which were favorable for improving the adsorption capacity and
photocatalytic activity.

3.2. Adsorption removal of TC

3.2.1. Different CoUiO-X samples

As shown in Fig. 5, the equilibrium adsorption for TC molecules was
investigated. All curves showed a rapid adsorption between t = 0 and
10 min, and a very slow adsorption at longer time. A poor adsorption
capacity (11.2mg g~ ) could be obtained on UiO-66 while the CoUiO-X
series exhibited an improved adsorption capacity. As the increase in Co
content, the TC adsorption capacity of CoUiO-X series showed an up-
ward trend. Notably, the CoUiO-1 nanoparticle exhibited a maximum
adsorption capacity of 85.1 mg g~ '. The enhanced adsorption capacity
may be due to that the doped Co element in UiO-66 donated valence
electron, which was beneficial for TC molecules to be bind to the metal
centers [33].

3.2.2. Effect of adsorbent dosage and coexisting anions
For the adsorption studies, the optimization of adsorbent dosage
was necessary. In Fig. 6a, the increasing the dosage of CoUiO-1
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Fig. 2. SEM images of UiO-66 (a) and CoUiO-1 (b and c) with different magnification; SEM image of CoUiO-1 after adsorptive and photocatalytic process (d); TEM

images (e) and EDS spectrum (f) of CoUiO-1.

nanoparticle range from 0.2 to 1.2 gL ! did enhance the removal ef-
ficiency of TC for the higher adsorbent concentration could translate
into more adsorption sites [34]. However, there was a negative corre-
lation between the adsorbent dosage and adsorption capacity due to the
interaction of active sites of adsorbents [35]. Notably, high TC removal
efficiencies (> 90%) were achieved at a dosage of 0.4 to 1.2 gL’l.

Generally, there were other ions like C1~, SO,>~ and CO5>~ coex-
isted in actual wastewater with TC molecules. Fig. 6b showed the in-
fluence of various concentrations of C1~, SO42~ and CO5?~ on TC re-
moval by CoUiO-1 nanoparticle. As the Fig. 6b showed, with the
addition of Cl~, SO4*>~ and CO3>~, the adsorption ability of TC de-
creased as the ions concentrations increased. Moreover, the influence of
coexisting ions followed the order: SO~ > CO32~ > Cl~. The
adding anions could complete the active sites with TC molecules and
the result proved that the anions with more negative charge caused
stronger bond with the adsorbent [36].

3.2.3. Effect of solution pH

The pH value of the TC solution had a strong impact on the ad-
sorption performance of CoUiO-1 nanoparticle and the existing state of
TC molecules. As shown in Fig. 7, a series of pH values of TC solution
were applied to investigate the effect of initial pH values on TC ad-
sorption. The adsorption capacity of 17.2mg g~ ! at pH 2 was increased
to 108.4mgg~! as the pH of 10. The adsorption capacity then dra-
matically decreased at pH 12. Notably, the maximum adsorption ca-
pacity was displayed at pH 10. The trend of TC adsorption was further
predicted by zeta potential measurements of the CoUiO-1 dispersions in
TC solution. Table S1 summarized the surface charge of the CoUiO-1
nanoparticle and TC molecules at various pH values and the dominant
interaction in adsorption process.

TC molecules were sensitive to pH values on account of their pro-
tonation state[37]. The surface charge of CoUiO-1 nanoparticle was
positive below pH 10 while negative beyond pH 10. Meanwhile, the TC
molecules could form three species in aqueous solutions under different
pH values, including cationic species (pH < 3.3), zwitter ionic species
(3.3 < pH < 7.7) or anionic species (pH > 7.7). In this case, the TC
adsorption on CoUiO-1 nanoparticle was obviously affected by pH
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values, so that the electrostatic interaction was dominate interaction in
the adsorption process. The poor TC adsorption capacity of CoUiO-1
nanoparticle at pH 2 was due to the electrostatic repulsion hindering
the adsorption performance for the surface charge of TC molecules and
CoUiO-1 nanoparticle were like charged. At pH 4, the surface charge of
TC molecules was neutral while CoUiO-1 nanoparticle was positive, the
electrostatic attraction promoted the adsorption process. In the pH
range of 6-10, the surface charge of TC changed from neutral to ne-
gative while the surface charge of CoUiO-1 nanoparticle was positive.
However, adsorption capacity was still high, suggesting the -5t inter-
action between the organic linker and the aromatic structure in TC
molecules was dominant at the pH values between 4 and 10 [38]. The
decreased adsorption capacity at pH 12 was due to the electrostatic
repulsion [39]. Obviously, the point of zero charge was obtained at pH
10.

3.2.4. Effect of initial TC concentrations

Adsorption of TC with different initial concentrations on CoUiO-1
nanoparticle was performed at pH 10. As showed in Fig. 8, the TC
concentration had great impact on the adsorption process, where
99.8%, 91%, 71.3% and 60.3% of TC were removed at TC concentra-
tion of 10, 30, 50 and 70mg L™, respectively. The initial TC con-
centrations ranging from 10 to 70 mg L™, the adsorption capacity in-
creased with an increasing TC concentration of solution (the adsorption
capacity could reach up to 224.1mgg~' at TC concentration of
70 mg L~ 1), which could be due to that a higher initial TC concentra-
tion would result in higher driving force of the concentration gradient
[40]. The adsorption equilibrium could be attained at 60 min, espe-
cially at TC concentration of 10 mg L', almost all the TC molecules
were adsorbed within 10 min. In the first few minutes, there were
abundant adsorption sites for TC molecules, which could be a reason of
the high initial uptake amount. Later, the forces of repulsion between
the TC molecules in solution and the adsorbed TC molecules on CoUiO-
1 nanoparticle surface leaded to the low adsorption capacity.

To further investigate the adsorption process, adsorption kinetics
experiments of TC on CoUiO-1 were conducted at TC concentration of
10, 30, 50 and 70 mgL~1. As presented in Fig. S1 and Table S2, the
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Fig. 3. XPS spectra of CoUiO-1 sample: (a) survey, (b) C 1s, (c) O 1s, (d) Zr 3d and (e) Co 2p.

pseudo-second-model showed fitting better than pseudo-first-order
model for the higher correlation coefficients (R? > 0.999). Moreover,
better approximation could be obtained between the calculated ad-
sorption capacity (qeca) and the experimental adsorption capacity
(Qe,exp) by the pseudo-second-order model. Therefore, the chemisorp-
tion was relatively dominant in the adsorption process [41]. The in-
traparticle diffusion model was applied to investigate the diffusion of
TC molecules into the pores of CoUiO-1. As shown in Fig. S1 and Table
S2, all the plots displayed two linear sections. In the first stage, the
curves with large slope indicated a rapid TC adsorption process due to
the existence of abundant active sites on the surface of CoUiO-1 na-
noparticle. With the increase of TC concentration, a higher driving force
of the concentration gradient was reached for rapid TC molecules dif-
fusion and adsorption on the active sites of CoUiO-1 surface. In the
second stage, the curves with small slope suggested the adsorption rate
decreased as the intraparticle diffusion process for the active sites were
fully occupied. In this stage, the adsorption process slowly reached to
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adsorption equilibrium. Furthermore, the C; value of each curve was
not zero, indicating that intraparticle diffusion was not governed by the
sole rate-limiting step and TC adsorption by CoUiO-1 nanoparticle in-
cluded both intra-particle diffusion and outer diffusion process [42].

3.2.5. Adsorption isotherm and thermodynamic studies

The reaction behavior between the equilibrium solution con-
centration C. (mg L™') and the adsorption capacity q. (mg g~') at
constant temperature could be analyzed by adsorption isotherm. The
experimental data was described by three isotherm models (Langmuir,
Freundlich and Temkin models). As showed in Fig. S2 and Table S3, the
adsorption of TC on CoUiO-1 nanoparticle showed a good fit with
Freundlich model, indicating that it ought to be multilayer adsorption
on a heterogeneous surface at room temperature[43]. In general, it was
hard to adsorb when 1/n > 2, while 0.1 < 1/n < 0.5 meant the
adsorption was easy to be performed[44]. In this case, the 1/n (0.217)
value was much less than 0.5, which implied an excellent adsorption
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Table 1

Surface area, pore size and pore volume parameters for various materials.
Samples Surface area” (m%g~ ") Pore size” (nm) V& (mig™h)
Ui0-66 584.44 1.35 0.34
CoUiO-1 815.18 1.36 0.51
CoUiO-2 974.37 1.36 0.55
CoUiO-4 986.74 1.35 0.57
CoUiO-8 1024.71 1.35 0.58

@ Measured using N2 adsorption with the Brunauer-Emmett-Teller (BET)
method.

> pore size in diameter calculated by the desorption data using
Barrett-Joyner—-Halenda (BJH) method.

¢ Total pore volume determined at P/P0O = 0.99.
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Fig. 5. TC adsorption performance of UiO-66 and CoUiO-X (Experimental
conditions: initial TC concentration = 20 mg LY pH = 5.37; m = 20mg;
V =100 mL).

process[45]. The high R? (0.99426) also manifested there was a strong
interaction between CoUiO-1 nanoparticle and TC molecules.

We also investigated the effect of temperature on TC adsorption by
CoUiO-1 nanoparticle. As showed in Fig. 9, the adsorption capacity and
removal efficiency of CoUiO-1 increased as the temperature increased.
The thermodynamic analysis results were listed in Table 2. The positive
AS and AH values indicated that the TC adsorption on CoUiO-1

Chemical Engineering Journal 353 (2018) 126-137

nanoparticle was an endothermic process in which entropy was in-
creased, while the negative AG value manifested the adsorption process
was spontaneous [46]. Furthermore, the TC adsorption capacities of the
adsorbents from previous studies were listed in Table 3. Table 3 showed
that the adsorption capacity of the as-prepared CoUiO-1 nanoparticle
was higher than those previously reported, suggesting that CoUiO-1
nanoparticle was a promising adsorbent for the TC removal.

3.3. Photocatalytic removal of TC

The TC photodegradation experiments of CoUiO-X series were
evaluated under simulative sunlight illumination after dark adsorption
process. After 1 h of adsorption process, the removal efficiencies of UiO-
66, CoUiO-1, CoUiO-2, CoUiO-4 and CoUiO-8 were 9.9%, 68.1%,
61.3%, 58.6% and 55.4%, respectively (Fig. 10a). The TC concentration
after adsorption equilibrium was applied as the zero point. As shown in
Fig. 10b, the TC was stable without any photocatalyst under irradiation
while CoUiO-X series showed higher photocatalytic activity than that of
pure UiO-66. Notably, the photocatalytic performance of TC increased
with increasing Co content and the CoUiO-1 nanoparticle demonstrated
the highest performance. The degradation efficiency of CoUiO-1 na-
noparticle was 78.5% under irradiation. The enhanced efficiency may
be attributed to the better adsorption property of TC molecules, the
stronger light adsorption and the higher charge separation efficiency.
Moreover, TOC removal of 13.8% could be obtained after 1h of sun-
light irradiation. Fig. 10c showed UV-vis-NIR diffuses reflectance
spectra (DRS) of Ui0-66 and CoUiO-X series. Compared to UiO-66, the
CoUiO-X series showed a stronger adsorption in UV region and an extra
adsorption spectrum in visible region. Notably, the absorption band of
CoUiO-X series even extended to the infrared region. The improved
light adsorption was considered to enhance the photocatalytic activity
of CoUiO-X series towards TC molecules. Obviously, the optical ab-
sorption edges of UiO-66 and CoUiO-X series were similar and found at
340 nm, indicating that they were UV-driven photocatalysts and had
wide band gaps approximately of 3.64 eV. However, for CoUiO-X series,
the absorption edge of them had no obvious red shift with increasing
amount of Co. As the result of ICP-AES analysis, the amount of Co was
very limited and the host crystal of the product was still UiO-66, so that
the Co-doped modification did not virtually change the band gap of
UiO-66 [31]. It had been reported that the metal-doped modification
could cause an extra adsorption band without changing the inherent
absorption edge [47]. Thus, the CoUiO-X series could respond to visible
light.

The charge separation of electron-hole pairs of semiconductor was
also investigated by PL spectroscopy under 319nm at 298 K. The
emission peaks at approximately 397 nm of UiO-66 and CoUiO-1 were
observed. Generally, the PL signals were closely associated with the
recombination of photogenerated carriers. As showed in Fig. 10d, the
CoUiO-1 nanoparticle presented a lower PL intensity compared to UiO-
66, which meant the Co-doped modification leaded to lower re-
combination rate of electron-hole pairs and higher photocatalytic per-
formance. To further investigate the effect of Co-doped modification on
the separation efficiency of photoinduced carriers, the electrochemical
measurements were performed under simulative sunlight irradiation.
Fig. 10e and f showed the results of photoelectric current and electro-
chemical impedance spectroscopy (EIS) experiments. The transient
photocurrent of CoUiO-1 was about 3 times than that of pure UiO-66,
the enhancement of transient photocurrent of CoUiO-1 sample in-
dicated the photoinduced carriers were separated effectively and the
photoinduced carriers had a longer lifetime [18]. The same result was
obtained from EIS experiment. Fig. 10f showed the EIS changes of UiO-
66 and CoUiO-1 samples. The UiO-66 sample showed a bigger dia-
meter, which proved that the poor electrical conductivity of UiO-66
may hinder the transfer of photoinduced carriers. Notably, the CoUiO-1
sample showed smaller arc radius than that of UiO-66, which could be
attributed to the Co-doped modification. In most case, a smaller arc
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Table 2
250 Thermodynamic parameters for adsorption of TC on the CoUiO-1 nanoparticle.
- - =~ Pollutants T (K) AG (kJ mol™1) AH (kJ mol™ 1) AS (kJmol 1K1
= T ¥ < = .
200 r’yﬁ C,=70 mg/L TC 298 -1.671 41.539 0.145
& i 2 ’) 308 -3.121
] F’/é—’_.f B C,=50 mg/L 318 - 4571
1501 s 3 i
o 1 C,=30 mg/L Table 3
(=) 100 Comparison of the CoUiO-1 adsorbent with other materials on TC adsorption at
é room temperature.
o | -1
Adsorbent Qmax (Mg &™) Reference
50- i i
] Cc =10 mg/L Fe304@8Si0,-Chitosan/GO 151.4 [56]
0 NH,-MIL-101(Cr) 14 [57]1
0 - Zn-AC 51.65 [58]
EEEENwww——=—., Cu0-TiO,Pal 113.6 [59]
0 20 40 60 80 100 120 140 160 180 InaS;@MIL-125(Ti) 154.3 [37)
. GBCM3s activated carbon 58.2 [60]
T(m|n) MIL-101(HCl) 39.88 [61]
Ui0-66 23.1 [62]
Fig. 8. Effect of different initial TC concentrations (Experimental conditions: ZIF-8 140.54 [63]
m = 20mg; V = 100 mL, pH = 10) on the adsorption of TC onto CoUiO-1. CoUiO-1 224.1 This work

radius meant a smaller charge-transfer resistance. Therefore, the
CoUiO-1 sample had the highest efficiency in charge separation. These
results were in accordance with the PL analysis, which confirmed that
the Co-doped modification was contributed to photocatalytic perfor-
mance.

3.3.1. Photocatalytic mechanism

The active species trapping experiments were conducted to in-
vestigated the photodegradation mechanism of CoUiO-1 nanoparticle
(Fig. 11a). Three radical scavengers, ammonium oxalate (AO), iso-
propyl alcohol (IPA) and p-benzoquinone (BQ), were used to capture
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hole (h™*), superoxide radical (-O,~) and hydroxyl radical (-OH) [48],
respectively. From Fig. 11b, after the addition of IPA and BQ, the de-
gradation efficiency of TC was significantly suppressed, especially after
adding BQ, the degradation efficiency was only 15.6%. Therefore,
the'O,~ and -OH species were the main active species that could effi-
ciently facilitate the TC degradation. The ESR measurements were
employed to verify the results of trapping experiments. Fig. 11c and d
showed the ESR signals of DMPO--O,~ and DMPO--OH. No signals were
found in the dark, while the characteristic peaks of DMPO-O,~ and
DMPO--OH adducts were observed after 5min of irradiation. These
results demonstrated that the CoUiO-1 could be excited by light irra-
diation to generate ‘O, and ‘OH species.

According to the previous literature [30,49], we proposed the pos-
sible photocatalytic mechanism in Fig. 12. The TC molecules could be
adsorbed by the benzene structure in CoUiO-1 nanoparticle, which was
beneficial to the photocatalytic process. Under simulative sunlight ir-
radiation, the organic ligands H,BDC were excited, then the excited
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ligands transferred photoelectrons to the Zr-O cluster to form Zr3™*
(LMCT). The as-formed Zr®* could react with O, to generate ‘O, while
Zr®* was oxidized back to Zr** [37,50]. The Co element served as a
mediator, so that the photogenerated electrons could be immediately
captured, which greatly improved the transfer of photoelectrons and
minimized recombination of photoinduced carriers [51]. Though the
doped Co amount was negligible, it played a vital role in electron
transfer. The oxidizing Co®* could be reduced to Co>* by photoelec-
tron, meanwhile, the unstable Co®>* was readily regenerated to Co®*.
Then the photogenerated electrons could reacted with O, to generate
‘0O,~ and subsequently yielded -OH. The oxidizing ‘O~ and -OH radi-
cals could effectively degraded TC molecules into other products.
Moreover, the synergistic effect of Co and Zr species was conducive to
enhance charge separation, which was based on MMCT excitation [52].
The higher separation and transfer of photogenerated carriers of
CoUiO-1 nanoparticle was proved by the photoelectric current and
electrochemical impedance spectroscopy results mentioned above.
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Fig. 12. The proposed photocatalytic mechanism for the TC degradation on CoUiO-1 under simulative sunlight irradiation.

3.3.2. TC photodegradation pathway

The TC intermediates were detected by LC-MS during the photo-
catalytic process to investigate its degradation pathway and me-
chanism. The product with m/z = 455 was corresponded to the mole-
cular weight of TC. After simulative sunlight irradiation for 60 min, ten
intermediates were identified by LC-MS and the probable TC degrada-
tion pathway was proposed. Possible two main pathways were pre-
sented in Fig. 13. The pathway I was mainly the addition reaction of
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carbon-carbon double bond. The carbon-carbon double bond in TC was
attacked by -OH to generate product 1 with m/z = 461.2. Subsequently,
the product 1 was continuously attacked by -OH and changed to product
2 (m/z = 477.3). This product then transformed to the product 3 (m/
z = 449.4) by the dealkylation [53]. The product 3 could be further
attacked by ‘OH to break the carboatomic ring and generated product 4
(m/z = 363.1). The pathway II was mainly included dealkylation and
dehydration process. The dehydration of TC could form product 5 (m/
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Fig. 13. The proposed transformation pathways of TC degradation.

z = 427.1) and then lost the N-methyl group to generate product 6 (m/
z = 399.2). After further attacked by active radicals, the acylamino of

product 6 could be removed and generated product 7 (m/z = 362.4).
Because of the strong oxidizing ‘OH and ‘O, ", the carboatomic ring in
product 6 could be cleavage to generate product 8 (m/z = 318.3). This
pathway was similar to the previous researches [54]. The product 4 and
product 8 could be further oxidized by -OH and -O,~ to gain an inter-
mediate with m/z = 274.3 (product 9). Then, the product 10 with m/
z = 244.2 was found by losing the methanol in carboatomic ring. Ul-
timately, the above ring-opening products (product 4, product 8, pro-
duct 9 and product 10) were oxidized into CO2 and H20.

3.3.3. Photocatalyst recyclability

The CoUiO-1 nanoparticle was gathered and ultrasonic washed after
the photocatalytic process and dried in 60 °C vacuum to perform the
recycle experiments under the same conditions. As shown in Fig. 14a,
after four runs, the CoUiO-1 nanoparticle had a little loss of photo-

catalytic activity. Moreover, Fig. 14b showed the XRD patterns of

CoUiO-1 nanoparticle of fresh and after reused for four runs. After four
runs, no obvious change was observed, indicating the CoUiO-1 nano-
particle was stable and recyclable in terms of photodegradation of TC.

3.3.4. Preliminary experiment of CoUiO-1 on real samples
Considering the complex composition of the real wastewater, we

investigated the application of CoUiO-1 nanoparticle in the treatment of

real samples. Ultrapure water, tap water, river water and pharmaceu-
tical wastewater samples were applied as the solution to prepare the TC

solution of 20 mg L.~ ! (the dosage of CoUiO-1 was 0.2 gL~ 1). After the
adsorption and photocatalytic process, the TC removal efficiencies of
ultrapure water, tap water, river water and pharmaceutical wastewater
were 94.6%, 91.7%, 88.5% and 87.1%, respectively. The quality
parameters of tap water, river water and pharmaceutical water were
listed in Table 4. It could be concluded that the competitive anions and
organic matters had effect on the adsorption performance and photo-
catalytic activity [55]. Therefore, the CoUiO-1 photocatalytic adsorbent
showed large adsorption capacity and high photocatalytic efficiency,
which was potential in wastewater treatment.

4. Conclusion

In this work, we synthesized a novel recyclable Co-doped UiO-66
photocatalytic adsorbent by a one-step solvothermal method. The
doped Co element greatly enhanced adsorption capacity and photo-
catalytic activity of UiO-66. Notably, the CoUiO-66 with Zr: Co molar
ratio of 1:1 (CoUiO-1) displayed the highest adsorption capacity and
photocatalytic performance. The CoUiO-1 nanoparticle showed a high
adsorption capacity of 224.1 mg g~ ", then the adsorbed TC molecules
could be degraded more than 94% of initial concentration under si-
mulative sunlight irradiation. The high adsorption capacity was due to
the m-m interaction and electrostatic interaction between CoUiO-1 na-
noparticle and TC molecules. We also found that the adsorption process
was strongly depended on adsorbent dosage, coexisting ions, pH values
and initial TC concentrations. The thermodynamic study indicated the
TC adsorption on CoUiO-1 nanoparticle was a spontaneous and
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Fig. 14. Recycling tests of the photodegradation of TC over CoUiO-1 photocatalytic adsorbent under sunlight irradiation(a); XRD patterns of CoUiO-1 before and

after photocatalytic process.
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Table 4
The quality parameters of tap water, river water and pharmaceutical waste-
water.

Parameters Tap water River water” Pharmaceutical wastewater”
pH 7.51 7.75 6.78
CcoD 2.139mgL™'  4225mgL! 24100mg L~*
TOC 0.723mgL™!  16.75mgL”!  5021.16mg L~!
Main contents  Chloride, Chloride, Bufexamac, methanol,
sulfate, nitrate  sulfate, ethanol, hydroxylamine, 1-
bromide bromobutane

2 The river water was obtained from Xiang river in Hunan province.
" The pharmaceutical wastewater sample was diluted 100 times when ap-
plied in the adsorptive and photocatalytic experiments.

exothermic process. Furthermore, the TC photodegradation of CoUiO-1
nanoparticle under simulative sunlight displayed the Co-doped mod-
ification caused an extra light absorption and facilitated the electron
transfer, which was beneficial to enhance the photocatalytic perfor-
mance. A plausible degradation pathway for TC was proposed and part
of TC may be mineralized to CO, and H,O. Moreover, the CoUiO-1
nanoparticle was effective to the treatment of real samples including
tap water, river water and pharmaceutical wastewater. These results
provided a new way to synthesis a stable transition metal-doped MOFs
photocatalytic adsorbent for efficiently removal of contaminants like
TC in wastewater.
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