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a b s t r a c t

This study synthesized UiO-66 (Zr) in situ on wood via a one-step solvothermal method. UiO-66/wood

was successfully prepared and its catalytic performance for the ofloxacin (OFX) photodegradation under

simulate sunlight was also explored. UiO-66/wood exhibited a better catalytic performance, and its degra-

dation rate constant was about 1.2 and 1.5 times than that of UiO-66 and wood, respectively. The effects

of solution initial concentration, pH of the system and dosage of the photocatalyst were explored. Addi-

tionally, the active species trapping experiments and UV–vis diffused reflectance spectra measurements

were conducted to investigated the photocatalytic mechanism of the UiO-66/wood composite, superoxide

radical (O2
•–) and hydroxyl radical (•OH) were the main reactive species. In addition, the possible degra-

dation pathways of OFX were analyzed by LC-MS. Meanwhile, the UiO-66/wood showed outstanding sta-

bility and reusability after 4 cycles experiments. The removal performance of UiO-66/wood towards real

samples showed it has potential in actual application .

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Antibiotics are generally used to treat animals and humans in-

fections which are caused by anaerobic and protozoan bacteria

[1]. The harm of antibiotics has attracted worldwide attention due

to their durability, high toxicity and solubility in water, as well

as complex molecular structures [2]. Antibiotics may lead to the

emergence of a new antibiotic resistant bacteria which can even-

tually threaten human health [3]. Fluoroquinolones (FQs) mainly

include ofloxacin, clinafloxacin, norfloxacin and ciprofloxacin, are

widely diffused in environmental aqueous matrices. At present,

various FQs have been detected at obvious concentrations in en-

vironmental media because of the low biodegradability and stable

chemical structures [4].

Thus, versatile methods were extensively studied for the degra-

dation FQs from water, such as biological treatments [3], adsorp-

tion [5], electrochemical treatment [6], photocatalysis (PC) [7], ad-

vanced oxidation processes (AOPs) [8]. Photocatalysis is an ideal

method owing to the high efficiency, low energy consumption and

environmentally friendly. The photocatalytic reaction conditions

mainly include UV light irradiation, visible light irradiation, and

simulated sunlight irradiation. Among them, thanks to the mild re-
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action conditions and low energy consumption, the photocatalytic

reaction under simulative sunlight irradiation has great potential

in practical applications. Over the years, several researches have

shown the combination of adsorption and photocatalysis technol-

ogy can enhance the degradation effect of pollutants [2,9,10].

Metal organic frameworks (MOFs) are a unique hybrid porous

crystalline solid comprised of organic ligands and metal clusters

(or metal cations). MOFs have high surface area, framework flex-

ibility, structural diversity and tunable structures [11]. The out-

standing characteristics make MOFs widely used in drug delivery

[12], gas storage, sensing [13], storage/separation [14] and cataly-

sis [10]. In recent years, MOFs based catalysts are applied to envi-

ronmental pollutant degradation [15,16], hydrogen evolution [17],

and carbon dioxide reduction [18]. Among various MOFs, UiO-66

series are of especially concern thanks to their excellent proper-

ties such as water stability. In 2019, UiO-66/wood membrane pre-

pared by encapsulating UiO-66 in basswood showed high efficiency

removal for organic pollutant in water [19]. ZnTCPc/UiO-66 (NH2)

was applied to methylene blue degradation under visible-light ir-

radiation [20]. The photocatalysts synthesized through ZIF-8 mod-

ified tubular g-C3N4 were used for CO2 reduction [18]. Co-doped

UiO-66 nanoparticle showed excellent adsorptive ability and pho-

tocatalytic performance towards tetracycline under simulative sun-

light [2].

https://doi.org/10.1016/j.cclet.2021.06.048
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Fig. 1. (a) (c) Photos of the natural wood and UiO-66/wood. (b) Scanning electron microscope (SEM) image of the natural wood. (d) Magnified SEM image of the UiO-66 NPs

in wood channels. Insert shows the size distribution of the UiO-66 NPs.

In the present paper, a novel photocatalyst UiO-66/wood was

synthesized via a one-step solvothermal method, which was used

as photocatalysts for ofloxacin (OFX) degradation under simulate

sunlight irradiation. The open and aligned internal structure in

wood, not only increasing the possibility of contact between pho-

tocatalyst and OFX, but also leading to the pre-concentration of

OFX and is beneficial to the photocatalytic process. The influence

of the reaction conditions including solution initial concentration,

initial pH of the system and catalyst dosage were explored. The

stability and reusability of UiO-66/wood are evaluated. Moreover,

the possible mechanism and degradation pathways for OFX pho-

todegradation were also studied.

The details of experimental section are deposited in Section S1

(Supporting information). Fig. 1b and Fig. S1 (Supporting infor-

mation) show there are a large number of slender and irregular

microchannels in natural wood. The photo images of the natural

wood (light yellow) and UiO-66/wood (dark brown), respectively

(Figs. 1a and c). Fig. S2 (Supporting information) shows the UiO-66

nanoparticles (UiO-66 NPs) are uniformly distributed on the multi-

ple wood channels. It can be known that the shape of the UiO-66

NPs is cuboid and the size of the UiO-66 NPs is about 204 ± 25 nm

(Fig. 1d). The energy dispersive X-ray spectrometer (EDX) spectra

shows there are three elements of Zr, C and O in UiO-66 wood

(Fig. S3 in Supporting information).

X-ray diffraction patterns (XRD) spectra can analyze the com-

position and crystallinity of the prepared samples. The XRD spec-

tra of natural wood, UiO-66, and UiO-66/wood are shown in Fig.

S4 (Supporting information). Comparing with previous studies, the

characteristic peaks of UiO-66 are in good agreement [21,22], in-

dicating that UiO-66 was successfully prepared. Because the low

crystallinity of natural wood, and the UiO-66 NPs are uniformly

distributed on the wood channels, the crystallinity of the UiO-

66/wood is poor. The result demonstrates the XRD pattern of the

UiO-66/wood is match well with UiO-66 and wood, and mainly

consistent with the wood.

The Raman spectra of the UiO-66 is shown in Fig. S5 (Sup-

porting information). In the 600–1700 cm–1 range, there are many

peaks ascribed to BDC organic linkers [20]. The vibrations at 600–

900 cm–1 are attributed to out-of-plane bending of C–H bonds.

The bands at 1140 cm–1 and 1400–1620 cm–1 are assigned to in-

plane bending of C–H bonds and stretching of C–C bonds, respec-

tively [23]. From the Fourier transform infrared spectroscopy (FT-

IR) spectra shown in Fig. S6 (Supporting information), the small

band at 1660 cm–1 can be assigned to the asymmetric expansion

of C=O bonds due to the residual dimethyl formamide (DMF) [23].

The bands at 1401 cm-1 and 1590 cm-1 belong to the symmetric

and asymmetric stretch vibrations of OCO in H2BDC, respectively

[24]. The band at 1510 cm−1 represents the C = C vibration in the

benzene ring [25]. At lower frequencies, the band around 748 cm–1

is mixed with the vibration of C–H vibration and stretch of C=C

stretch in H2BDC [24]. The band at 550 cm–1 is attributed to the

asymmetric stretch of Zr-(OC) [25,26]. There is a representative ab-

sorption band around 484 cm–1, which is owing to the NH2-BDC

[27]. Therefore, the synthesis of the UiO-66/wood is proved by the

results of XRD, EDX and FT-IR.

The surface morphology and pore volume of UiO-66/wood

and UiO-66 are observed by nitrogen physisorption method. The

physicochemical parameters of the photocatalysts are shown in Fig.

S7 and Table S1 (Supporting information). It is found that all the

UiO-66 and UiO-66/wood display a type I isotherm, indicating their

microporous characteristics. From Table S1, the porosity of the UiO-

66/wood is obviously less than that of UiO-66, which could be as-

cribed to the partial coverage of UiO-66 by wood.

In order to study the separation and recombination of electron

hole pairs in photocatalysts, the photoluminescence (PL) spectra of

three catalysts are measured in Fig. S8 (Supporting information).

Generally speaking, the combination of photo-generated electron

hole pairs releases energy to form PL emission, thus reducing pho-

tocatalytic performance [28]. Comparing with UiO-66, the PL inten-

sity of UiO-66/wood is lower, which means the existence of wood

can reduce the recombination rate of photogenerated electron hole

pairs and improve the properties of the photocatalyst.

Fig. 2a depicts the performance of UiO-66, wood and UiO-

66/wood for the OFX photocatalytic degradation under simulated

sunlight. Before simulated sunlight irradiation, the system was

stirred slowly in the dark for 90 min to reach the adsorption-

desorption equilibrium (Fig. S9 in Supporting information). As

shown in Fig. 2a, without a photocatalyst, OFX self has a weak

degradation effect under sunlight. Comparing with other cata-

lysts, UiO-66/wood shows the best photodegradation properties

on OFX. The OFX photodegradation confirms to the pseudo-first-

order model, so the reaction rate constants (k) value is calculated
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Fig. 2. Comparison of catalytic curves (a) and (b) k value of different photocatalysts for OFX degradation. Reaction conditions: OFX (10 mg/L, 35 mL); catalyst dosage (0.02 g);

initial pH = 6. Influences of reaction conditions on the experiment: (c) amount of catalyst (d) initial concentration.

based on the pseudo-first-order kinetic equation: ln(C0/C) = kt + A

(Fig. 2b). According to the k value, the photocatalytic properties of

each catalyst follow the order UiO-66/wood (40.5 × 10–4 min–1) >

UiO-66 (33.2 × 10–4 min–1) > wood (27.2 × 10–4 min–1) > OFX

self (8.10 × 10–4 min–1).

The influence of catalyst dosage is shown in Fig. 2c. As the cata-

lyst dosage increasing, the total surface area and active sites of the

photocatalysts also increased. The photocatalysts can capture fur-

ther photogenerated electrons to generated more active radicals.

Nevertheless, when the catalyst dosage increasing from 0.02 g to

0.04 g, this phenomenon was only noted before the reaction time

was 240 min. The dosage effect would be ignored while the reac-

tion time changing to 270 min. This phenomenon would be pos-

sibly explained as sunlight penetration decrease caused by lots of

photocatalysts dispersed in solution.

The solution initial concentration is a crucial parameter. As

showed in Fig. 2d, the OFX concentration had impact on the degra-

dation process, where 80.96%, 78.8%, 76.87%, 57.58%, and 54.8%

of OFX were removed at OFX concentration of 4, 8, 10, 16 and

20 ppm, respectively. As the OFX level in the aqueous phase in-

creases, the concentrations will become surplus. In this case, some

of the OFX can only interact with insufficient active sites on the

catalyst surface, which will reduce the efficiency of OFX degrada-

tion at higher initial concentrations.

The effect of initial solution pH on OFX photodegradation was

estimated in the range of pH 2.0–10.0 (Fig. S10 Supporting infor-

mation). In addition to the generation of radicals during the pho-

tocatalytic process, there is also electrostatic interaction between

the photocatalyst and the reaction substrate. Therefore, it is hard

to analyze how the pH affects the reaction process [29]. While

the pH increasing from 2 to 8, the degradation rate of OFX gradu-

ally increasing. The degradation rate does not increase significantly

from pH 8–10, which might because the decreased solubility of

OFX in this pH range. Meanwhile, the UiO-66 tends to dissolve at

pH higher than 9, which further leading to the phenomenon.

The reusability and stability of photocatalysts are among the

key factors for long time applications. As shown in Fig. S11

(Supporting information), the photocatalytic performance of UiO-

66/wood does not obviously decrease after four recycles. More-

over, the XRD patterns of UiO-66/wood of fresh and after repeat

4 times further indicating UiO-66/wood has nice stability during

OFX degradation process (Fig. S12 Supporting information).

Table S2 (Supporting information) shows a short overview of

OFX degradation and our work. Compared with other processes,

the UiO-66/wood used in this study is synthesized via a simple

one-step hydrothermal method, which is easy to separate and re-

cycle. In addition, the degradation of OFX is under sunlight irradi-

ation, which is conducive to practical applications. Moreover, the

UiO-66/wood showed excellent stability and reusability in circu-

lation experiments. Therefore, it shows great potential in actual

wastewater treatment.

The reactive species trapping experiments were carried

out to investigate the photocatalytic mechanism of the UiO-

66/wood composite. Three different scavengers, sodium oxalate, p-

benzoquinone (BQ) and methanol, were employed as scavengers

for H+, O2
•– and •OH, respectively [20,30]. As show in Figs. S13a

and b (Supporting information), the photocatalytic activity of UiO-

66/wood was promoted in the presence of sodium oxalate. This

phenomenon may be due to the presence of sodium oxalate, the

H+ radical scavenger was captured, thereby generating more elec-

trons. Molecule oxygen adsorbed on UiO-66 can be restored to

O2
•–, and then promote the photocatalytic process. Nevertheless,

the photodegradation efficiency significantly decrease after adding

methanol and BQ, the degradation rate was only 17.8% in the pres-

ence of methanol. These phenomena indicate the roles of O2
•– and

•OH as the key reactive species in OFX photodegradation.

The optical characteristics of synthesized samples were

recorded by the UV–vis DRS. It can be seen from Fig. S13c (Sup-

porting information), the absorption edge at 310 nm of UiO-66

spectrum can be attributed to π-π ∗ electronic transitions of the

aromatic ring [20]. The UiO-66 has not significant absorption in

the range of 350–800 nm, suggesting it cannot utilize photo-energy

in the visible light region. In contrast, natural wood and the UiO-

66/wood have a response to visible light.

The Eg of the UiO-66/wood and UiO-66 were 3.67 and 3.89 eV,

respectively (Fig. S13d in Supporting information). According to the
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Fig. 3. A schematic illustration of photocatalytic degradation of OFX over UiO-

66/wood under sunlight irradiation.

previous report, the flat band position of UiO-66 is −0.33 eV vs.

NHE [21]. The flat band potential of n-type semiconductor is 0.2 V

lower than the ECB [31]. Therefore, the ECB of UiO-66 is −0.53 eV

vs. NHE, the valence band position (EVB) of UiO-66 is 3.36 eV vs.

NHE. On the basis of those results and analysis, the possible pho-

tocatalytic mechanism is proposed and illustrated in Fig. 3. The

porous structure of UiO-66/wood allows OFX molecules to be ad-

sorbed on the surface and promotes the photocatalytic process. The

photo-induced electron derived from the organic ligands transfer

to the Zr-O oxo-cluster of the UiO-66 then form Zr3+under simu-

lative sunlight [21]. Molecule oxygen adsorbed on UiO-66, the as-

formed Zr3+ could react with O2 to form O2
•–, while Zr3+ is oxi-

dized to Zr 4+ [21,32,33]. The electrons transportation via the pres-

ence of Zr3+-Zr4+ intervalence electron transfer had been demon-

strated by previous studies [34]. Meanwhile, H2O molecule ad-

sorbed on UiO-66 are oxidized to •OH by the photo-generated

holes. Finally, the O2
•– and •OH degrade OFX molecules. The ex-

istence of wood can accelerate the rate of photogenerated elec-

tron capture, thereby inhibiting the combination of photogenerated

electron-hole pairs, which improving photocatalytic performance.

The LC-MS was used to monitor the OFX photodegradation in-

termediates and explored the probable degradation pathway (Fig.

S14 in Supporting information). Table S3 (Supporting informa-

tion) shows the possible transformation products. Based on Table

S3, there are two probable pathways (Fig. 4). Pathway I was the

demethylation reaction, which was extensively reported for photol-

ysis of FQs [35]. Under sunlight irradiation, the OFX was attacked

by •OH, which releasing the –CH3 and forming P1. Subsequently,

P1 was successively attacked by •OH and underwent dehydrogena-

tion to produce P2. Then P3 can be generated through defluorina-

tion of the P2 [36]. In pathway II, •OH attacked on OFX, the prod-

uct P was formed by effectively releasing the N-methylpiperazine

[30]. Although the product was not monitored in this research, its

existence cannot be ruled out. As shown, the product P loss a car-

bonyl moiety, CO2 and 2 hydrogens, causing a double bond to form

in the methyl group, which formed the P4 [36]. The P3 and P4 can

be further oxidized and formed P5. Ultimately, the above products

(P1, P2, P3, P4 and P5) will be transformed into H2O and CO2.

Escherichia coli were sensitive to fluoroquinolone antibiotics,

which could be used to the toxicity evaluation of intermediate

products generated during the process of OFX photodegradation

[32,37]. In Fig. S15 (Supporting information), the inhibition zone

diameters of initial OFX solution were 23 mm (the average value

of four inhibition zones), which showed the obvious antibacterial

effect of OFX. After the photodegradation for 240 min on UiO-

66/wood, the inhibition zone diameters were 9 mm (the average

value of four inhibition zones). The reduced inhibition zone area

indicated that the toxicity of degradation products was lower than

initial contaminants in this study.

The application of UiO-66/wood in the treatment of actual sam-

ples was investigated in Fig. S16 (Supporting information). After

dark adsorption and simulated sunlight irradiation, the degradation

rate of ofloxacin (prepared by ofloxacin tablets) in different actual

samples were 60.9%, 46.2% and 38.6%, respectively. But the removal

rate of ofloxacin (prepared by levofloxacin hydrochloride capsules)

in different actual samples were 54.8%, 47.0% and 36.0%, respec-

tively. This may be because the purity of ofloxacin in levofloxacin

hydrochloride capsules is low, which affects the degradation effect.

In general, the UiO-66/wood photocatalytic showed a good photo-

catalytic efficiency of OFX in real samples, which was potential in

wastewater treatment.

In summary, a novel photocatalyst UiO-66/wood was synthe-

sized via a one-step solvothermal method and used for OFX degra-

dation under sunlight irradiation. According to the analysis of char-

acterization results, the presence of wood can hinder the combi-

nation of photogenerated electron-hole pairs, thus improving the

photocatalytic performance of UiO-66/wood. Meanwhile, the UiO-

66/wood exhibited outstanding stability and reusability. The reac-

tive species trapping experiments implied O2
•– and •OH could be

the main active contributors. In addition, two probable degradation

pathways of OFX were proposed, OFX will finally transformed into

H2O and CO2. Moreover, the removal performance of UiO-66/wood

towards real samples showed that it has potential in actual appli-

cation.

Fig. 4. The proposed transformation pathways of OFX degradation.
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