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Abstract

Nanosized semiconductors are widely utilized as solar energy based photocatalyst. However, the deficiencies such as poor
adsorption toward contaminants and recyclability issues, rapid recombination of photo-introduced radicals, and deactivation
by scavengers are still be the obstacle. To addressing those obstacles, zeolitic imidazolate framework-8 (ZIF-8), photosensitive
ZnO, and paramagnetic Fe;0,4 were anchored on conductive graphene oxide (GO) to prepare a nanocomposite photocatalyst
7Zn0/Fe;04-GO/ZIF. The photocatalyst showed good robustness to scavengers of hydroxyl radicals (OH"), superoxide radicals
(0O57), and hole (h™) with hydrophobic ZIF-8 modified surface. Finally, four pharmaceuticals (sulfamethazine, metronidazole,
norfloxacin, and 4-acetaminophen) were degraded rapidly under simulated solar irradiation for 1 h, and the photocatalyst could
be recycled at least ten times without obvious deactivation. The final results show that combination of semiconductor, graphene
oxide and ZIF-8 is a good idea for construction of efficient photocatalyst. It offers new views in interface modification of
nanomaterials, photocatalysis, and adsorption.
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Introduction

The fast demographic growing and the accelerated industrial-
ization lead to scarce water resources drop (Hu et al. 2017,
Khetan and Collins 2007). Serious water pollution concerns,
including pharmaceuticals and personal care products
(PPCPs), are becoming most vital issues of threatening human
health and aquatic ecosystems. Among various PPCPs, anti-
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biotics and nonsteroidal anti-inflammatory drugs (NAIDs) are
detected worldwide in waters (Liu and Wong 2013; Wang and
Wang 2016). Every year, million tons of nitrofurans, sulfon-
amides, fluoroquinolones and antipyretic analgesics are used
in clinic and husbandry, and most of these are transferred into
environment and became micropollutants in water (Fatima
et al. 2020; Tang et al. 2020). Except acute toxicity, residual
of these pharmaceuticals can poison our food and cause drug-
resistant strains (Ortiz de Garcia et al. 2013; Ortiz de Garcia
et al. 2014). The methods of detection techniques are mainly
centered on the solid phase extraction (Daniels et al. 2020) and
the analytical techniques (Siddiqui et al. 2017) such as chro-
matographic, spectroscopic etc. However, none of those
methods could directly degrade the target pollutant, thus the
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photocatalytic technology that integrates detection and degra-
dation has been favored (Majumdar and Pal 2020).

Among various photocatalytic materials, semiconductor-
based nanomaterial composites based photocatalysts have
gained significant progress in photodegradation of pollutants
under sunshine (He and Zhang 2019; Kisch 2013). In the
degradation process, photon energy is conversed into chemi-
cal energy with migration and reaction of photo-induced elec-
trons/holes. The recombination of photo-generated electron/
holes and separation and migration of illumination-induced
electrons/holes are key factors for the photocatalytic capability
of photocatalysts (Tong et al. 2012; Zhang et al. 2009).
Although numerous nanocomposite photocatalysts have been
prepared and reported in literature, robust and recyclable
photocatalyst with high activities is still important to practical
application (Fu et al. 2019). Firstly, the photocatalyst loss is a
key obstacle; inefficient recycling of catalyst in economical
and useful manners can resulted in relative high cost, second-
ary contamination and ecotoxicity (Ma et al. 2013; Reiss et al.
2016). Secondly, the recycling issues are the common prob-
lem; deactivation often occurred during recycling or compli-
cated regeneration procedures (Alsbaice et al. 2016; Chalasani
and Vasudevan 2013). Thirdly, the poor robustness is the
main problem; catalytic activity is mainly affected by
coexisting chemicals. Poor endurance of photocatalyst and
matrix effect can drive photodegradation uncontrollable and
even far from desired outcomes (Chladkova et al. 2015; Van
Doorslaer et al. 2012). To improve the above defects, efforts
have been made to retard the recombination of charge carriers
and modify surface characteristics of photocatalysts for en-
hanced efficiency (Tong et al. 2012). We prepared a nano-
composite photocatalyst with zeolitic imidazolate
framework-8 (ZIF-8), photosensitive ZnO and paramagnetic
Fe;0,4. The combination of semiconductor, graphene oxide,
and ZIF-8 offers new views in interface modification of
nanomaterials, photocatalysis and adsorption.

Nanosized ZnO is a classic semiconductor with merits such
as high photosensitivity, outstanding quantum efficiency, non-
toxic nature, and low cost. ZnO is widely applied in
photocatalysis and imaging in vivo, whereas its wide imple-
mentation is limited by low adsorption capacity, unsatisfactory
stability and poor recyclability (Xiong 2013; Xu et al. 2014).
Fortunately, the nanosized Fe;0, is famous for its magnetic
separation characteristics and excellent recyclability, resulting
a widely application in recent years for catalysis, magnetic
separation, and intelligent drug delivery. Both of ZnO
(bandgap ca. 3.2 e¢V) (Paul and Balasubramanian 2021) and
Fe;0,4 (with indirect, narrow bandgap) (Liu et al. 2020) can
capture energy of photons and give rise to generation of
electrons/holes for photodegradation or water splitting.
However, recombination of photo-induced electrons/holes is
fatal disadvantage for purpose outcomes (Xu et al. 2014) when
using ZnO and Fe;O4 as photocatalyst. Therefore, a
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combination of semiconductors and conductors can be consid-
ered to prevent charge carriers (Boruah et al. 2017b; Peik-See
et al. 2014; Wang et al. 2016a). Graphene oxide (GO) and
graphene-based composites have been demonstrated as sor-
bents or catalyst carriers as its outstanding mechanical proper-
ties, high adsorption capacity and high electron mobility
(Gadipelli and Guo 2015; Zhang et al. 2005b). However, the
aggregation of GO and most nanosized semiconductor mate-
rials is easily occurred spontaneously in solution after prepara-
tion as their high surface potential energy. The aggregation can
reduce specific surface area, bury active sites and reduce recy-
clability for catalytic application (Wang et al. 2016b; Xu et al.
2018). Metal-organic frameworks (MOFs) are famous for the
high surface area with specific functional sites (Yang et al.
2019), and display excellent recyclability with flexible porosity
(Feng et al. 2015). In particular, zeolitic imidazolate
frameworks-8 (ZIF-8) is an ideal sorbent for separation science
(Du et al. 2019; Phan et al. 2010) in MOFs. ZIF-8 is known for
high chemical, thermal stability, and high specific area with
hydrophobic surface. Thus, a composite photocatalyst was pre-
pared based on ZnO nanorods, Fe;O4 nanoparticles, GO, and
MOFs for enhanced photocatalytic efficiency.

In photocatalyst ZnO/Fe;04-GO/ZIF, ZnO nanorods and
Fe;0,4 nanoparticles are anchored on GO sheets for efficient
photons absorption and fast separation of photo-generated
charge carriers (Jeong et al. 2017; Li et al. 2013; Zhan et al.
2013). The paramagnetic Fe;04 can promote the rapid recov-
ery of the catalyst with external magnetic field (Ashour et al.
2017; Hu et al. 2018). Porous ZIF-8 was employed as modi-
fication to reinforce adsorption capacity and improve stability
of semiconductors. Moreover, ZIF-8 could retard the aggre-
gation of photocatalyst and improve durability and reproduc-
ibility. In conclusion, ZnO, Fe;04, GO, and ZIF-8 are com-
plements each other in the final composite photocatalyst ZnO/
Fe;04-GO/ZIF. At last, three antibiotics of nitrofurans (met-
ronidazole, MNZ), sulfonamides (sulfamethazine, SMA) and
fluoroquinolones (norfloxacin, NFX) and one anti-
inflammatory drug (4-acetaminophen, AAP) were chosen to
investigate performance of ZnO/Fe;04-GO/ZIF. Total organ-
ic carbon in solution was selected to confirm that drugs were
decomposed completely or not. Scavengers of hydroxyl radi-
cals (OH"), superoxide radicals (O,") and hole (h*) were
employed to investigate robustness of ZnO/Fe;04-GO/ZIF.
In addition, catalytic performance and synergistic effect of
components in ZnO/Fe;04-GO/ZIF were explored carefully.

Experimental section

Materials and instrumentation

Natural graphite flakes (300 mesh, 99.0%) was obtained from
Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing,
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China). Potassium permanganate (KMnQOy, >99.5%), potas-
sium nitrate (KNO3, >99.0%), sulfuric acid (H,SOy,
95~98%), phosphoric acid (H3PO,4, >85.0%), nitric acid
(HNOs, 65.0~68.0%), hydrochloric acid (HCI, 36.0~38.0%),
sodium hydroxide (NaOH, >96.0%), acetic acid (>99.5%),
acetic anhydride (> 98.5%), perchloric acid (> 99.5%), crystal
violet (AR), ethylene glycol (>99.0%), diethylene glycol (>
99.0%), FeCl;-6H,O (99.0%), sodium acetate trihydrate
(CH5;COONa-3H,0, 99%), sodium hydrogen carbonate
(NaHCO3, 99.7~100.3%), sodium oxalate (>99.8%), ethyl-
enediaminetetraacetic acid disodium salt (EDTA-2Na, >
99.0%), zinc acetate dehydrate (Zn(CH3;COO),2H,0, >
99.0%), zinc nitrate hexahydrate (Zn(NO3), 6H,O, >
99.0%), and methanol, ethanol, acetonitrile, and 2-propanol
were HPLC grade; all above were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
2-Methylimidazole (2-MI, 99%) was obtained from Nanjing
Chemical Reagent Co Ltd. Ultrapure water was manufactured
by EPED-10TH ultra-pure water system (Shanghai precision
instrument Co., LTD, Shanghai, China). Nano-ZnO (99.7%,
90 =+ 10 nm) was purchased from Klamar Reagents Co., Ltd.
(Shanghai, China).

Metronidazole (MNZ, 100%), sulfamethazine (SMA,
99.5%), norfloxacin (NFX, 99.7%), and 4-acetaminophen
(AAP, 99.9%) were purchased from National Institutes for
Food and Drug Control (Beijing, China).

Other reagents used in present study were purchased from
Nanjing Chemical Reagent Co Ltd. (Nanjing, China). All of
the reagents were used without further purification. All of the
reagents were used without further purification.

SEM and TEM were carried out with S3400N II scanning
electron microscope (Hitachi Ltd., Tokyo, Japan) and JEM-
200CX Transmission electron microscope (JEOL Ltd.,
Tokyo, Japan). PXRD was carried out with X”TRA X-ray
diffraction (ARL Ltd., Switzerland). FT-IR was tested ana-
lyzed by Shimadzu 8400 s Fourier Transform infrared spec-
troscopy (Shimadzu Ltd., Kyoto, Japan), respectively. VSM
was carried out with LS 7307-9309 Vibrating Sample
Magnetometer (Lakeshore Ltd., USA). NOVA4000e
(Quantachrome Instruments, USA) system and Hitachi
U3900 spectrophotometer (Hitachi Ltd., Tokyo, Japan) were
used for BET analysis and UV-vis diffuse reflectance spectra,
respectively. The xenon light was PLS-SXE300 (output 50 W,
300~2500 nm, facula diameter 30~63 nm, Perfect Light Co
Ltd., Beijing, China) for simulative sunshine, and with a
UVCUT 400 filter (wavelength >400 nm) for degradation test
under visible light. Shimadzu 20AT HPLC system (two
pumps, auto-sampler, column oven and PDA detector) was
used for determination of target pollutants before and after
degradation. Thermo Scientific™ Hypersil™ ODS C18 col-
umn (5 um, 4.6 x 250 mm) as stationary phase. Injection vol-
ume was set as 20 pL, other HPLC conditions for each com-
pound as shown in Table S1. A total organic carbon analyzer

(TOC-L, burning at 150 °C, Shimadzu, Kyoto, Japan) was
employed for TOC mensuration and analysis. Suitable range:
4 pg'L"'~30,000 mg'L ™.

Synthesis of graphene oxide

Graphene oxide was prepared by modified Hummers’ method
as literature reports with tiny changes (Becerril et al. 2008;
Marcano et al. 2010).

Graphite oxide 3.0 g natural graphite flakes and 5.0 g
KNO; were placed into a beaker, 30 mL concentration
H;PO, was added with continuously stirring and followed
by 270 mL concentration H,SO,4. And an ice-water bath was
used for temperature controlling. After for a while, 20 g
KMnO, was added gently and temperature was controlled
below 10 °C. Then, the temperature was set at 35 °C for half
an hour and 55 °C for 20 h under continuously stirring.
Afterward, the reaction was cooled to room temperature,
poured onto ice water (250 mL), added 30% H,O, (~
10 mL) until gas evolution ceased. The color of the mixture
turned to yellow. The product was collected by filtration and
washed with 10% HCI and ultrapure water for several times
before dried in vacuum at 60 °C overnight.

Graphene oxide 2.0 g Graphite oxide was dispersed in
2.0 L ultrapure water, and pH of the solution was adjusted to
10~11 with 20% NaOH solution followed by supersonic treat-
ment for 10 h. Then, centrifugation (10,000 rpm, 5 min) was
employed to remove unexfoliated graphite oxide. Upper solu-
tion was collected and condensed into ~300 mL. Afterward,
the graphene oxide was collected by centrifugation
(7500 rpm, 10 min) and freeze-drying.

Synthesis of Fe;0,-graphene oxide (Fe;0,4-GO)

The Fe;04-GO nanocomposite was prepared by a
solvothermal method (Boruah et al. 2017a; Peng et al.
2018). Specifically, GO (0.2 g) was introduced into a mixture
of ethylene glycol (45 mL) and diethylene glycol (45 mL) in
250 mL flask, followed by sonication for 2 h. Then 0.68 g
FeCl3-6H,0O was dispersed into the above solution.
Subsequently, 4.06 g NaAc and 2.25 g polyethylene glycol
were added, followed by stirring for 30 min. Finally, the mix-
ture was sealed in a Teflon-lined stainless-steel autoclave and
maintained at 200 °C for 10 h. The product was collected with
magnetic field and washed several times with water and eth-
anol, and dried at 45 °C in a vacuum oven overnight.

Synthesis of ZnO nanorods/Fe;0,-GO (ZnO/Fe;0,4-GO)

ZnO/Fe;04-GO was prepared by two-step aqueous growth
method (Wang et al. 2016a; Lv et al. 2015a; Zhang et al.
2005a). Firstly, 150 mg Fe;04-GO was dispersed in 150 mL
water, sonication for 20 min and mechanical stirring
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(600 rpm) for another 20 min before 0.8 g Zn(NO3),"6H,O
added, then pH of the solution was adjusted to 9~10, and
maintained under continuously stirring for 1.0 h at room tem-
perature. Subsequently, the product was gathered with a mag-
net. Secondly, the solid was re-dispersed in 100 mL water and
followed by 1.0 g Zn(CH5COO),-2H,0 added under stirring.
After that, pH was adjusted by NaOH solution to ~ 12; the
temperature was set at 80 °C with a water bath and maintained
for 1.5 h. Finally, after cooled to room temperature, the ZnO/
Fe;04-GO was separated by magnetic field, washed with eth-
anol and ultrapure water for several times and dried in vacuum
at 50 °C.

Synthesis of ZnO/Fe;0,4-GO/ZIF-8 (ZnO/Fe;0,4-GO/ZIF)

As high stability and convenient preparation properties of ze-
olitic imidazolate framework-8 (ZIF-8), ZnO/Fe;0,4-GO/ZIF
was prepared at room temperature in water (Petit and Bandosz
2012; Wang et al. 2016¢; Zhan et al. 2013). More concretely,
150 mg ZnO/Fe;04-GO was dispersed into 100 mL water by
supersonic treatment for 10 min. Then, 10 mL aqueous solu-
tion of Zn(NOs),'6H,0 (1.78 g, 6.0 mmol) was added with
stirring (500 rpm) in 20 min. Afterwards, 10 mL water solu-
tion of 2-methylimidazole (1.23 g, 15 mmol) was added drop
by drop with continuously stirring, then pH was adjusted by
20% NaOH solution to ~ 8.0. After reaction for 8 h, the prod-
uct was isolated with magnetic field and washed with water
and ethanol for several times. Finally, the ZnO/Fe;O4-GO/ZIF
was dried in vacuum at 50 °C for 12 h and calcined at 150 °C
under N, atmosphere for 2.0 h.

Result and discussion
Synthesis and characterization of ZnO/Fe;0,-GO/ZIF

Scheme 1 illustrates the fabrication of the photocatalytic com-
posite ZnO/Fe;04-GO/ZIF. Briefly, Fe;04 nanoparticles were
immobilized on GO sheets through a solvothermal method
with FeCl; as iron source (product abbreviated as Fe;Oy4-
GO) (Wu et al. 2015). Then, ZnO nanorods were grown on
Fe;04-GO in aqueous solutions with two steps of aqueous
growth approach (product abbreviated as ZnO/Fe;04-GO/
ZIF) (Chang et al. 2011; Wang et al. 2016a). Then, a bottle-
around-ship (BAS) method was employed for growth of ZIF-
8 on surface of ZnO/Fe;04-GO for preparation of ZnO/Fe;04-
GO/ZIF (Zhang et al. 2018).

The morphology of Fe;04-GO, ZnO/Fe;04-GO and ZnO/
Fe;04-GO/ZIF was examined by scanning electron microsco-
py (SEM) and transmission electron microscopy (TEM). As
shown in Fig. 1 a and b, GO sheet exhibited an irregular shape
and contained some wrinkles, and Fe;O4 nanoparticles were
anchored onto surface of GO with particle size less than
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100 nm, which revealed that graphite was exfoliated success-
fully during modified Hummers’ reaction and ultrasonic treat-
ment. Besides, Fe;0,4 nanoparticles were immobilized on GO
sheet with slight aggregation at wrinkles of GO, which may be
attributed to the uniform distribution of functional groups on
GO sheets. The images of ZnO/Fe;04-GO are shown in Fig. 1
¢ and d. ZnO nanorods were grown on Fe;0,4-GO disorderly
with regular cylinder or short rod shape. Like Fe;O,4 nanopar-
ticles, most ZnO nanorods were grown at wrinkles and defects
of GO sheet, which may be owed to functional groups located
at edge of GO sheet. There were two kinds of combination of
ZnO with Fe304-GO: one was with Fe;O4 nanoparticles, an-
other was with wrinkles of GO sheet (Fig. 1d). What was
more, as shown in Fig. 1 e and f, the ZIF-8 was not just simply
covered onto ZnO/Fe;04-GO surface, but embedded between
GO sheets and become cover of ZnO and Fe;O4 nanostruc-
tures, which proved that GO is the carrier of ZnO, Fe;0,, and
ZIF-8, and hybridization of ZIF-8 and GO can create special
stacking structure (Fig. 11).

Powder X-ray diffraction (PXRD) patterns revealed the
changes of crystal properties before and after hybridization
(Fig. 2a). The strong diffraction peak (20) at 10.23 was attrib-
uted to the exploited graphite (Fig. 2a, 1) (Liu et al. 2014). All
the diffraction peaks (20) matched well with data from JCPDS
card of Fe;0,4 and can be assigned to the (111), (220), (311),
(400), (422), (511), (440), and (531) of crystal planes of FesO4
(JCPDS no. 19-0629) (Fig. 2a, 2) (Wang et al. 2013). The
diffraction peaks (20) at 31.76, 34.4, 36.26, 47.52, 56.62,
62.84, 67.92, and 69.02 were attributed to (100), (002),
(101), (102), (110), (103), (112), and (201) of crystal planes
of ZnO (JCPDS no. 36-1451) (Fig. 2a, 3) (Le et al. 2017).
After covered by ZIF, these distinct diffraction peaks still
presented clearly (Fig. 2a, 4) (Chen et al. 2014). Obviously,
it can be concluded that Fe;0,4 and ZnO nanostructure were
produced and loaded onto GO sheets.

Moreover, above results were further proved by Fourier
transform infrared spectrum (FT-IR) as shown in Fig. 2b.
The strong absorption peaks of GO range 400~1400 and
3400~3600 cm™ ' were weakened by anchoring of Fe;0,
nanoparticles (Fig. 2b, 1) (Wu et al. 2015). A broad peak at
~580 cm ' was indicated formation of Fe-O bond (Fig. 20,
2).(Tian et al. 2018) After growth of ZnO nanorods on Fe;Oy4-
GO, a new broad peak at ~470 cm ' appeared and revealed
formation of Zn-O bond. The absorption peak at range
3400~3600 cm ' may be owing to OH group of residual
Zn(OH), or OH/COOH groups of GO (Fig. 2b, 3) (Sahatiya
et al. 2017). After covered by ZIF-8, the distinct absorption
peaks of ZIF-8 range 400~1600 cm ' were appeared, and
peaks at 3400~3600 cm ' weakened again (Fig. 2b, 4). All
above mentioned were proved that the ZnO/Fe;04-GO/ZIF
composite was prepared successfully.

For convenient recycling of photocatalyst with external
magnetic field, the magnetic susceptibility of Fe;04-GO,



Environ Sci Pollut Res (2021) 28:21799-21811

21803

Scheme 1 Process for
preparation of ZnO/Fe;04-GO/
ZIF nanocomposite

ZnO/Fe;04-GO and ZnO/Fe;0,4,-GO/ZIF was examined by
vibrating sample magnetometer (VSM). The results have
shown that specific saturation magnetization of Fe;04-GO,
7Zn0O/Fe304-GO and ZnO/Fe;04-GO/ZIF was 54.9, 38.7 and
21.2 emu gfl, respectively (Fig. 2¢). Fe;04-GO, ZnO/Fe;04-
GO and ZnO/Fe;04-GO/ZIF were paramagnetic with S-like
magnetic hysteresis curves, which show no remanent magne-
tization or coercivity. With loading of ZnO nanorods, magnet-
ic susceptibility of ZnO/Fe;04-GO was decreased prominent-
ly based on that of Fe;04-GO. After covered by porous ZIF-8,
further decreasing of magnetic susceptibility was observed

Fig. 1 SEM and TEM photos of
Fe304—GO (a, b), ZIIO/FC304-GO
(¢, d) and ZnO/Fe;04-GO/ZIF (e,
f) (insert in d: TEM photo of ZnO
nanorods)
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(Hu et al. 2018). Because magnetic susceptibility was associ-
ated with mass content of Fe;0, in composites, magnetic sus-
ceptibility of ZnO/Fe;04-GO and ZnO/Fe;04-GO/ZIF was
much lower than that of Fe;04-GO.

As specific surface area and porosity ware most vital char-
acteristics for adsorption and catalysis, nitrogen adsorption—
desorption test was employed for investigation of obtained
composite photocatalysts. The nitrogen adsorption—
desorption isotherms of ZnO/Fe;04-GO and ZnO/Fe;04-
GO/ZIF are shown in Fig. 2d. The multipoint Brunauer—
Emmett-Teller (BET) specific surface area of ZnO/Fe;0y4-
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Fig. 2 a PXRD patterns of GO a 0o b
(1), Fe;04-GO (2), ZnO/Fe;04- (100) ay OOE) @
GO (3), and ZnO/Fe;0,4-GO/ZIF 01) —_
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GO measured to be 36.67 m>g ' (Fig. 2d, 1). This result is
much smaller than that of GO and Fe;04-GO reported by
literatures (Wu et al. 2015). This has revealed that ZnO grown
on Fe;04-GO and reduced the surface area per gram mass.
Moreover, the result also has proved that the ZnO/Fe;04-GO
is not porous with GO sheets as carrier. On contrary, after
combination with ZIF-8, the specific surface area has been
enhanced dramatically (Park et al. 2006). The adsorption—
desorption isotherms of ZnO/Fe;04-GO/ZIF exhibits Type 1
property with BET surface area 1089.0 m* g_1 and pore vol-
ume 0.704 cm®-g ' (Fig. 2d, 2). These results may be attrib-
uted by new pores formed between ZIF-8 and GO sheets (Kim
et al. 2016), which can be proved by that special stacking
structure shown in Fig. le. In addition, the existence of
micro-pores is also confirmed by the pore analysis (as inset
figure in Fig. 2d). These have demonstrated that the porosity
of final composite can be promoted by combination of GO
sheets and ZIF-8. Based on BAS method, 7Zn>* was contacted
and interacted with functional groups of GO before
cooperating with organic linkers (2-methylimidazole). After
that, ZIF-8 was grown on and between GO sheets with a
new kind of pores formed in composite.

Photocatalytic performance

Ultraviolet-visible diffuse reflectance spectra (UV-DR) were
employed to explore light absorption of the photocatalyst
(Fig. 3a, 1~6). Standard spectrum of sunshine showing that
300~800 nm is the major energy zone of solar light (Fig. 3a,
7). The results of UV-DR showed that absorption of plain

@ Springer

Relative Pressure (P/Po)

ZIF-8 is quite weak (Fig. 3a, 1), and cut-off wavelength of
plain ZnO is shorter than 400 nm (Fig. 3a, 2). The broad
absorption of Fe;sO4 and Fe;04-GO have proved that their
bandgap is narrower that of plain ZnO (Fig. 3a, 3 and 4).
Furthermore, absorption spectrum of ZnO/Fe;04-GO
(Fig. 3a, 5) is much broader than that of plain ZnO, which
revealed that photons of ultraviolet-visible zone (cut-off
wavelength > 600 nm) can be utilized by ZnO/Fe;04-GO.
The absorption of Fe;0,4 and ZnO is enhanced after anchored
on GO, indicating that GO can strengthen light absorption of
semiconductors. Absorption spectrum of ZnO/Fe;04-GO/ZIF
is similar to that of ZnO/Fe;04-GO (Fig. 3a, 6). Namely,
compared with ZnO/Fe;04-GO, absorption of ZnO/Fe;0y4-
GO/ZIF is not influenced distinctly by ZIF-8.

Whatever heterogeneous catalysis or removal, adsorption
capacity has most important influence on satisfied outcome (Ji
et al. 2020; Yan et al. 2020). Adsorption capacities of ZnO/
Fe;04-GO/ZIF, Fe504-GO, ZnO/Fe;04-GO, and nanosized
ZnO toward four PPCPs in solutions were investigated and
compared carefully. The concentrations of PPCPs were ana-
lyzed by HPLC before and after extraction for a certain period
(HPLC conditions are listed in Table S1, Electronic
Supporting Information: ESI). As shown in Table S2 (ESI),
adsorption capacity of ZnO/Fe;04-GO/ZIF was much greater
than the other three. Adsorption capacities of Fe;04-GO and
ZnO/Fe304-GO were higher than that of nanosized ZnO. In
addition, adsorption performance of Fe;04-GO was better
than that of ZnO/Fe;04-GO. According to theory of extrac-
tion, adsorption is determined by surface chemistry of sorbent
and physiochemical properties of target compounds.
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Fig. 3 a UV-vis diffuse reflec-
tance spectra of ZIF-8 (1), com-
mercial nano-ZnO (2), Fe;04 (3),
FC304-GO (4), ZHO/FC304-GO
(5), ZnO/Fe304-GO/ZIF (6), and
standard spectrum of sunshine at
earth surface (7); b structures of
metronidazole (MNZ), sulfa-
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Fig. 4 Photodegradation curves of SMA with Fe;04, nano-ZnO, Fe;04-

GO, ZnO/Fe;04-GO, and ZnO/Fe;04-GO/ZIF as catalyst, respectively

(Cy: original concentration, 10 ppm; C: concentration residual in solution

at time t; catalyst dosage: 0.5 g L")

0

for establishment of adsorption equilibrium on photocatalyst
toward target pollutants. After under irradiation for 45 min,
99.3+0.7% NFX (Fig. 3¢, 1), 97.8+1.2% MNZ (Fig. 3d, 1),
99.1+£0.7% AAP (Fig. 3e, 1), and 97.7 +2.2% SMA (Fig. 3f,
1) were degraded by 0.5 g'L™' ZnO/Fe;04-GO/ZIF with
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original concentration at 10 ppm level in aqueous solution.
After treatment of 60 min, all of these pollutants were almost
degraded completely, which revealed that photocatalytic activ-
ity of ZnO/Fe;04-GO/ZIF was performed well. Under irradia-
tion, TOC removal was increasing rapidly (Fig. 3, ¢, d, e, and f).
After irradiation of 60 min, TOC residual was decreased close
to zero, which proves that these organic pharmaceuticals are
decomposed into inorganic carbon compounds, like carbonate
or CO,. The results of TOC removal were consistent with that
of above degradation, and clued high catalytic activity of ZnO/
Fe;04-GO/ZIF under simulated sunshine. Furthermore,
Langmuir-Hinshelwood modeling was utilized for description
of heterogeneous photocatalysis with ZnO/Fe;O4-GO/ZIF as
catalyst (shown in Table S3, ESI). With satisfactory correlation
coefficients (R*>0.95), pseudo first-order kinetics were
conformed to explain degradation of above four
micropollutants. The results revealed that adsorption is as im-
portant as photoreaction for photodegradation.

In order to investigate photocatalytic performance of each
component in the composite photocatalyst, activities of
Fe;04, ZnO, Fe;04-GO, ZnO/Fe;04-GO and ZnO/Fe;04-
GO/ZIF were explored with degradation of 10 ppm SMA in

@ Springer

solution. As shown in Fig. 4, the catalytic activity of compos-
ite materials of Fe;04-GO are much higher than single Fe;Oy,
and the same phenomenon is observed between ZnO/Fe;04-
GO and ZnO, indicating the high contribution of GO for the
first group, and that of both GO and ZnO for the second. The
improving catalytic performance of semiconductors due to
GO, may be attributed to effective separation of photo-
introduced electron/holes and local enrichment of PPCPs be-
cause of its unique conductivity and adsorptivity. It is observ-
able that SMA residual in the solution with ZnO/Fe;04-GO as
catalyst is higher than that ZnO/Fe;04-GO/ZIF, proving that
ZIF-8 sorbent enhances the catalytic activity of
semiconductor/GO composite. In addition, compared with
Fe;04, Fes04-GO and ZnO/Fe;04-GO, ZnO and ZnO/GO
cannot be separated by magnetic field. Centrifugation or fil-
tration is necessary to separate these two catalysts. Except
time-consuming, mass loss is another disadvantage of centri-
fugation and filtration for recycle. All these outcomes have
revealed that high catalytic activity of ZnO/Fe;04-GO/ZIF is
derived from absorption of photons by semiconductors, rapid
migration of electron/holes by GO, enhanced adsorption of
target molecules by GO and ZIF-8, and magnetic separation
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Fig. 6 Photodegradation
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with paramagnetic Fe;O,4. First, photons absorbed by ZnO
nanorods and Fe;O,4 provided the energy for oxidation of pol-
lutants. The photocatalytic activities of ZnO nanorods and
Fe304-GO had been widely verified in former literatures
(Boruah et al. 2017b; Lv et al. 2015b). Fe;04-GO was used
as photocatalyst for degradation under visible irradiation and
Fenton-like photodegradation in most cases. Second, the
unique conductibility of GO improved the separation and mi-
gration of photo-generated electrons. According to former re-
ports (Lv et al. 2015b), the high charge mobility of GO made
that it can act as an electron acceptor for the photo-excited
electrons from semiconductors, leading to a low charge re-
combination rate (Zhang et al. 2015). Third, adsorption capac-
ities of ZnO/Fe;04-GO/ZIF to pollutants were enhanced by
porous structure and hydrophobic nature of ZIF-8, and this
was proved by results of adsorption capacity test. According
to catalytic chemistry, achievement of high catalytic activity is
depended on rapid adsorption equilibrium. High adsorption
capacity is always accompanied by rapid establishment of
adsorption equilibrium. Hydrophobic chemistry of ZIF-8 (pre-
pared by reaction of Zn** with 2-methylimidazole) made that
hydrophobic molecules can be adsorbed easily and concen-
trated locally. In addition, molecular size of most organic pol-
lutants was larger than the pore aperture of ZIF-8 (~3.4 A),
mass transfer and rapid adsorption were enhanced by the sur-
face adsorption. Attributed to the surface adsorption, adsorbed
target compounds can access to semiconductors or GO for
further oxidation.

Scavenger test

To investigate robustness of the catalyst with scavenger coex-
ist, corresponding scavengers of OH’, O, and h* were
employed for scavenging test, including NaHCO3,
isopropanol (IPA), p-benzoquinone, sodium oxalate and eth-
ylenediaminetetraacetic acid (EDTA). In order to avoid mutu-
al interference, individual scavenger was employed for each
test. Except scavenger, the other conditions for the investiga-
tion were totally as same as former performance test. As
shown in Fig. 5 a, b, ¢, and d, for ZnO/Fe;04-GO/ZIF, no
obvious suppression of activity was found with 20 mmol-
L' NaHCOs, oxalate or EDTA as scavenger. Besides, pho-
tocatalytic performance of ZnO/Fe;04-GO/ZIF was affected
slightly by 6 mmol-L ™" of p-benzoquinone (scavenger for O,”
7)and 20 mmol-L ™' IPA (scavenger for OH") in solution (Fig.
5e). The slight suppression may be caused by the following:
(1) scavengers suppress catalytic performance by cleaning up
photo-introduced O," and/or OH" radical; (2) competition
between target pollution and scavenger occur among catalytic
sites on ZnO/Fe;04-GO/ZIF. As hydrophobic surface of ZIF-
8, scavenger anions, like EDTA, oxalate and HCO; cannot
be enriched nearby or onto the surface of semiconductors and
GO sheets, but organic pollutants can be concentrated locally
and delivered to reaction sites by ZIF-8 sorbent. On contrary,
as 7-electron interaction and hydrophobic interaction-based
adsorption enhanced by ZIF-8, p-benzoquinone could be
absorbed or recruited while pollutant degrading.
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Furthermore, IPA could be adsorbed into the aperture of ZIF-8
instead of surface adsorption because of its small size. The
results have also proved that O,” and OH’ radicals were im-
portant for photodegradation outcomes. Besides, catalytic ro-
bustness of Fe;04, Zn0O, Fe;04-GO, ZnO/Fe;04-GO, and
ZnO/GO was investigated by 10 ppm SMA with 6 mmol-
L™ p-benzoquinone as scavenger. As shown in Fig. 5f, cata-
lytic performance of above five is suppressed significantly by
p-benzoquinone. Catalytic robustness of ZnO/Fe;04-GO/ZIF
is much greater than that of above five. Without ZIF-8 mod-
ification, semiconductors are exposed directly to scavengers.
All these results show that ZIF-8 improves catalytic activity
and robustness of ZnO/Fe;04-GO/ZIF. In general, ZnO/
Fe;04-GO/ZIF is a robust photocatalyst for degradation of
opted pharmaceuticals.

Based on all abovementioned results, the degradation
mechanism was summarized in Fig. 6. O, and OH" were
found to be the vital species for oxidation of pharmaceuticals.
Photons were absorbed by photocatalyst, and photo-generated
electron/holes were produced. Then, electrons transferred by
GO nanosheets were reacted with dissolved O, molecules,
and O, was produced. Afterwards, O, was reacted with
H,O0, and hydroxyl ions (OH ) were produced. On the other
hand, OH was reacted with holes, and hydroxyl radicals were
produced. At last, adsorbed target micropollutants were oxide
by O, and OH" into H,O, CO, and so on. Directly, the
results were proved by results of TOC determination in solu-
tions (TOC residual curves are shown in Fig. 3) (Xu et al.
2011).

Zn0/Fe30,~GO/ZIF + hv = ¢~ (GO)

+ h* (ZnO or Fe3O4)

¢ (GO) + 0, = 0y
0, +H,0=0H"
OH +h" (ZnO or Fe;04) = OH’

For further verification of stability, the catalytic perfor-
mance of recovered and regenerated ZnO/Fe;04-GO/ZIF
was examined by degradation of 10 ppm SAM. For regener-
ation, photocatalysts were washed with distilled water, dried
in air and followed by slightly grinding. As shown Fig. 7a, in
each cycle (standing in dark for 15 min followed by irradiation
for 60 min), more than 95% of SMA was degraded. The mor-
phology of reused ZnO/Fe;04-GO/ZIF was examined by
TEM and SEM. As shown in Fig. 7, after recycle of 10 times,
ZnO nanorods and Fe;O4 nanostructures can be observed dis-
tinctly and they were connected together tightly (Fig. 7b, ¢).
At same time, wrinkle of GO sheets, ZnO nanorods, Fe;O4
nanoparticles and rough surface of ZIF-8 were presented dis-
tinctly. As shown in Fig. 7d, ZnO/Fe;0,4-GO was covered by
ZIF-8 nanostructures. ZnO/Fe;04-GO/ZIF was performed as
a robust, recyclable and effective catalyst for
photodegradation.

Performance under visible light

In order to test catalytic activity of ZnO/Fe;04-GO/ZIF under
visible light, a UVCUT 400 filter was utilized to filter UV
light from simulated sunshine. As shown in Fig. S1, after
standing in dark for 15 min followed by irradiation for
120 min, 37.6£4.0% SMA, 66.1£5.7% NFX, 67.9+3.2%
MNZ, and 49.9 + 3.7% A AP were degraded with ZnO/Fe;04-
GO/ZIF as catalyst, which revealed that the visible light can
be used by the composite photocatalyst. However, the energy
is lower than the simulated sunlight, causing much lower

Fig. 7 a photodegradation curves s 0 4 v og 4 n g% al
of SMA with reused ZnO/Fe;04- % A X “h N .
GO/ZIF in ten cycles (Cy: original 08 l l W \ l 1 \
concentration, 10 ppm; C: g 0.6 l l ‘ ‘ [ l 1
concentration residual in solution ol T 1 1 \ 1 1
at time t); b, ¢ TEM of ZnO/ ’ it i 1Y 1 LL ! 1
Fe;04-GO/ZIF after ten cycles; d 021 % & & v 1 3 *o *. .
SEM of ZnO/Fe;0,-GO/ZIF after o VAVANV L NVALAN
ten cycles 0 60 120 180 240 300 360 420 480 540 600
Time (min)

ZnO nanorod 4 : c
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outcomes. In addition, without ZIF-8, photocatalytic activities
of ZnO/Fe;04-GO were lower than that of ZnO/Fe;04-GO/
ZIF under visible light. The results are also proved by different
UV-DR spectra of ZnO/Fe;04-GO/ZIF and ZnO/Fe;0,4,-GO
(Fig. 3a).

Conclusions

Based on deliberately design, a composite catalyst was pre-
pared based on ZnO and Fe;0, nanostructures, 2D graphene
oxide nanosheets, and hydrophobic metal-organic framework
(ZIF-8). Admirable photocatalytic performance of ZnO/
Fe;04-GO/ZIF was proved by rapid photodegradation of four
pharmaceuticals under simulated sunshine. Compared with
commercial catalyst, photocatalytic activity of the
photocatalyst was much higher than that of nano-ZnO. This
composite catalyst can be reused by mild regeneration for at
least 10 times without activity decreasing. Most importantly,
compared with naked semiconductors and semiconductors-
anchored GO, influence of scavengers on photocatalysis out-
comes can be weakened with ZnO/Fe;04-GO/ZIF as catalyst.
This study provided a novel strategy for establishment of ef-
fective composite photocatalyst: photosensitive “semiconduc-
tor” combined with “conductor” and “sorbent.” Based on re-
sults and phenomenon of this study, catalytic activity under
visible light can be enhanced by replace components of ZnO/
Fe304-GO/ZIF in further study, like graphitic C3N4 or WO;3
combined with Fe;04-GO and ZIF-8. In addition, other
semiconductor-like MOFs also can be utilized to replace
ZIF-8 for further improving catalytic performance.
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