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Abstract: In this paper, the Hummer’s method was used to prepare the compound catalyst of
reduced graphene and TiO2 (RGO-P25), and the sand core plate was used as the carrier to provide the
theoretical basis for the application of animal environmental purification by exploring the degradation
of ammonia in RGO-P25. Characterization results show that the band gap of P25 is reduced from
3.14 eV to 2.96 eV after the combination of RGO, and the recombination rate of the photogenerated
electrons and holes also decreased significantly, both resulting in the improvement of ammonia
degradation by composite catalysts. Experimental results show that the carrier (sand core plate)
and RGO-P25 are effectively stabilized with Si–O–Ti, but the blank core plate carrier could not
degrade the ammonia, and its adsorption is not obvious, only 5% ± 1%, under 300 W ultraviolet lamp
irradiation, the degradation rates of P25, RGO and RGO-P25 for ammonia at initial concentrations
of 119–124 ppm were 72.25%, 81.66% and 93.64%, respectively. P25 dispersed through RGO can
effectively adsorb ammonia on the surface to provide a reaction environment and thereby improve
its photocatalytic efficiency, thus, endowing the RGO-P25 composites with higher photocatalytic
degradation performance than RGO or P25 individually.
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1. Introduction

With the rapid development of China’s aquaculture industry, the scale of livestock and poultry
farming has been continuously increasing, thereby resulting in a significant increase in poultry breeding
waste and emissions. The environmental pollution from livestock and poultry farming has thus
become a major health threat [1,2]. Approximately 58.21% of agricultural non-point source pollution is
contributed by livestock and poultry farming [3]. Environmental pollution from livestock and poultry
farming mainly involves malodourous gas pollution and faecal sewage pollution, and causes spread of
disease. It has severely affected human health, and the health condition, hygiene, epidemic prevention,
and meat quality of livestock and poultry, and human health [4]. The smell of livestock and poultry
housescomes from the discharged gas, dung manure, faecal transport, and fertilization, including
main ammonia, hydrogen sulphide, indole, mercaptan, volatile fatty acids, and hundreds of other
toxic and hazardous substances [5,6]. Among these gases, ammonia and hydrogen sulphide are the
main components of the odour and are also among the odorous pollutants regulated by the state [7,8].
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In recent years, several countries have implemented legislation and governance, and done other
work on malodourous gas regulation in livestock and poultry farming. China has also begun its
prevention and control over odour pollution in livestock and poultry farms [9]. At present, the removal
methods of odour gas containing sulphur and nitrogen are mainly physical ventilation, excrement and
adsorption. However, these methods have limitations. They fail to fundamentally eliminate the odour
gas. Therefore, a simple and efficient odorous gas degradation technology needs to be developed.

Semiconductor photocatalytic oxidation technology has several advantages such as low cost,
the ability to oxidize decomposition, eliminate odour, and kill bacteria. It is also energy-efficient,
environmentally friendly, and generates no secondary pollution. Hence, semiconductor photocatalytic
oxidation has become a popular field in air purification research [10]. Among a large number of
semiconductor materials, nano-titanium dioxide (nano-TiO2) is advantageous due to its high catalytic
activity, resistance to chemical and optical corrosion, strong redox capacity, non-toxicity, and low
cost. Nano-TiO2 has thus become the most widely used semiconductor material. It is mainly used in
environmental control [11], batteries [12], energy storage [13], and dye solar cells [14]; the photocatalytic
products have also been extensively used and developed [15–18]. However, TiO2 has a wide band
gap, which can only be excited by ultraviolet light, and its quantum yield is low. These drawbacks
significantly limit the photocatalytic efficiency of TiO2. Myung Hun Woo and his colleagues described
the memory based on MoS2 that shows excellent retention time and a stable cycling endurance of more
than 103 cycles at low operating voltage [19]. P. Atkin et al. [20] devoted themselves to 2D WS2/carbon
dot hybrids, which is widely used in photocatalysis. Also, 2D transition metal oxide (TMOs) has a
wide range of applications [21]. However, the most important problem is the excessive absorption
of light, and TiO2 as a photocatalyst that requires good light absorption. Therefore, the study of the
TMOs/TiO2 complex may make up for the shortcomings of both.

It has been found that graphene has good light transmittance, high electron mobility, and huge
specific surface area making it an ideal carrier in recent years. Hicham Atout et al. [22] prepared
RGO-P25 by a hydrothermal method to degrade methylene blue and Bhavana Gupta et al. [23] prepared
RGO-TiO2 by a facile gamma radiolytic methodology and photocatalytic hydrogen production. Most
researchers have used Hummer’s method or an improved Hummer’s method to produce RGO [24,25].
The study of the photocatalytic properties of RGO/TiO2 is also a hot topic [26–28].

Some scholars have introduced the photocatalytic technology of TiO2 into the field of
livestock farming to purify the malodourous gas. Guarino et al. [29], Costa et al. [30], and
Sang Moon Lee et al. [31] used TiO2 photocatalytic techniques to treat ammonia in pig farming houses,
and the concentration of ammonia in the house significantly decreased. Hongmin Wu et al. [32]
prepared with a high active surface and {001}TiO2 under UV light on ammonia degradation and pointed
out that the main product was N2 and the major by-products were N2O, NO2

− and NO3
−. However,

reports on the use of graphene-TiO2 composite material (RGO-P25) for odour decomposition are
limited. Therefore, RGO-P25 composites were prepared in this study, and the degradation conditions of
the composite photocatalytic materials were optimized by using simulated emission (mainly ammonia)
in livestock and poultry houses. This investigation can provide theoretical bases for the application of
this technology in animal husbandry.

2. Results and Discussion

2.1. Morphologic Characterization of Sand Core Plate

Figure 1 shows the elemental composition and morphologies of the sand core plate. To determine
the elements and structures contained in the blank catalyst-carrier material (sand core plate), EDS
characterization was performed. Figure 1a–c,e shows that the sand core plate mainly consists of three
elements: silicon, oxygen and sodium. The content of silicon was 49.56 wt %, and that of oxygen was
41.29 wt %. The content of sodium is relatively low, only 2.79 wt %. The scanning electron microscopy
(SEM) image in Figure 1d demonstrates that the fritted disc is mainly composed of particulate matters
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that form a porous structure, which can effectively increase the load and bonding force between
the load material and the load base and in turn prevent the loss of RGO-P25 in suspension, thereby
improving its utilization in the photocatalytic process [33].

Figure 1. (a–c) the corresponding elemental mapping images of Na, O, Si from the selected of the sand
core plate and (d,e) the (Energy Dispersive X-Ray Spectroscopy) EDS and SEM images of the sand
core plate.

2.2. Structural Characterization

The X-ray diffraction (XRD) patterns of as-prepared graphene oxide (GO), reduced graphene
oxide (RGO), P25 and compound material (RGO-P25) samples are shown in Figure 2. The XRD peak
positions for GO at 2θ were 10.6◦, the Bragg equation has been calculated by the 0.4052 nm, which is
larger than the graphite 0.333 nm, indicating that the graphite has been oxidized, for RGO at 2θ were
26.4◦, a new diffraction peak appears, which indicates that GO has been restored, for both P25 and
RGO-P25 at 2θ were 25.3◦, 37.8◦, 49.1◦, 53.9◦, 55.1◦, 62.7◦, 70.3◦ and 75.1◦, corresponding to planes
(101), (004), (200), (105), (211), (204), (220), (215), which matches well with anatase TiO2 (JCPDS card
No. 21-1272), as well as 2θ were 27.4◦, 36.1◦, 41.2◦, corresponding to planes (110), (101), (111) which
suits well with rutile TiO2 (JCPDS card No. 21-1276).
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Figure 2. The XRD patterns of the different catalysts.

Figure 3 shows EDS of P25(a) and RGO-P25(b). Figure 3a shows that P25 contains only
two elements, namely, titanium and oxygen, with a titanium content of 59.24 wt % and oxygen
content of 40.76 wt %, indicating that the P25 used in this experiment has low impurity. The main
element in the carrier of the sand core is Si element (Figure 1), which also indicates that the catalyst and
the carrier may be bound by the Ti-O-Si bond, which greatly reduces the loss of the catalyst. However,
the synthetic material RGO-P25 contains three elements: carbon (44.73 wt %), oxygen (35.19 wt %),
and titanium (20.07 wt %) in Figure 3b. The carbon element in the figure may be a carbon element in
the graphene material, but it may also be an impurity.

Figure 3. EDS images of P25 (a) and RGO-P25 (b).



Catalysts 2018, 8, 189 5 of 14

The morphology of P25 and RGO-P25 were characterized by scanning electron microscopy (SEM)
in Figure 4. Figure 4a shows that P25 crystals display nanoparticles of uniform size, but the reunion is
very serious, resulting in low photocatalytic time utilization, which leads to a slow reaction. Figure 4b
shows that RGO-P25 is a typical layered three-dimensional structure that is made up of several RGO
lamellar structures, and some P25 nanoscale clusters are distributed on the edges of numerous layers,
and that RGO has largely dispersed P25. It also illustrates the combination of RGO and P25, which
further illustrates that the C element in Figure 3b is mainly from the graphene material.

Figure 4. SEM images of P25 (a) and RGO-P25 (b).

2.3. UV-Vis Diffuse Reflection Spectra Analysis

The UV-vis absorption spectroscopy (a) and the band gap (b) of both P25 and RGO-P25 samples
are shown in Figure 5. The RGO-P25 has a strong absorption from 342 to 800 nm, which indicates
stronger light absorption property than that of P25 (Figure 5a). Band gap information can be seen in
Figure 5b exhibiting that the value of the band gap of RGO-P25 is 2.96 eV, which is lower than P25
(3.14 eV), but higher than that of nickel oxide nanoparticles [34] and hematite nanoparticles [35].

Figure 5. UV-vis diffuse reflection spectra spectroscopy (a) and the band gap (b) of P25 and RGO-P25.

2.4. Fourier Transform Infrared Analysis

Figure 6 displays the FT-IR spectra of GO, RGO and RGO-P25. The absorption peaks at 3420 cm−1

and 1634 cm−1, which could be ascribed to the adsorbed water molecules on the particles [36,37].
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The absorption peaks at 1720 cm−1 and 1045 cm−1 are attributed to the absorption of carboxylic acid
C=O and the C–OH stretching vibration, separately [38]. The band observed at 1380 cm−1 is the
stretching vibration of the carboxyl C–O [39]. For the RGO-P25, the strong band around 500 cm−1

should contribute to the Ti–O–Ti stretching vibration [40].

Figure 6. The FT-IR spectra of GO, RGO and RGO-P25 samples.

2.5. Photoluminescence Analysis

Figure 7 shows the fluorescence emission spectrum of P25 and RGO-P25. The fluorescence
intensity in the fluorescence emission spectrum of a semiconductor photocatalyst can be used to
characterize the recombination rate of photogenerated electrons and photogenerated holes; the
lower the fluorescence intensity of photogenerated electrons is, the more effective the separation
of photogenerated holes [41]. The fluorescence intensity of the composite RGO-P25 is significantly
lower than that of P25, which indicates that the existence of RGO decreases the photoelectron and hole
loading rate of P25, thereby enhancing its photocatalytic performance.

Figure 7. Photoluminescence emission spectra of P25 and RGO-P25 samples.
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2.6. BET Surface Area Analysis

Figure 8 demonstrates that the P25 and RGO-P25 showed a typical IV type N2

adsorption-desorption isother. The specific surface area of P25 is 53.6 m2/g less than RGO-P25
is 73.3 m2/g.

Figure 8. The BET spectra of P25 and RGO-P25 samples.

2.7. Photocatalytic Activity

2.7.1. Analysis of Photocatalytic Effect of the Blank Sample

The control experiment was conducted on the blank sand core plate that was not loaded with a
photocatalyst, i.e., the absorptive photocatalytic efficiency of the blank sand core plate on NH3 gas
was measured in the presence or absence of light (Figure 9) within 100 min; under the conditions of
both no light and light, the degradation efficiency of the blank sand core plate carrier on ammonia
is 5% ± 1%, and the efficiency is not obviously improved, which means that the carrier of the sand
core plate itself hardly occurs photolysis. At the same time, the absorbability of the core plate on the
ammonia gas is not strong. The degradation rate of light is slightly lower than that of no light. It is
possible that the temperature produced by light affects the stability of the gas.

Figure 9. The comparison degradation of the blank sand core plate carrier.
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2.7.2. Photocatalytic Degradation Effect of RGO-P25 on Ammonia

Figure 10 shows that the degradation efficiency of RGO-P25 was as high as 97.39% within 50 min
of the reaction. With the prolongation of reaction time, the degradation efficiency slightly decreased,
and the degradation effect remained stable from 70 min to 100 min later, maintaining efficiency at
around 94%. The blank sand core plate used in this experiment did not impart a photocatalytic
degradation effect on ammonia (Figure 8). These findings indicate that most of the ammonia gas
was decomposed by the RGO-P25 catalyst, and the catalytic performance was stable. Combining
the adsorptive capability of activated carbon and the photocatalytic activity of P25, RGO-P25 shows
superior photocatalytic ability. On the one hand, P25 prolongs the service life of sand core plates
and improves the efficiency of ammonia degradation. On the other hand, the lamellar fold structure
of RGO can maximize the amount of ammonia adsorbed on the surface of the composite material,
providing an effective degradation environment for photocatalytic reaction. In addition, certain
characteristics of RGO such as high loading and large specific surface area have expanded the reaction
contact area, thereby improving the photocatalytic performance of RGO-P25. Due to the instability
of the gas distribution, the degradation efficiency of the composite material is unstable during the
reaction. During the early stages of the reaction, the adsorption capacity of the sand core plate reaches
equilibrium, thereby causing a decrease in degradation efficiency. The photocatalytic effect tends to be
stable in the later stages, mainly due to the Si-O-Ti bond formed between the silicon element and the
interface of P25 phase, maintaining the stability of the catalytic activity of titanium dioxide P25 [42].

Figure 10. The degradation effect of ammonia by RGO-P25, RGO and P25.

The comparison of degradation effects of RGO-P25, RGO, and P25 is shown in the middle of the
Figure 10. RGO had a strong adsorption capacity to ammonia gas in the early stage of the reaction,
and the maximum adsorption rate reached 88.71%. As reaction time increased, because adsorption
tends to be saturated, a gradual decrease in adsorption efficiency was observed. P25 showed relatively
stable photocatalytic efficiency during the entire reaction, which was maintained at about 72%. The
degradation ability of the RGO-P25 composites gradually decreased with reaction time, which finally
stabilized at 94% after 40 min. Comparison of these catalytic effects indicated that the degradation
effect of RGO-P25 was significantly better than that of P25 and RGO (p < 0.05). Wang et al. [43] have
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found that the addition of RGO can enhance the enrichment ability of P25 to the substrate molecules,
whereas increasing the transfer rate of photoelectrons on the P25 surface, thereby suppressing the
recombination of electron-hole pairs. RGO-P25 composites increase the adsorption of the P25 surface
by carbon doping and play a dual role in adsorption and photocatalysis. At the same time, the
composites (RGO-P25) effectively suppress the recombination of electron-hole pairs and prolong
the life of hydroxyl radicals. The catalytic activity is thus improved, and the degradation effect is
superior to that of RGO. On the other hand, P25 can effectively stabilize the degradation effect by the
regeneration of photocatalyst, which renders the RGO-P25 composites to have a stronger photocatalytic
ability to remove NH3 even after continuous use. Therefore, RGO-P25 composites have the advantages
of high efficiency and stable degradation.

2.7.3. Distinguish between Adsorption and Degaration of Ammonia

Figure 11 shows the degradation of ammonia by RGO-P25 in light and dark conditions. We have
found that under dark conditions the effect of RGO-P25 on ammonia is far less dominant than that
under light conditions, and the effect of RGO-P25 on ammonia is weakened with the time of reaction.
This is due to the gradual saturation of RGO-P25.

Figure 11. Degradation of ammonia under dark and light.

3. Materials and Methods

3.1. Materials

Graphite (AR, DengKe Co. Ltd., Tianjin, China), sodium nitrate, potassium permanganate,
concentrated sulfuric acid, hydrazine hydrate (GR, Kelong Co. Ltd., Chengdu, China), hydrogen
peroxide solution, ammonia, hydrochloric acid (AR, Chuandong Co. Ltd., Chongqing, China), ascorbic
acid (AR, Shanghai Macklin Biochemical Co. Ltd., Shanghai, China), P25 (Degussa, Essen, Germany).

3.2. Experimental Devices

A continuous photocatalytic reactor (tubular photocatalytic reactor) was used in the experiment.
The experimental setup is shown in Figure 12. The photocatalytic experimental setup consists of a
gas-generating device, an air pump, a cryogenic recirculation condenser, an air flow meter, a gas valve,
and a photocatalytic reaction tube (placed in a reaction tank). The loaded photocatalytic material was
placed in the reaction chamber, and the end was connected to the exhaust absorption bottle.
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Figure 12. The flow chart of photocatalytic reaction.

3.3. Experimental Methods

3.3.1. Preparation of RGO-25 Materials

The specific experimental process of preparing graphene oxide (GO) is as follows: in a 250 mL
flask, we added 1 g graphite, 0.6 g sodium nitrate, and 40 mL concentrated sulfuric acid, then mixed it
for 10 min and stirred for half an hour. Then, while the flask was in an ice bath, we slowly added 5 g of
potassium permanganate under agitation and continued stirring at room temperature for 12 h. Then,
we added 40 mL deionized water drop by drop in drastic agitation, stirred for 12 h at 70 and then
stirred for 12 h at 35 ◦C. After that, 15 mL hydrogen peroxide (30 wt %) was added to the suspension,
and the colour changed from dark brown to yellow. The obtained products were washed with water
and 5 wt % HCl respectively for several times and then centrifuged with deionized water until the pH
value of the product was neutral. Finally, the aforementioned graphene oxide was stripped under the
action of ultrasonic, and the graphene oxide colloid was obtained.

Graphene oxide (GO) was prepared by Hummer’s method. Approximately 8 mL of GO gel
solution (10 mg/mL) was added to 12 mL of water, and sonicated for 15 min to obtain the GO
solution. Around 200 mg of P25 was weighed and added into GO solution. The solution was mixed
thoroughly, mixed with 0.24 g ascorbic acid and 0.25 mL hydrazine hydrate, and then sealed for
sonication for 30 min. After sonication, the solution was left to stand at room temperature for 8 h,
washed and centrifuged with deionized water and anhydrous ethanol, respectively, and then dried at
room temperature to obtain RGO-P25.

P25 and RGO-P25 composite materials were placed into a clean beaker, ultrapure water was
added. Then, we sonicated and fully dispersed the powder in the water, swiftly placed the load body
into the beaker and the load body rapidly absorbed the solution containing nano material, put the
load body in an oven at 70 degrees for the purpose of heat preservation for 30 min and took the load
body out of the oven when the water dried out. After repeating the above steps for two times, the load
body was placed in an oven at 200 degrees Celsius for heat preservation for 1 h, and then stored at
room temperature.

3.3.2. Photocatalytic Test

Ammonia gas was pumped through an air flow meter (air pump pressure: 8 kp). The flow rate
was adjusted to the value required by the experiment, and the photocatalytic reaction took place in
a tubular reactor. The temperature inside the reactor was kept constant by using a low temperature
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circulating condenser. Sampling ports were set at the inlet and outlet of the photocatalytic reactor.
During the experiment, the gas chromatograph was used to determine the concentration of ammonia
before and after the reaction. After each experiment, the pipe was blown with nitrogen to prepare for
the next experiment. Ammonia gas detection device (REA, Huari Scientific Instruments Co., Ltd., San
Francisco, CA, USA, 0.1 ppm).

3.3.3. Control Test on Catalyst Carrier (Fritted Disc)

The blank fritted disc (ϕ = 48.26 mm) was placed in the reactor, and the reactor was sealed.
The relative humidity of the reactor was 75%, and the temperature was 15 ◦C. The concentration of
ammonia was 119–124 ppm, and the air flow rate was 100 L/h. Exit concentration was monitored every
10 min. The A 300 W ultraviolet lamp (λ = 365 nm) was used as light source for the photocatalytic
reactions. Each test was repeated three times.

3.3.4. Photocatalytic Degradation of Ammonia by RGO-P25

The fritted disc loaded with RGO-P25 was placed in the reactor. The gas at an initial concentration
of 119–124 ppm ammonia was introduced at a flow rate of 100 L/h, relative humidity of 75%, and
temperature of 15 ◦C. The concentration of the outlet gas was measured at 10 min intervals. A 300 W
ultraviolet lamp (λ = 365 nm) was used as light source for the photocatalytic reactions. Each test was
repeated three times.

3.3.5. Comparison of the Photocatalytic Decomposition Effects of RGO-P25, P25, and RGO

The fritted disc loaded with RGO-P25/P25/GO was placed in the reactor. Ammonia gas was
introduced at a concentration of 119–124 ppm, a flow rate of 100 L/h, relative humidity of 75%, and
temperature of 15 ◦C. The concentration of the gas at the outlet was measured at 10 min intervals.
A 300 W ultraviolet lamp (λ = 365 nm) was used as light source for the photocatalytic reactions. Each
test was repeated three times.

3.3.6. Data Analysis

The data were plotted with Origin (9.0, Origin Lab, Northampton, MA, USA, 2012).

3.4. Catalyst Characterization

The model XRD D8-Advance diffraction (Bruker, Bremen, Germany) test catalyst crystal
characteristics, operation parameters for X ray tube = Cu, scan range from 5 to 80, the scanning
speed of = 2.0000 (◦/min).The UV visible diffuse reflectance characteristic of the instrument were
measured by ultraviolet visible spectrophotometer TU-1911 (Thermo Fisher, Shanghai, China) with
the integrating sphere and the Shanghai Precision Science Instrument Co., Ltd. (Shanghai, China)
the reference substance was BaSO4, the spectrum scanning range from 200 to 800 nm. The Tensor 27
(Bruker, Germany) Fourier infrared spectrometer were used in the wavelength range from 4000 to
400 cm−1. The scanning electron microscope of S4800 (Hitachi, Japan) equipped with EDS were used
to observe the microstructure of the catalyst and analysis elemental, and the operating voltage was
5 Kv. The Photoluminescence F-2700 (Hitachi, Tokyo, Japan) emission spectra were measured at room
temperature with a fluorescence spectrophotometer using 325 nm line with a Xe lamp.

4. Conclusions

Reports on the use of graphene-TiO2 composite material (RGO-P25) for odour decomposition
are limited. Therefore, modified RGO-P25 composites were prepared in this study. Graphite oxide
was successfully oxidized to graphene oxide by Hummer’s method, and then reduced graphene was
prepared by reduction. Characterization by EDS and SEM found that the band gap of the RGO-P25
composite material declined, and photogenerated electrons and holes also dropped significantly,
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making its catalytic performance better than that of RGO or P25 alone. Experimental results show that
degradation and absorption both existed when degrading the ammonia, with degradation being more
dominant. The carrier (sand core plate) and RGO-P25 are effectively stabilized with Si–O–Ti, but the
blank core plate carrier could not degrade the ammonia, and its adsorption was not obvious under
ultraviolet light, the degradation rate of RGO-P25 to 119–124 ppm concentration in 50 min can be as
high as 97.39%.
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