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Abstract: To provide an effective method of green aquaculture, the photocatalysts of CuO/ZrO, /CB/coal-
tar-pitch-SAC, which have visible light sterilization capacity, were successfully fabricated by coating ZrO,
and CuO on the surface of CB/coal-tar-pitch-SAC. The structures of synthesized CuO/ZrO,/CB/coal-
tar-pitch-SAC were investigated by XRD, XPS and SEM measurements in detail. It was observed that
CuO/ZrO,/CB/coal-tar-pitch-SAC materials possess obvious heterojunction structure and excellent visi-
ble light sterilization capacity when the prepared weight ratio of CuO, ZrO, and CB/coal-tar-pitch-SAC
is controlled as 0.03:0.3:1. Our studies can provide a beneficial reference for the design of photocatalysts
with sterilization capacity in visible light.

Keywords: photocatalyst; heterojunction; coal tar pitch; green aquaculture; ZrO,

1. Introduction

Overuse of antibiotic and chemical reagents is becoming a popular aquaculture practice
in China. This process severely worsens water quality and threatens the safety of food.
Additionally, long-term usage of antibiotic and chemical reagents also causes the harmful
bacteria to produce strong resistance to drugs. Oxidant reagents and electrolysis methods
are also widely utilized in treating aquaculture [1-5]. Although these methods are capable
of sterilization, the water quality is damaged. Therefore, how to develop environmentally
friendly sterilizing reagents to achieve green aquaculture is becoming a pivotal issue that
urgently needs to be solved. Photocatalysts are of particular interest because they exhibit
excellent sterilization ability and environmentally friendly characteristics. In particular, TiO,
as a photocatalyst has attracted much attention since it was reported by Fujishima et al. [6,7].

It is well-known that coating catalysts on the surface of active carbon (AC) is an effective
way to enhance the catalyst activity [8,9]. Recently, our research group explored TiO, and coal-
tar-pitch based spherical activated carbon containing carbon black (CB/ coal-tar-pitch-SAC)
and successfully prepared the novel photocatalyst of TiO, /CB/ coal-tar-pitch-SAC [10]. Strong
sterilization characteristics of TiO, /CB/coal-tar-pitch-SAC were observed and described in
detail. Interestingly, TiO,/CB/coal-tar-pitch-SAC also possesses sterilization capacity under
irradiation of visible light. Our studies further indicated that CB/coal-tar-pitch-SAC as a
photocatalyst support can enhance the activities of photocatalysts due to its large surface area,
excellent conductivity, good fluidity and other traits.

On the other hand, it is acknowledged that the ZrO, compound possesses high
wear resistance [11]. Thus, in order to increase the durability of the photocatalyst in
actual sterilization cases, ZrO, as a photocatalyst should be considered preferentially.
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Nevertheless, the fact that ZrO, compound possesses a broad valance band (5.0 eV) makes
excitation by visible light difficult [11-14].

In general, fabricating the heterojunction among different semi-conductors is an effec-
tive way to improve the photosensitivity of metal oxides such as ZrO;, TiO,, ZnO and so
on [15-20]. CuO is extensively used to fabricate photocatalysts with complex type because
it possesses a narrow valance band (1.4 eV) [21]. As an example, Zhu et al. deposited
CuO nanoparticles on the surface of ZnO so as to fabricate CuO/ZnO composite materials
with 0D /3D structures. The fabricated materials possess excellent photodegradation for
phenol with a degradation rate of 78.0% [22]. Additionally, CeO,/CuO composite materials
were fabricated with a facile co-precipitation method, and their high photodegradation for
methylene blue (degradation rate of 85.7%) was observed and reported [23].

Thus, on the basis of aforementioned descriptions, in this presented study, we also
attempted to use the formation of a heterojunction among both metal oxides of CuO and
ZnO; to improve the photosensitivity of ZrO,. Referring to our presented studies on
fabrication of TiO, /CB/ coal-tar-pitch-SAC, we firstly and successfully prepared the novel
CuO/ZrO, /CB/coal-tar-pitch-SAC photocatalyst by using the same CB/coal-tar-pitch-
SAC as a photocatalyst support. As a result, it was verified that CuO/ZrO, /CB/coal-tar-
pitch-SAC manifested a remarkable sterilization effect under irradiation of visible light
compared with ZrO, /CB/coal-tar-pitch-SAC, which did not show an obvious sterilization
capacity in the same lighting conditions.

2. Materials and Methods
2.1. Materials

Coal tar pitch was obtained from Ansteel Group Corporation (Anshan, China). Polyvinyl
alcohol (PVA) was purchased from Aladdin Industrial Corporation (Shanghai, China).
Cu(NO3),-3H,0 (CAS Number C140879) and ZrOCl,-8H,O (CAS Number Z104931) com-
pounds were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shang-
hai, China) Nutrient agar was purchased from Hangzhou Baisi biotech Co., Ltd. (Hangzhou,
China).

2.2. Characterization

The measurements of X-ray diffraction (XRD) used the X'pert Powder instrument from
PANalytical, The Netherlands. The X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a K-Alpha instrument from Thermo Fisher Scientific, Waltham, MA,
USA. Xenon lamp (CEL-HXF300-T3) was purchased from Beijing Zhong Jiao Jin Yuan Co.,
Ltd. (Beijing, China). Nitrogen adsorption and desorption isotherms were measured with
a Quadrasorb autosorb-iQ surface analyzer, which was purchased from Quantachrome
Instruments, Boynton Beach, FL, USA [24]. Specific surface areas were determined in detail,
according to the Brunauer-Emmett-Teller (BET) method. The pore size distribution was
assessed with the DFT model for slit pores [25,26]. Scanning electron microscope (SEM)
morphologies were evaluated with a microscope from Carl Zeiss AG, Jena, Germany. A
high-pressure steam sterilizer (LDZX-50KBS) made by Shanghai Shenan medical instru-
ment factory (Shanghai, China) was also used. An electro-heating standing-temperature
cultivator was purchased from Shanghai Jinghong Laboratory Co., Ltd. (Shanghai, China).

2.3. Preparation of ZrO,/CB/Coal-Tar-Pitch-SAC

In accordance with our previous studies, the CB/coal-tar-pitch-SAC was prepared
firstly [10]. Thereafter, ZrOCl,-8H,O (3 g) and anhydrous alcohol (30 mL) were added
to a beaker. After the obtained mixture had been stirred for 20 min at room temperature,
the deionized water (30 mL) was added. The obtained mixture was stirred until the
ZrOCl,-8H,0 dissolved completely. Furthermore, the temperature of the obtained mixture
was increased to 70 °C, and this mixture was stirred for 40 min.

The CB/coal-tar-pitch-SAC (1.0 g) and mixture precursor solution containing ZrOCl,
(3 mL) were added to a porcelain boat, which was then placed in a vacuum drying oven
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and dried for 4 h. The same porcelain boat was placed in the tube furnace and treated at
500 °C for 4 h. As a result, the ZrO, /CB/coal-tar-pitch-SAC was successfully fabricated

(Figure 1).
H,O
S
Coolingtoroom
H temperature
— ——
Ethanol
ZrOCl8H,0 = \_~» / ¢
Stirring Stirring p
(70C)
° . ]
® o °. . Calcination Vacuum drying
L e
Zr0,/CBcoal-tar-pitch-SAC  (500°C ) Porcelain boat

Cu(NO,),*3H,0 . CB/coal-tar-pitch-SAC

Vacuum drying Calcination o % .
e EE—
ool , S
Porcelain boét \ (300°C)

3 CuO/ZrO,/CBJ/coal-tar-pitch-SAC
ZrO,/CB/coal-tar-pitch-SAC

Figure 1. Images of fabrication process of CuO/ZrO, /CB/coal-tar-pitch-SAC materials.

2.4. Preparation of CuO/ZrO,/CB/Coal-Tar-Pitch-SAC

The ZrO,/CB/coal-tar-pitch-SAC (1.3 g) was placed in three porcelain boats, and
0.5 M Cu(NOs3);-3H;,0 solutions (0.75, 3.77 and 7.54 mL) were each dropped in these
three porcelain boats. After these porcelain boats had been placed in the vacuum drying
oven and dried for 4 h, they were placed in a tube furnace and treated at 300 °C for 2 h.
According to the weight ratios (CuO:ZrO,:CB/ coal-tar-pitch-SAC = 0.03:0.3:1, 0.15:0.3:1
and 0.3:0.3:1), the prepared CuO/ZrO,/CB/coal-tar-pitch-SAC materials were named
as 0.03-CuO/ZrO, /CB/ coal-tar-pitch-SAC, 0.15-CuQ/ZrO, /CB/ coal-tar-pitch-SAC and
0.3-CuO/ZrO, /CB/ coal-tar-pitch-SAC.

2.5. Sterilizing Tests of CuO/ZrO,/CB/Coal-Tar-Pitch-SAC

The sterilization evaluations were performed using the spread plate method [27]. All
experiment appliances were firstly used to perform sterilization treatments. The xenon lamp
as a visible light source was used to conduct the sterilization of CuO/ZrO, /CB/ coal-tar-pitch-
SAC materials. The CuO/ZrO, /CB/coal-tar-pitch-SAC (0.1 g) was placed in a beaker (50 mL)
containing koi fish feeding water (20 mL). Sterilization of CuO/ZrO, /CB/ coal-tar-pitch-SAC
was performed for 1 h under irradiation of the xenon lamp. The sterilization efficiency was
evaluated with the spread plate method.

3. Results and Discussion

The structures of CuO/ZrO,/CB/coal-tar-pitch-SAC were primarily investigated by
XRD measurements (Figure 2). In accordance with standards of CuO (ICOD 00-041-0254)
and ZrO, (ICOD 00-049-1642), it was found that CuO, ZrO, and CuO/ZrO,/CB/coal-tar-
pitch-SAC materials were synthesized successfully. Additionally, it was observed that peak
intensities of CuO remarkably increased with the amount of CuO.

The distributions of metal oxides on the surface were investigated by SEM measure-
ments. Figure 3a shows that 0.03-CuO/ZrO, /CB/ coal-tar-pitch-SAC possessed an average
diameter of around 200 um. Figure 3b reveals that the agglomeration phenomenon of
ZrO, coated on the surface of CB/coal-tar-pitch-SAC was scarcely noticeable. In contrast,
the CuO was distinctly and uniformly covered on the surface of CB/coal-tar-pitch-SAC
(Figure 3c).
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Figure 2. XRD results of CuO/ZrO,/CB/coal-tar-pitch-SAC materials (a—c), ZrO, /CB/coal-tar-
pitch-SAC; (d), ZrOy; (e), CuO; (f), standard of ICOD 00-049-1642 of ZrO,; (g) and standard of ICOD
00-041-0254 of CuO (h).

Figure 3. SEM (a) and SEM-EDS (b-d) images of 0.03-CuO/ZrO, /CB/ coal-tar-pitch-SAC material.
EDS mapping of (b) Zr, (c) Cu and (d) O.

The BET method was used to investigate the pore structures and specific surface areas
of CB/coal-tar-pitch-SAC, ZrO,/CB/coal-tar-pitch-SAC and CuO/ZrO,/CB/coal-tar-
pitch-SAC materials (Figure 4). It was observed that CB/coal-tar-pitch-SAC manifested the
largest specific surface area (1321.8 m?/g) and total pore volume (0.52 cm3/g) compared to
ZrO,/CB/coal-tar-pitch-SAC and CuO/ZrO, /CB/coal-tar-pitch-SAC materials (Figure 3e,
Table 1). With ZrO, and CuO covering the surface of CB/coal-tar-pitch-SAC, the specific
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surface area and total pore volume showed obviously diminished tendencies, attributed
to the dispersal of ZrO, and CuO on the CuO/ZrO,/CB/ coal-tar-pitch-SAC materials
(Figure 3a—d).
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Figure 4. Pore size distribution curves of CB/coal-tar-pitch-SAC (e), ZrO, /CB/coal-tar-pitch-SAC
(d) and CuO/ZrO, /CB/ coal-tar-pitch-SAC materials (a—c).

Table 1. Characteristic parameters of structures and specific surface areas of CB/coal-tar-pitch-SAC,
ZrO, /CB/ coal-tar-pitch-SAC and CuO/ZrO, /CB/ coal-tar-pitch-SAC materials. Sggt = total BET
surface area; Vi, = total pore volume.

Samples Sper (m?-g~1) Viotal (cm3-g~1)
CB/ coal-tar-pitch-SAC 1321.8 0.52
ZrO, /CB/ coal-tar-pitch-SAC 631.6 0.49
0.03-CuO/ZrO, /CB/ coal-tar-pitch-SAC 330.8 0.24
0.15-CuO/ZrO, /CB/ coal-tar-pitch-SAC 210.6 0.19
0.3-Cu0O/ZrO, /CB/ coal-tar-pitch-SAC 131.9 0.17

The formation of a heterojunction among the ZrO, and CuO on the surface of CB/coal-
tar-pitch-SAC was also verified by the XPS measurements. With increased CuO, the binding
energy of 3ds,, of ZrO, became stronger; however, the binding energy of 2p3/, of CuO be-
came slightly smaller (Figure 5). These conversions of binding energies strongly supported
the authentic formation of the heterojunction among the ZrO, and CuO compounds on the
surface of CB/coal-tar-pitch-SAC materials [27].

Furthermore, UV-Vis diffuse reflection spectroscopy (DRS) measurements were car-
ried out to investigate the improvement of photosensitivity of CuO/ZrO,/CB/coal-tar-
pitch-SAC powders with a heterojunction among the ZrO, and CuO. As shown in Figure 6,
it is naturally considered that the strong absorptive intensity around 270 nm was at-
tributed to the ZrO; on the surface of ZrO, /CB/coal-tar-pitch-SAC [28]. Nevertheless, the
ZrO, /CB/ coal-tar-pitch-SAC materials showed weak photosensitivity at an irradiation
range of 400 to 800 nm. On the contrary, the CuO/ZrO,/CB/coal-tar-pitch-SAC materials
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displayed relatively stronger absorptive intensity at the irradiation range of 400 to 800 nm,
indicating that constructing the heterojunctions among the ZrO; and CuO compounds on
the surface of CuO/ZrO,/CB/coal-tar-pitch-SAC materials is an efficacious method to
enhance photosensitive ability under visible light.
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Figure 5. XPS results of Cu 2p3; (a) and Zr 3ds; (b) in CuO/ZrO,/CB/coal-tar-pitch-SAC compos-
ite materials.
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Figure 6. UV-Vis diffuse reflection spectroscopy (DRS) results of ZrO, /CB/coal-tar-pitch-SAC and
CuO/ZrO, /CB/coal-tar-pitch-SAC powders.

Interestingly, it is obvious that 0.03-CuO/ZrO, /CB/coal-tar-pitch-SAC showed stronger
photosensitivity than 0.15-CuO/ZrO,/CB/coal-tar-pitch-SAC at irradiation wavelengths
of 400-800 nm (Figure 6). The carrier principle of transfer was used to fully explore the
aforementioned phenomenon. The report by Lou et al. may explain these findings [29].
Namely, when the CuO/ZrO, /CB/ coal-tar-pitch-SAC powders were irradiated by visible
light, many produced carriers on the CuO were able to be moved onto the surface of ZrO,
compounds. Generally, with increased CuQO, the produced number of carriers should be
increased remarkably. However, the problem of electron-hole recombination diminishes the
number of produced carriers. Consequently, the photosensitivity of 0.03-CuO/ZrO,/CB/coal-
tar-pitch-SAC is stronger than that of 0.15-CuO/ZrO, /CB/ coal-tar-pitch-SAC.
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On the other hand, many CuO compounds on the surface of 0.3-CuO/ZrO, /CB/coal-
tar-pitch-SAC naturally enhanced the photosensitive ability because CuO possesses a nar-
row valance band. According to the Kubelka—Munk energy curve, the band gap energy (Eg)
of different materials is described in Figure 7. It is observed that 0.3-CuO/ZrO, /CB/coal-
tar-pitch-SAC possessed smaller Eg than other materials, which was attributed to 0.3-
CuO/ZrO, /CB/coal-tar-pitch-SAC possessing more CuO than that in other materials [19].
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Figure 7. Plot of transformed Kubelka-Munk function versus the band gap (eV) of different samples.

The sterilization effects of CuO/ZrO,/CB/ coal-tar-pitch-SAC materials are illustrated
in Figure 8. As shown in Figure 8b, the ZrO, /CB/ coal-tar-pitch-SAC did not show an
obvious sterilization effect in visible light. On the other hand, the CuO/ZrO,/CB/coal-
tar-pitch-SAC materials showed obvious sterilization capacity in the same light conditions
(Figure 8c—e). The 0.03-CuO/ZrO, /CB/ coal-tar-pitch-SAC exhibited an especially strong
sterilization effect (Figure 8c).

In addition, the spread plate method was used to accurately evaluate the steriliza-
tion efficiency. As a result, it was also observed that the 0.03-CuO/ZrO,/CB/ coal-tar-
pitch-SAC showed a significantly improved sterilization efficiency (94%) compared to
0.15-CuO/ZrO, /CB/ coal-tar-pitch-SAC (76%) and 0.3-CuO/ZrO, /CB/ coal-tar-pitch-SAC
(84%). Considering the fact that 0.03-CuO/ZrO, /CB/ coal-tar-pitch-SAC possesses a larger
specific surface area than other materials, the cooperative effects of formation of hetero-
junctions and large specific surface areas are the pivotal factors in improving the visible
light sterilization capacity of CuO/ZrO,/CB/ coal-tar-pitch-SAC materials (Figure 9).
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Figure 8. Evaluation of bactericidal effects. (a) Culturing result of the koi fish feeding water; (b)
bactericidal effect of ZrO, /CB/coal-tar-pitch-SAC in irradiation of visible light; (c) bactericidal effect
of 0.03-CuO/ZrO, /CB/coal-tar-pitch-SAC in visible light; (d) result of the water treated with the 0.15-
CuO/ZrO, /CB/coal-tar-pitch-SAC; (e) result of the water treated with the 0.3-CuO/ZrO, /CB/coal-
tar-pitch-SAC in visible light.
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Figure 9. The sterilization effects of ZrO, /CB/coal-tar-pitch-SAC and CuO/ZrO, /CB/coal-tar-pitch-
SAC materials.

4. Conclusions

CuO/ZrO,/CB/coal-tar-pitch-SAC photocatalysts were successfully prepared by
coating ZrO; and CuO on the surface of CB/coal-tar-pitch-SAC. It was found that the
sterilization capacity of CuO/ZrO,/CB/coal-tar-pitch-SAC was remarkably improved
compared with the ZrO, /CB/coal-tar-pitch-SAC. In particular, 0.03-CuO/ZrO,/CB/coal-
tar-pitch-SAC exhibits excellent sterilization efficiency at 94%, which is higher than other
materials. The formation of a heterojunction among the CuO and ZrO, compounds
facilitates the movement of carriers, which leads to CuO/ZrO, /CB/coal-tar-pitch-SAC
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possessing the improved photosensitivity in visible light. Furthermore, the cooperative
effects of formation of heterojunctions and large specific surface areas are the important
factors in improving the visible light sterilization capacity of CuO/ZrO,/CB/ coal-tar-pitch-
SAC materials. Our studies are able to provide a reference for fabrication of photocatalysts
with visible light sterilization characteristics by constructing the heterojunction among
the metal oxides on the surface of SAC materials. To realize the actual application of
CuO/ZrO,/CB/coal-tar-pitch-SAC, scale-up experiments of sterilization of aquaculture
water will be performed in future.
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