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Abstract: Diclofenac (DCF) has been widely found in sewage treatment plants and environmental
water bodies, and has attracted worldwide attention. In this paper, the photocatalytic degradation
of DCF was investigated using a laboratory-scale simulated solar experimental device. This study
focused on exploring the effects of the actual secondary effluent from sewage treatment plants (SE-A
and SE-B) on the photocatalytic degradation of DCF and the changes of dissolved organic matter
(DOM) during the photocatalytic degradation process. The results showed when SE-A and SE-B
were used as the background water of the DCF solution, they displayed a significant inhibitory
effect on the degradation of DCF, and the values of k were 0.039 and 0.0113 min~!, respectively.
Among them, DOM played a major inhibitory role in photocatalytic degradation of DCF in sewage.
In the photocatalytic process, the biological toxicity of the DCF solution was the least after 30 min of
reaction, and then gradually increased. Furthermore, the organic matters in the sewage were greatly
degraded after the photocatalytic reaction, including 254 and 365 nm ultraviolet (UVjs54, UV3g5) and
chemical oxygen demand (COD). Moreover, titanium dioxide (TiO;) first catalyzed the degradation
of macromolecular organic matters, and then degraded the small molecular organic matters.

Keywords: diclofenac; photocatalytic oxidation; secondary effluent; dissolved organic matter; anion
and cation; toxicity

1. Introduction

Pharmaceuticals and personal care products (PPCPs) have been regarded as one of the most
serious environmental problems in recent years, due to their potential negative impact on aquatic
ecosystems and human health [1,2]. PPCPs include a series of organic compounds, such as non-steroidal
anti-inflammatory drugs, antibiotics, hormones, fragrances, and cosmetics. Diclofenac (DCF) is a
typical PPCP with anti-inflammatory, analgesic, and antipyretic effects. DCF has been widely detected
in the effluent of sewage treatment plants, rivers, lakes, and other environmental water bodies and
has attracted attention around the world [3,4]. Currently, DCF is widely used in the pharmaceutical
industry, which consumes approximately 940 tons globally each year. DCF is difficult to degrade
completely through conventional water treatment processes, such as the activated sludge or anaerobic
fermentation process [5,6]. Most of the removal rates of DCF in wastewater from sewage treatment
plants were below 40% [7], which led to the cumulative concentration of DCF in the effluent and
receiving waters of some sewage plants reaching g/L. DCF could have a negative effect on the growth
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of terrestrial animals, and aquatic organisms, and bring potential harm to human health. Reportedly,
an increase in the amount of DCF will change the activity of biological mitochondria and the DNA,
especially for aquatic organisms [8]. For example, 1 pug/L of DCF can cause the kidney failure of Indian
vultures or change the gills of rainbow trout [9], affect the early embryonic development of marine
bivalve mussels [10], and cause tissue damage in fish.

In the past few years, advanced oxidation processes (AOPs) have attracted broad attention because
of their high efficiency in degrading various refractory organics. Ozonation, ultraviolet oxidation,
and photocatalysis are the most researched AOPs [11-14]. Among them, photocatalytic technology has
a great potential in treating organic monomers due to its indicators, and environmental protection and
sustainability advantages [15-17]. Photocatalytic technology destroys organic pollutants in drinking
water or sewage by oxidizing free radicals and reducing hydration electrons (eaq~) [18]. Titanium
dioxide (TiO;) is considered an excellent photocatalytic material because of its biological properties,
chemical inertness, high efficiency, low cost, and non-toxicity [19]. TiO, can promote the photocatalytic
degradation of various organic micro-pollutants in the aqueous solution through oxidation processes
(for example, the formation of hydroxyl radicals [OH] and superoxide radicals [O?]) at the appropriate
wavelength (A < 380 nm) [20-23]. In addition, the two-phase TiO, composed of anatase and rutile,
which exhibits a higher photocatalytic activity than the single-phase TiO, anatase. The enhanced
photocatalytic activity of this two-phase TiO, was ascribed to the interfacial charge transfer from the
anatase conduction band to the rutile, which promotes the photo-induced charge separation [24,25].
P25 is a highly dispersed gas phase nanometer TiO, composed of anatase and rutile, which has
been widely used in industry to degrade DCF. Achilleo et al. [26] studied the factors affecting the
decomposition of DCF in water by UV-A/TiO, photocatalysis, using six different commercially available
TiO, samples, and found that the Degussa P25 is the most effective for degrading DCF.

Inorganic ions and dissolved organic matter (DOM) are significant factors affecting the
photocatalytic degradation ability for various PPCPs [27] depending on their properties, and
concentration and the acidity of the solution. DOMs could scavenge OH to inhibit degradation,
compete for adsorption on the surface of the catalyst [28] and quench AOPs [29]. However, few studies
have systematically discussed the impact of actual sewage on the photocatalytic degradation of DCF.
Many inorganic ions and DOM are present in actual sewage, affecting the photocatalytic degradation
of organic pollutants. Thus, the effect of DOM on the degradation of DCF in actual sewage must
be investigated.

In this study, the photocatalytic degradation of DCF by adding TiO, in the secondary effluent
from two sewage treatment plants was studied. The effects of the actual effluent sewage on the
photocatalytic degradation of DCF were investigated through the analysis of the degradation efficiency
of DCF, the influence of dissolved substance, and the change in biological toxicity. Furthermore, various
indicators, including chemical oxygen demand (COD), total organic carbon (TOC), three-dimensional
fluorescence, ultraviolet-visible light spectrum analysis, and molecular weight, were used to analyze
the organic matter in the sewage during the photocatalysis process.

2. Material and Methods

2.1. Material and Reagents

TiO, (Aeroxide® P25, Degussa-Evonik, Germany) was used as the photocatalyst without any
pretreatment. DCF (C14H;1C2NO,, CAS: 15307-86-5, analytical grade, purity > 99.0%) was purchased
from American Sigma-Aldrich Company. HPLC-grade water was obtained from Watsons Water. In the
HPLC analyses, formic acid (HCOOH, p.a.) and acetonitrile (CH_3CN, HPLC-grade), which obtained
from Sinopharm Chemical Reagent Co., Ltd. Shanghai, China, were used as components of the mobile
phases. Sodium-type 732 cation exchange resin and chlorinated 717 anion exchange resin (Soleibao
Technology Co., Ltd., Beijing, China, >95%) were used to exchange and remove cations and anions in
actual sewage, respectively.
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In this study, two different secondary effluents from two sewage treatment plants were selected to
explore the changes in organic matters and their impact on the degradation of DCF in the photocatalytic
process. The secondary effluents from sewage treatment plants A and B are referred to as SE-A and
SE-B, respectively. The water quality indicators of SE-A and SE-B are respectively shown in Tables 1
and 2, and meet the level A standard of discharge standard for pollutants form municipal sewage
treatment plants in China (GB 18918-2002). The comparison of various water quality indicators, shows
that the pH, COD, total nitrogen (TN), total phosphorus (TP), and ammonia nitrogen (NH3_N) values of
SE-A are higher than those of SE-B. This may because the sewage quality of plant A is more complicated
than that of plant B, since plant A contains a certain proportion of industrial water. The main anion
ions in both effluents are Cl-, NO5~, and SO4%, and the chromatography contents of these three anion
ions are roughly similar.

Table 1. The basic water quality indicators of SE-A and SE-B.

Indicators SE-A SE-B Level A Atandard of GB 18918-2002
pH () 8.03 7.51 6-9
COD (mg/L) 36 21 50
TN (mg/L) 24.33 16.24 15
TP (mg/L) 0.58 0.38 0.5
NH;3-N (mg/L) 48 3.2 5(8)

Table 2. The anion ion chromatography content of SE-A and SE-B.

Secondary Effluent Peak Name Residence Time (min) Content (mg/L) Content (mol)
Cl- 8.098 77.8068 2.192
SE-A NO;~ 14.757 29.3798 0.474
S04~ 23.998 47.2421 0.492
Ccr 7.940 61.6665 1.737
SE-B NO;~ 14.032 12.0239 0.194
S04~ 23.782 24.1031 0.251

2.2. Photocatalytic Degradation Experiment

In the photodegradation experiment, the initial concentration of DCF was set to 10 mg/L, and a
BL-GHX-V multifunctional photochemical reactor (a xenon lamp with power of 1000 W), which has
a similar solar radiation spectrum energy distribution, was used as the light source (Figure 1).
An air-cooling system and a circulating condensate water device were used to control the temperature
of the reaction environment during the experiment (25 + 0.5 °C). A dark reaction was carried out
first for a period until the adsorption equilibrium was established to eliminate the influence of TiO,
adsorption on the degradation of DCE. During the degradation process, 1000-pL samples were taken at
a fixed time.

During the entire experimental procedure, samples were taken at fixed times, filtered through
a 0.22-uym filter (Durapore-PVDF-Millipore), and stored at room temperature. Subsequently,
the suspensions were analyzed consecutively by HPLC to measure the DCF concentration. In addition,
the suspensions were used to analyze other indicators, including the DOM, the biological toxicity,
the absorbance of UVjs4 and UV3gs, the three-dimensional fluorescence, and the apparent molecular
weight (AMW).

After each experiment, TiO, was recovered from the solution and washed with ethanol and
deionized water to remove impurities on the surface. The TiO, was separated by a centrifuge and
dried in an oven at 50 °C. The experiment was repeated five times to ensure the repeatability of TiO,.

Analysis was performed with three parallel samples throughout the procedure. The data are
expressed as the average value.
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Xenon lamp 1000W

Figure 1. The device for simulating visible light catalytic degradation of DCF in sewage.
2.3. Analytical Methods

The concentration of DCF was determined by HPLC (Shimadzu, Kyoto City, Japan) using a C18
RP trace Extrasil OD52-5 Micromet 25 x 0.46 Teknockloma column, and a Waters 996 photodiode array
detector, and the Empower Pro software 2002 (Water Co). The DCF samples (20 puL) were injected into
the C18 column. The determination conditions of HPLC were adopted at an absorbance of 276 nm,
and the retention time for the DCF samples was 7.8 min. Furthermore, acetonitrile and 0.1% glacial
acetic acid (75:25 v/v) were used as the constituents of the mobile phases at 0.8 mL/min. The DCF
concentration was quantified by the external standard peak area method.

The conventional indicators in sewage, including COD, TN, TP, and NH3-N were measured by
the dichromate, alkaline potassium persulfate digestion UV spectrophotometer, ammonium molybdate
spectrophotometer, and Nessler’s reagent colorimeter methods, respectively.

Three-dimensional fluorescence was used to determine the changes in the organic matters of the
secondary effluent during the photocatalytic process. The reaction was measured at a 1 cm four-way
quartz fluorescence cuvette scanning speed of 12,000 nm/min, a date interval of 2.0 nm, an excitation
light bandwidth of 3.0 nm and emission light bandwidth of 3.0 nm. The excitation wavelength (Ex)
was 200-500 nm, and the emission wavelength (Em) was 300-600 nm.

The AMW of DOM in the sewage was measured at 260 nm using a Shimadzu high performance
size exclu-sion chromatography (HPSEC) UV detector. The 100-uL solution was added into a Shodex
kw 802.5 size exclusion chromatography column (effective separation range of 50-50,000 Da) and
measured using a 0.1 mol/L phosphate solution as the mobile phase with a flow rate of 1 mL/min.

Microtox biological toxicity test technology (Modern Water M500, Modern Wate, UK) may quickly
test the toxicity of the sample solution through Vibrio fischeri freeze, which is a kind of luminous
bacteria. ECsg is the concentration of a half effective inhibitory, indicating the concentration of the
sample solution when the light intensity of Vibrio fischeri is reduced by half. The smaller the ECsj is,
the more toxic the solution is.

3. Results and Discussion

3.1. Photocatalytic Oxidation of DCF in Secondary Effluent

First of all, the photolysis experiment was carried out to determine the effect of photocatalytic
degradation on DCF removal. Figure 2 shows the removal effect of photocatalytic and photocatalysis
on DCEF. In the photolysis process without photocatalyst, the removal effect of DCF was low, indicating
that the addition of photocatalyst was necessary [30,31].
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Figure 2. The removal effect of photocatalytic and photocatalysis on DCF in deionized water.

3.1.1. Degradation of DCF in SE-A and SE-B

To explore the effect of actual water on the photocatalytic degradation of DCEF, the filtered SE-A
and SE-B were used as background water to prepare the DCF solution.

The degradation of DCF is shown in Figure 3a. Photocatalysis has an obvious removal effect
on DCEF, especially in the solution with deionized water as the background water, and this finding
is consistent with those of other scholars [32,33].Compared with the DCF solution with deionized
water as the background water, the DCF solution with SE-A and SE-B as the background water had a
significant inhibitory effect on the degradation of DCF, and the values of k were 0.039 and 0.0113 min~!,
respectively. These results indicate that the composite components have a significant inhibitory effect
on the degradation of DCF in the actual sewage [34]. Figure 3b shows the change in the value of TOC
in different DCF solutions. The results show that the initial TOC of the DCF solution with the actual
sewage as the background water was 160.5 mgC/L on average, and the concentration of TOC decreased
to 133.7 mgC/L after 1 h of photocatalytic degradation, indicating that the degradation rate of TOC
was 16.7%, which was higher than that of the DCF solution with deionized water as the background
water (8.59%). These results indicate that DOM has a strong light absorption ability and can compete
with the target compound for photoelectrons and active sites, thereby reducing the removal rate of the
target pollutant in the actual sewage [35].
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Figure 3. The effect on DCF degradation and changes of TOC in the photocatalytic process in SE-A
and SE-B. (a) shows photocatalytic degradation rates of DCF in three different background solutions.
(b) shows the changes of TOC during photocatalysis.
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3.1.2. Effects of DOM, Anion, and Cation

The secondary effluent may have a complex impact on photocatalytic degradation when used as
the background water, because it contains various anions, cations, and DOM [36,37]. Thus, the effect of
anions, cation, and DOM on the photocatalytic degradation of DCF was investigated. First, the organics
in the sewage were removed by H,O,, and then the sewage was passed through an anion and cation
exchange resin to obtain anion and cation removal water samples. The anion was of Cl type and the
cation was of Na type, because these two ions were verified in the preliminary experiment to have
no effect on the degradation of DCF [38]. Therefore, a water sample (containing anions and cations
without organic, called W-A), de-anion water samples (anions only was CI~, called W-B), and de-cation
water sample (the cation was only Na*, called W-C). Above three water samples were used as the
background water of the DCF solution, and deionized water was used as the control, to explore the
effect of these three water samples on the photocatalytic degradation of DCFE. The results are shown in
Figure 4.

/e,

0 30 60 90 120 150

Time/min

Figure 4. The effect of different components in wastewater on the photocatalytic degradation of DCF.

The DCF in all solutions was nearly completely degraded after 150 min of photocatalytic reaction.
When the degradation was 60 min, the removal rates of DCF in SE-A as background water was
70.4%, and the removal rate of W-A, W-B, W-C, and deionized water were 91.6, 94.2, 94.3, and 98.5%,
respectively. The removal rate of DCF in W-A was 21.2% higher than that under the SE-A water
condition. Additionally, the removal rates of W-B and W-C were very close and near the removal
rate of deionized water condition. Thus, DOM had the main inhibitory effect on the photocatalytic
degradation of DCF in sewage, which is consistent with the finding above. Furthermore, the inhibitory
effects of anions and cations in the sewage on degradation were nearly the same.

The above data indicate that although the DOM in the SE-A showed an inhibitory effect on the
removal of DCF during the photocatalytic process, the DCF in all background water solutions was
basically removed after 150 min of photocatalytic reaction [39]. Therefore, photocatalytic technology
can be applied to the tertiary treatment of secondary effluent in sewage treatment plants, and can
achieve a good removal effect on DCF.

3.1.3. Biological Toxicities of DCF

The intermediate products were very complicated in the process of photocatalytic degradation,
requiring the further detection of the toxicity of luminescent bacteria to explore the toxicity changes
of DCF in the process of photocatalysis under the influence of actual sewage. Given that SE-A had
a more significant impact on the photocatalytic degradation of DCEF, it was used as the background
water of DCF for investigation in the succeeding experiments. As shown in Figure 5, the ECsg of the
DCEF solution under deionized water as the background was 16.48 mg/L, and the ECsy under SE-A
as the background was 13.69 mg/L before degradation, indicating that SE-A has a certain biological
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toxicity. The trends of the changes in toxicity in both background waters were roughly the same,
and the toxicity of the solution reached the lowest value after 30 min of photocatalysis. Then, the
toxicity of the sample began to increase, and the ECs( continued to decrease. Generally, the increase of
toxicity in the DCF solution can be attributed to the possible photodissolution of the photocatalyst [40],
the possible generation of more toxic by-products than parental compounds [41], or the synergetic
toxic effects from the presence of many individual contaminants in the sewage. However, the toxicity
of both DCF solutions gradually approached as the degradation reaction progressed, indicating that
the more complex inorganic and organic substances in the sewage had fewer toxic effects on the DCF
solution with the photocatalytic process.

N
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EC,,/(mg-L ™)
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Figure 5. The toxicity of DCF solution under different background water.
3.2. Characteristics of DOM During Photocatalytic Degradation

The characteristics of the secondary effluent will change during the photocatalytic degradation
process, especially the DOM [42,43]. Therefore, the investigation of the changes of DOM in the
secondary effluent during photocatalytic degradation is important to obtain a better understanding of
the regularity of DOM degradation.

3.2.1. COD, UVjys4 and UV345

COD and TOC are common indicators for evaluating DOMs in sewage, but their detection requires
a significant amount of time and is expensive. UVj54 and UV3¢5 were the absorbance at 254 and
365 nm by the ultraviolet-visible light spectrum. Studies have shown that UVjs54 and UV345 have a
certain correlation with the COD in sewage and can indirectly reflect the degree of organic matters
pollution [44].

Figure 6 shows the changes in UV;s4, UV345, COD, and correlation analysis after the photocatalytic
degradation in SE-A and SE-B. UVj54 and UV345 refer to the determination of DOM in water at
ultraviolet wavelengths of 254 and 365, respectively, and their extinction values could indirectly reflect
the degree of organic pollution in the water. The degradation rates of UV ;54 and UV3¢5 are respectively
shown in Figure 6a,b. The absorbance values of UV;s4 and UV345 decreased to a certain extent under
photocatalytic conditions, especially the UV3¢5 in SE-B, whose absorbance of UV345 was reduced
by approximately 83% when the reaction time was 150 min. The initial COD values of SE-A and
SE-B were 36.24 and 21.84 mg/L, respectively. Moreover, the final total degradation rates of COD
were 33.74% and 58.8% after 150 min of photocatalysis in SE-A and SE-B, respectively (Figure 6¢,d).
These results all show that DOM was reduced during the photocatalytic degradation of DCF in the
sewage. Furthermore, Figure 6e,f reveal the correlation between COD and UVj,54 and UV3g5. The
correlation coefficients of UVjs54 and UV3¢5 with the COD value were 0.5057 and 0.7441 in SE-A,
respectively, displaying a poor correlation. Moreover, the variation trends of UVj54 and COD were
highly consistent in SE-B, and the correlation coefficient reached 0.95089, indicating the significant
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correlation of UV;54 with COD [45]. Hence, UVjs54 could be used as an indicator to predict the effect of
COD degradation, which would greatly save in detection time and reduce costs in the industry, and
provide data support and technical preparations for future automated online inspections.
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Figure 6. The changes of UV 54, UV345, COD and correlation analysis after photocatalytic degradation
in SE-A and SE-B. (a) and (b) are the decreasing trend of UV,54 and UV345. (c) and (d) are the content of
COD after photocatalytic degradation in SE-A and SE-B, respectively. (e) and (f) reveal the correlation
between COD and UV;54 and UV3¢5 in SE-A and SE-B.

Figure 7 shows the UV-Vis absorption spectra during the photocatalytic reaction of SE-A and
SE-B. The absorption spectra of the two effluents after the photocatalytic reaction were significantly
lower than those before the reaction. According to related research [46], the relative position of the
absorption spectrum curve of different waters with a wavelength exceeding 226 nm could basically
reflect the DOM content. In this study, the spectra of both effluents decreased significantly after the
photocatalytic reaction, which meant that the DOM of SE-A and SE-B decreased after 150 min of
photocatalytic reaction.

3.2.2. Three-Dimensional Fluorescence of DOM

Three-dimensional fluorescence was used to further analyze and study the changes in DOM
after the photocatalytic degradation of TiO, in SE-A and SE-B because of its fast response and high
sensitivity [47], and the results are displayed in Figure 8. When Ex > 300 nm, the fluorescence
was humic acid-like, and fulvic acid-like fluorescence when Ex < 300 nm [48]. According to the
results, the initial fluorescence peak position of SE-A was Ex/Em: 312/396 nm, which belongs to the
fulvic acid-like fluorescence peak, while the initial fluorescence peak position of SE- B was Ex/Em:
278/354 nm, which belongs to the protein-like fluorescence peak. After 150 min of photocatalytic
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reaction, the position of SE-A did not change much and still belongs to the fulvic acid-like fluorescence
peak, but its fluorescence intensity dropped greatly. Meanwhile, the fluorescence intensity of SE-B
drastically decreased, and the obvious fluorescence peak cannot be displayed under the same
intensity measurement standard. Fluorescence intensity is directly proportional to the concentration
of luminescent substances [49]. Therefore, the DOMs in SE-A and SE-B were mainly fulvic acid-like
substances and protein-like substances, respectively, and both decreased substantially after the
photocatalytic reaction.

Absorbance

0.0 . . .
200 210 220 230 240 250 260

wavelength/nm
Figure 7. The UV-Vis absorption spectra before and after the photocatalytic reaction of SE-A and SE-B.

500

450

400

350

l 80. 00
70.00

60. 00

Excitation Wavelength/nm

50. 00

200 -F% i 10.00
300 350 400 450 500 550 600 :

30. 00

20. 00

10. 00

0. 000

Excitation Wavelength/nm

400 450 500 550 600

Emission Wavelength/nm Emission Wavelength/nm

Figure 8. The changes of three-dimensional fluorescence of DOM in SE-A and SE-B after the
photocatalytic degradation of TiO,.
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3.2.3. AMW of DOM

The AMW results of DOM in SE-A and SE-B during the photocatalytic reaction by HPSEC [50]
are shown in Figure 9. The molecular weight marker is drawn according to Lewis” method [51],
and the marking equation is Ig(MW) = —0.343 t + 6.828. The relationship between peak time and
molecular weight is shown in Table 3. The earlier the peak time is the larger the molecular weight is.
The molecular weights of both effluents were mainly small molecules, the peak time was concentrated
in 10.5-14.0 min, and the corresponding molecular weight range was 106-1684 Da, which is consistent
with the conclusion drawn in the literature [52].

5001
—A-0 —B-0
8000 A-30 B-30
— A-60 |4000
A-90
5 60001 —— A-120 | 300,
£
s /
g, 4000 - _ — I 200
a = m V \,I\'
2000 | A R | 100

(a) (b)

Figure 9. The distribution and changes of molecular weight of DOMs during the degradation. (a) and
(b) are the changes in molecular weight of DOMs in SE-A and SE-B, respectively.

Table 3. The relationship between peak time and molecular weight.

Peak Time/Min 0.5-2.2 5.7-6.2 7.7-8.5 10.5-14
Molecular Weight  1,180,000-4,530,000 50,280-74,627 8175-15,378 106-1684

SE-A had two obvious peaks at approximately 5.8 and 8.0 min before photocatalytic degradation,
with corresponding molecular weights around 69,000 and 12,000 Da, respectively. After 30 min of
photocatalytic degradation, the signal peaks decreased significantly around 6 and 8 min. Afterward,
the signal peaks around 6 and 8 min nearly disappeared after 60 min of photocatalytic reaction.
The result of detection indicates that nearly all the signal peaks were undetected when the reaction
proceeded for 120 min, illustrating that the small molecular organics were markedly degraded during
the 90-120 min period.

Four mainly signals peaked before the degradation of SE-B, appearing at approximately 1, 2, 6,
and 8, and about 10.5-14 min, and the corresponding molecular weights were approximately 300,000,
138,000, 60,000, and 12,000, and 106-1685 Da. After 30 min of photocatalytic degradation, the signal
peaks at 1, 6, and 8 min were significantly reduced, the signal peak at 2 min basically disappeared,
and the peak at 10-14 min did not decrease significantly. After 60 min of reaction, the signal peaks
in a 1 min nearly disappeared. Finally, nearly all the signal peaks were undetectable after 90 min of
reaction, indicating that the small molecular organics were greatly degraded during the 60-90 min
reaction period.

Overall, the DOMs of SE-A and SE-B were mainly small molecules with molecular weights of
approximately 106-1684 Da. The macromolecular organics were first degraded, followed by the small
molecular organics in the process of photocatalytic degradation. The DOMs of SE-A and SE-B were
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greatly degraded in the 90-120 and 60-90-min periods, respectively. The change pattern of molecular
weight is consistent with the above results (Figure 6a,b).

3.3. Repeatability of Photocatalyst

The reusability and stability of the photocatalyst (TiO,, P25) in actual sewage must be considered
in industrial decontamination, due to economic costs and the environmental issues of materials.
The above results indicate that DCF could be completely degraded after 150 min of photocatalytic
reaction. The SE-A was used as the background water of DCF to carry out the photocatalyst repeatability
test because SE-A exhibited a strong inhibitory effect of DCF degradation during the photocatalytic
process. Figure 10a shows the removal rate of DCF in each cycle demonstrating that DCF maintained a
super photocatalytic degradation rate even after five cycles, which only decreased by 9.8%. Figure 10b
displays the SEM images of TiO, before reaction, and after reacting once, and five times with scales
of 1 and 500 um respectively. The figure shows that the distance between TiO, particles decreased
significantly after five cycles of experiments. Therefore, the reduction of the removal rate can be
attributed to the following reasons: (i) the agglomeration of TiO, powder through washing and drying
steps reduces the contact area of DCF and TiOj; (ii) the pores and active sites were blocked by DCF
molecules, DOM, and the anions and cations in the sewage; and (iii) contaminants were difficult to
remove from the catalyst surface during the washing process.

1.0 q

two three 9 four five

0.8

0.6

/e,

0.4

0.2

0.0
0 150 300 450 600 750

Time/min

Figure 10. (a) is repeatability of photocatalytic, (b) is the SEM images of TiO, during the photocatalytic
degradation of DCF in actual sewage.
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4. Conclusions

In this study, a photocatalysis experiment was conducted using a laboratory-scale simulated solar
experimental device to investigate the degradation of DCEF. This study focused on exploring the effects
of actual secondary effluent on the photocatalytic degradation of DCF and the changes in DOM during
the photocatalytic degradation process.

When SE-A and SE-B were used as the background water of the DCF solution, they had a significant
inhibitory effect on the degradation of DCEF, and the inhibitory effect of SE-A was stronger than that of
SE-B due to its higher COD, TN, and TP contents. Among them, DOMs exerted the main inhibitory
effect on the photocatalytic degradation of DCF in sewage, and the anions and cations had relatively
small inhibitory effects on degradation. In addition, sewage as the DCF background water contributed
a certain biological toxicity to the solution, but the complex inorganic and organic substances in the
sewage had fewer toxic effects on the DCF mixed solution as the degradation reaction proceeded.

UV3s4 can be used as an indicator to predict the removal effect of COD for SE-B. The molecular
weights of the DOMs in the two kinds of sewage were mainly small molecules. After the photocatalytic
reaction, the organic matters in the sewage were greatly degraded. Among them, TiO, first catalyzed the
degradation of macromolecular organic matters and then degraded the small molecular organic matters.
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