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Abstract: Ultraviolet photolysis (UVC, 254 nm) was coupled with an electrochemical oxidation
process to degrade three kinds of veterinary sulfonamide (sulfamethazine [SMZ] tablets, sulfa-
monomethoxine [SMM] tablets, and compound sulfamethoxazole [SMX] tablets). The treatment was
applied using a flat ceramic microfiltration membrane to study the effects of photocatalysts. The
effectiveness of degradation of the three sulfonamides was evaluated under different conditions.
Dissolved oxygen was provided via aeration, but this resulted in a large decrease in the degrada-
tion effectiveness due to the inhibition of free chlorine electrogeneration. The photocatalysts had
no promotional effect on sulfonamide removal from wastewater due to reduced UV penetration.
Because of the different distribution coefficients of sulfonamides, UV irradiation had different effects
on different sulfonamide species. For SMZ and SMM, anionic species exhibited a higher degradation
rate, whereas for SMX, degradation was most effective for neutral species. In addition, the free
chlorine yield increased as the pH increased. Free chlorine conversion reactions occurred under
UV irradiation, with the reactions possibly restrained by sulfonamides. Reactive chlorine species
promoted SMM degradation. Compared to UV irradiation or electrochemical oxidation alone, the
UV/in-situ electrochemical oxidation process was more effective and is suitable for treating real
wastewater under various environmental pH levels.

Keywords: ultraviolet photolysis; in-situ electrochemical oxidation; sulfonamides; aeration

1. Introduction

As an environmentally sustainable wastewater-treatment technology, ultraviolet (UV)-
based techniques have been widely used for sewage treatment due to their advantages
of high inactivation efficiency against pathogenic microorganisms, limited production of
disinfection by-products (DBPs), small spatial requirements, and convenience of operation
and maintenance [1]. In addition to inactivating the DNA and/or RNA of microorganisms
in water, UV light can also decompose many micropollutants through photochemical
reactions [2].

Electrochemical advanced oxidation processes have also been widely used for wastew-
ater treatment, including the removal of antibiotics [3,4]. Electrochemical advanced oxi-
dation processes include electrocoagulation, electrochemical oxidation, electrochemical
reduction, photo-assisted electrochemical degradation, and electro-Fenton process [5–7]. In
these processes, electrochemical oxidation is achieved mainly by the adsorption of hydroxyl
radicals (•OH) on the surface of the anode (i.e., direct oxidation or anode oxidation) or
the dispersal of various kinds of active substances in the solution system (i.e., indirect
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oxidation), including active chlorine species, hydrogen peroxide (H2O2), ozone (O3), and
persulfate [8,9].

In electrochemical oxidation, the degradation of organics mainly occurs through direct
and indirect oxidation. In direct oxidation, pollutants can be directly oxidized at the
anodes through the generation of physically adsorbed “active oxygen” (adsorbed •OH)
or chemisorbed “active oxygen” (oxygen in the oxide lattice, MOx+1) [10]. Furthermore,
anodes can be divided into “active anodes” and “non-active anodes” [11]. First, the
following reaction occurs:

MOx + H2O→ MOx(
•OH) + H+ + e− (1)

This is the process by which water molecules break down near the anode to form
adsorbed •OH. The following process then occurs at the “active anode”:

MOx(
•OH)→ MOx+1 + H+ + e− (2)

MOx+1 + R→ MOx + RO (3)

MOx+1 → MOx +
1
2

O2 (4)

The redox couple MOx+1/MOx acts as a mediator in the oxidation process (Equation (3)),
in which only the partial oxidation of organics can be achieved. The reaction competes
with the side reaction of oxygen evolution (Equation (4)), which is due to the chemical
decomposition of the higher oxide (MOx+1). Hydroxyl radicals play a major role in the
oxidation of organics at the “non-active anode,” which can result in complete conversion to
CO2 as follows:

MOx(
•OH) + R→ MOx+CO2 + H2O + e− (5)

Therefore, the “active anode” is a good catalyst for an oxygen evolution reaction,
which may be related to the oxygen evolution overpotential [10]. The lower the oxygen
evolution overpotential, the less effective the oxidation of organics due to the oxygen
evolution side reaction (Equation (4)).

However, it is difficult to achieve good removal of organics using only direct oxidation.
Indirect oxidation also plays an important role in the electrochemical process. Active oxygen
species are generated near the anode through an electrochemical process as follows [12]:

MOx(
•OH)→ MOx(

•O) + H+ + e− (6)

2MOx(
•O)→ O2 (7)

2MOx(
•OH)→ H2O2 (8)

O2 + MOx(
•O)→ O3 (9)

When the solution contains chloride ions (Cl−), active chlorine species such as hypochlor-
ous acid (HOCl), hypochlorite (OCl−), and chlorine (Cl2) can also be produced electro-
chemically, and the oxidation of organics is accomplished [13,14]. In the presence of Cl−,
the following reactions can occur [15]:

MOx + Cl− → MOx(
•Cl) + e− (10)

MOx(
•Cl) + Cl− → MOx + Cl2 + e− (11)

2MOx(
•Cl)→ 2MOx + Cl2 (12)

Cl2 + H2O→ HOCl + H+ + Cl− (13)

HOCl
pKa=7.5
� H+ + OCl− (14)
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HOCl can dissociate to OCl− through Equation (14), with the HOCl/OCl− ratio
dependent on the pH. Due to the presence of Cl−, oxygen evolution (Equation (4)) may be
inhibited [9].

When exposed to UV light, free chlorine can be converted into other radicals as
follows [16–18]:

HOCl/OCl− hv→ •OH/•O− + •Cl (15)
•O− + H2O→ •OH + OH− (16)

HOCl/OCl− + •OH→ •OCl + H2O/OH− (17)

HOCl/OCl− + •Cl→ •OCl + Cl− (18)

Cl− + •Cl→ •Cl−2 (19)

Reactive chlorine species (•Cl, •ClO, and •Cl2−) work together with •OH to degrade
organics in this UV/chorine system, with the reactions with organics featuring one-electron
oxidation, H-abstraction, and the addition of unsaturated C−C bonds [19–21].

Due to the various advantages of UV photolysis and electrochemical oxidation, com-
bined treatment processes have been investigated. Kishimoto developed a treatment pro-
cess in which UV photolysis was combined with electrochemical oxidation and achieved
stable degradation of 1,4 dioxane [16]. However, the electrolysis part of the process was
separated from UV lamp exposure in their experiment, such that only indirect oxidation
was applied. It still provided a possible treatment for use in further experiments. Futher
more, the photocatalyst could be used for the presence of membrane [22,23]. The photo-
catalyst was retained on a microfiltration membrane, which could not only separate both
photocatalysts and some intermediate by-products but also enabled the continuous reuse
and recirculation of the photocatalyst [24,25].

This study attempted to combine UV photolysis (UVC, 254 nm) with in-situ electro-
chemical oxidation and investigated the effectiveness of this process for the treatment of
wastewater containing veterinary sulfonamides. Additionally, a flat ceramic microfiltration
membrane was also incorporated into the system to determine the effect of photocatalysts.
Tap water was used to prepare simulated wastewater, and the influence of different factors
was evaluated.

2. Results and Discussion
2.1. Influence of Different Aeration Rates

Aeration rates of 0, 15, 30, and 55 L/min were used to evaluate the influence of
different dissolved oxygen concentrations on the degradation of sulfonamides. With a
high current and Cl− concentration (Figure 1a), there was no significant promotion of
sulfonamide degradation under different aeration conditions (aeration rate of 15, 30, or
55 L/min). Under all aeration conditions, sulfonamide degradation was greatly decreased
compared with the degradation achieved under no aeration (aeration rate of 0 L/min),
which had no significant differences of degradation rate constant (Figure 1b). It could be
the inhibition of electrogenerated free chlorine.
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concentration of 50 mg/L and current of 1.8 A (4.8 mA/cm2). (b) Cl− concentration of 20 mg/L and 
current of 1.0 A (2.7 mA/cm2). 
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ior of free chlorine. However, there was no obvious variation under aeration at 30 L/min, 
and the k value followed an interesting pattern across the different Cl− concentrations. 
Under a low Cl− concentration, the best degradation with aeration was observed for SMM. 
It could be the SMM was favored to reacted with •OH [26] produced by anode or UV/chlo-
rine conversion reactions (Equations (15)–(19)), and aeration had acerated this process. 
While the SMX degradation had no obvious difference, indicating that the aeration pro-
motion effect was offset by with the decrease in free chlorine. As the Cl− concentration 
increased, the electrogeneration of chlorine was accelerated and electrochemical indirect 
oxidation was enhanced, resulting in efficient removal at a high Cl− concentration. 
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Figure 1. Pseudo-first-order kinetic rate constant (k) for sulfonamide degradation after 120 min.
Conditions: aeration rate of 0, 15, 30, or 55 L/min, UV power of 48 W, and initial pH of 8.3. (a) Cl−

concentration of 50 mg/L and current of 1.8 A (4.8 mA/cm2). (b) Cl− concentration of 20 mg/L and
current of 1.0 A (2.7 mA/cm2).

2.2. Influence of Cl− Concentration and Aeration

As shown in Figure 2, two groups of experiments were conducted at aeration rates of
0 and 30 L/min and under different Cl− concentrations. With no aeration (0 L/min), the k
value increased steadily with increasing Cl− concentration, which was due to the behavior
of free chlorine. However, there was no obvious variation under aeration at 30 L/min, and
the k value followed an interesting pattern across the different Cl− concentrations. Under a
low Cl− concentration, the best degradation with aeration was observed for SMM. It could
be the SMM was favored to reacted with •OH [26] produced by anode or UV/chlorine
conversion reactions (Equations (15)–(19)), and aeration had acerated this process. While
the SMX degradation had no obvious difference, indicating that the aeration promotion
effect was offset by with the decrease in free chlorine. As the Cl− concentration increased,
the electrogeneration of chlorine was accelerated and electrochemical indirect oxidation
was enhanced, resulting in efficient removal at a high Cl− concentration.
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Figure 2. Effect of Cl− concentration on sulfonamide degradation. Conditions: Cl− concentration
from 20 to 80 mg/L, aeration rate of 0 or 30 L/min, UV power of 48 W, current of 1.0 A (2.7 mA/cm2),
and initial pH of 8.3. (a) The k value for sulfonamide degradation at different Cl− concentrations.
Solid points represent an aeration rate of 0 L/min and empty points represent an aeration rate of
30 L/min. (b) The free chlorine concentration at 120 min for different Cl− concentrations.

This phenomenon confirmed our assumption that aeration would inhibit the electro-
generation of free chlorine at the anode, which could be attributed to most of the chlorine
being precipitated by aeration after electrogeneration and therefore not participating in
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the formation of free chlorine. Consequently, an assessment of the potential effects on the
hydrodynamics of aeration was necessary.

2.3. Influence of Different Systems and Aeration

Experiments were conducted using different treatment systems with aeration rates of
0 and 30 L/min. Figure 3 shows the impact of different treatments on sulfonamide degrada-
tion. The results showed that the aeration rate mainly had an impact on electrolysis but had
little influence on UV photolysis, only SMM was more affected by photodegradation than
other two substances, especially under an aeration rate of 30 L/min which could increase
the mass transfer effect. In addition, the aeration had a slight promotional effect on SMM
degradation. However, because the effect was small, the treatment was not cost-effective
given the energy consumed to provide aeration.
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Figure 3. Effects of different treatments on sulfonamide degradation. Conditions: Cl− concentration
of 50 mg/L, aeration rate of 0 or 30 L/min, UV power of 48 W, current of 1.8 A (4.8 mA/cm2), and
initial pH of 8.3. UV-E: UV irradiation and electrolysis; UV: UV irradiation only; E: electrolysis only.
(a) The k value for sulfonamide degradation with different treatments. “(A)” represents an aeration
rate of 30 L/min. (b) The free chlorine concentration at 120 min with different treatments.

Figure 3a shows the k values for sulfonamide degradation with different treatments.
SMZ and SMX were preferentially degraded via electrolysis, whereas SMM was preferentially
degraded via UV treatment. The effectiveness of sulfonamide degradation varied among the
different systems, which was caused by selective oxidation due to the disposal methods used
for organics [2,27–29]. In this experiment, UV irradiation oxidation and indirect electrochemi-
cal oxidation were the dominant factors. The amount of direct oxidation at the anode was
relatively small with aeration rates of 0 and 30 L/min in the electrolysis-only system.

2.4. Influence of Photocatalysts

The removal of organic contaminants with photocatalysts (TiO2 and ZnO) was inves-
tigated in systems that employed photoactivated semiconductors to degrade low levels
of pollutants in the environment [30]. Taking TiO2 for example, two products of valence
band holes (h+) and conduction band electrons (e−) are generated under UV irradiation as
follows:

TiO2
hv→ h+ + e− (20)

For these two reaction products, h+ is a powerful oxidant and e− is a good reductant.
Both can migrate to the surface of TiO2, and through the generation of •HO and •O2

− to
facilitate the degradation of pollutants [31,32].

In our experiments, TiO2 and ZnO were applied in two systems (UV-E and UV), and
a control group was established. Each photocatalyst was retained on a microfiltration
membrane, which could not only separate both photocatalysts and some intermediate by-
products but also enable the continuous reuse and recirculation of the photocatalyst [24,25].
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Unfortunately, neither of the photocatalysts promoted degradation (Figure 4). Even with
a high concentration, TiO2 was less effective than ZnO in the UV system, indicating that
UV irradiation might have been inhibited. Although UV (254 nm) irradiation had a strong
effect on the degradation of sulfonamides, the photocatalysts reduced UV penetration,
which weakened the photolysis of sulfonamides. At the same time, it appeared that there
was no obvious degradation effect of UV/photocatalysts on sulfonamides. The minimal
impact of the photocatalysts was insufficient to compensate for the reduced transmittance
being imparted to the system by the photocatalysts. However, it may be possible to use
photocatalysts for the treatment of other organics. It has been reported that UV (254 nm)
irradiation with TiO2 was effective for the degradation of dimethyl phthalate, which
is relatively nonreactive to UV irradiation and free chlorine unlike sulfonamides [33].
Therefore, photocatalysts should be added according to the type of organic material that
needs to be removed.
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Figure 4. Effects of photocatalysts on sulfonamide degradation. Conditions: Cl− concentration of
50 mg/L, aeration rate of 30 L/min, UV power of 48 W, current of 1.8 A (4.8 mA/cm2), addition of
TiO2 (0.5 g/L) or ZnO (0.1 g/L), and initial pH of 8.3. UV-E: UV irradiation and electrolysis, UV:
UV irradiation only, and E: electrolysis only. (a). The k value for sulfonamide degradation in UV-E
systems. (b) The k value for sulfonamide degradation in UV-only systems.

2.5. Influence of Initial pH
2.5.1. Effects of Initial pH and Different Treatments on Sulfonamide Degradation

The effectiveness of sulfonamide degradation at different initial pH values in the
different systems was investigated, and the results are shown in Figure 5. The effectiveness
of sulfonamide degradation under different initial pH conditions and treatments followed a
characteristic pattern. As the initial pH increased, the SMZ degradation efficiency followed
a similar trend in the three systems, with a rapid increase to reach an optimal value at
pH 8.3 followed by a decrease (Figure 5a). The E system provided the most efficient
environment for SMZ degradation under alkaline conditions. Figure 5b shows that SMM
degradation followed a similar trend to that of SMZ when the initial pH was raised.
For SMM degradation, almost the same trend was observed in both the UV-E and UV
systems with changes in pH, whereas the E system was less impacted by pH. Similar to
SMZ degradation, alkaline conditions led to an optimal result for SMM degradation, with
degradation almost twice as effective as under acidic conditions (pH 5.3). By contrast,
SMX degradation followed a completely different pattern (Figure 5c). The k values for
both the UV-E and UV systems decreased substantially when the pH ranged from acidic
conditions, but the opposite effect was observed for the E system. In all systems, there
was a slow reduction in efficiency under alkaline conditions. The total degradation rate in
the UV-E and E systems initially increased and then decreased as the pH increased. The
optimal degradation rate in the UV-E system was 84% at an initial pH of 8.3 for a 120-min
reaction (Figure 5d), with the corresponding value being 66% in the E system. There was
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little variation in degradation efficiency with pH in the UV system, with degradation rates
remaining around 50%.
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(a) SMZ, (b) SMM, and (c) SMX. (d) The total degradation rate in the different systems.

These phenomena could be attributed to the differences in the distribution of sulfon-
amides and free chlorine under different pH conditions (Figure A1), and the sulfonamide
species (cationic, neutral, and anionic) underwent different reaction rates with UV pho-
tolysis [34] and active chlorine species (HOCl, OCl−) [35]. The sulfonamide species and
HOCl distributions are shown in Figure 6. Cationic sulfonamide species were negligible
in the pH range of 5.3–9.3. Thus, the main species of concern were neutral and anionic
in this experiment. For the three sulfonamides, their neutral species increased as the pH
increased. The proportions under various pH conditions differed, which will be explained
in the subsequent sections.
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2.5.2. UV Irradiation Photolysis of Sulfonamides

The pH variation was small (±0.2) during the experiment with the UV system, and
the degradation tendency of the three sulfonamides in the UV system was similar to that
reported previously [34,36]. The degradation effectiveness of UV photolysis differed among
the different species of sulfonamides and was related to their molar absorption coefficient,
as defined by the Lambert-Beer Law as follows:

A =εcl, (21)

where A is the solution absorbance at 254 nm, ε is the molar absorption coefficient (mol/cm),
c is the sulfonamide concentration (10 µmol/L), and l is the path length (1 cm). The overall
absorbance of the sulfonamide solution is equal to the sum of the specific absorbance of
sulfonamide species (cationic, neutral, and anionic):

A = Acationic + Aneutral + Aanionic (22)

Similarly, the ε value can be easily derived as:

ε = εcationicδcationic + εneutralδneutral + εanionicδanionic, (23)

where ∂ is the distribution coefficient. Because the cationic value was negligible in this
experiment, Equation (23) can be simplified as follows:

ε = εneutralδneutral + εanionicδanionic (24)
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At a certain pH, the overall k (pseudo-first-order kinetic rate constant) for a sulfon-
amide is equal to the sum of the specific k for each sulfonamide species (cationic, neutral,
and anionic) multiplied by its corresponding ∂. This was proposed by Lian [34] and is
written as follows:

k = kcationicδcationic + kneutralδneutral + kanionicδanionic, (25)

Equation (25) can be simplified to give:

k = kneutralδneutral + kanionicδanionic (26)

The overall ε value was determined through UV-vis detection of each sulfonamide in
solution at a certain pH (Figure A2), and the ε value of each species was easily calculated
according to their ∂ value from Equation (24) through regression analysis using Origin 9.0
software. Hence, the k value could also be determined using Equation (26). The specific
parameters of the sulfonamide species are shown in Table 1, and the model fitting and
measurement results are shown in Figure 7.

Table 1. Specific parameters of sulfonamide species in the UV system.

Sulfonamide
ε × 103 (mol/cm) k × 103 (min−1)

Reference
Neutral Anionic Neutral Anionic

SMZ 16.8 20.3 1.6 3.6
This studySMM 17.9 24.2 3.1 9.0

SMX 8.8 17.2 35.4 7.1
SMZ 17.0 21.3 0.3 1.2

[34]SMX 11.5 17.1 14.5 3.8

Note: The k value in reference [34] was the fluence-based photolysis rate constant (cm2/mJ).

Figure 7 shows that the overall ε and k values calculated in the experiment matched
the results of model fitting well. For all three sulfonamides, higher ε values were found for
anionic species compared to neutral species (Figure 5), and the overall ε values increased
with increasing pH at 254 nm, as also reported by Baeza [37]. This was due to the sulfinol
group (−S(=O)2−NH−) in sulfonamides, which constantly deprotonate to liberate their
lone-pair electrons in an auxochrome (N atom) when the pH increases (Scheme 1). This has
a hyperchromic effect on the absorption of sulfonamides [34]. It also means that anionic
species would have higher absorbance (higher ε), with the specific ε values of sulfonamides
species in Table 1 confirming this.

The specific k value of sulfonamide species (Table 1) could explain their changes
during treatment in the UV system (Table 1). This could be due to sulfonamides with a five-
membered heterocycle (SMX) having higher electron densities in the heterocyclic rings than
those with a six-membered heterocycle (SMZ, SMM), which agrees with Lian [34]. Both
SMZ and SMM were more associated with anionic species, whereas SMX was dominated
by neutral species. As previously reported, for most sulfonamides, the k values increased as
the pH increased. A small number of sulfonamides, e.g., SMX, have been shown to exhibit
more rapid degradation under acidic conditions than under alkaline conditions [34,37,38],
which is consistent with our results.
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2.5.3. Electrochemical Oxidation of Sulfonamides

To determine the influence of pH on the free chlorine yield, an experiment was
conducted in the E system, in which the pH was controlled within a certain range (±0.2)
without sulfonamides. The free chlorine yield increased as the pH increased (Figure 8a),
which could explain the changes of the free chlorine concentration in the E system. However,
the free chlorine concentration in the UV-E system was higher than that in the E system,
except at pH 9.3, and there was no detection of free chlorine in the UV system (Figure 8b).
This meant that chlorine consumption was different in the UV-E system, which affected the
UV/chlorine conversion reactions (Equations (15)–(19)). This may be due to the existence of
a competitive reaction between sulfonamides (and their products) and UV irradiation or free
chlorine, which decreases the consumption of free chlorine. Additionally, there was a higher
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concentration of free chlorine in the E system under alkaline conditions than in the UV-E
system, which was attributed to the higher molar absorption coefficient of OCl– compared
to HOCl. The proportion of OCl– increased as the pH increased, consequently leading to a
higher photodecay (UV/chlorine conversion) rate and reducing the concentration of free
chlorine compared with the E system [39].
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Figure 8. Free chlorine concentrations under different pH conditions at 120 min. (a) The free chlorine
yield without sulfonamides under different pH conditions. (b) The free chlorine concentration in
different treatment systems under various pH conditions.

In the E system, the k value of the three sulfonamides (Figure 5) could be further
explained by considering the ratio of HOCl and OCl– under different pH conditions
(Figure 6d). Previous studies have shown that HOCl has a higher reaction rate with anionic
vs. neutral sulfonamide species [28], and HOCl is more reactive than OCl–, with the
result that the effect of OCl– could be negligible [40–42]. Therefore, the more that HOCl
reacted with the anionic sulfonamide species, the better the effectiveness of the system. The
anionic sulfonamide species increased with pH, whereas for HOCl, the opposite pattern
was observed. Therefore, the stronger oxidizability of HOCl relative to OCl– was not
obvious in this experiment. The impact of free chlorine (HOCl, OCl–) was important, as
discussed in previous sections. This could be related to the disposal method because free
chlorine is generated in situ by electrolysis, whereas in other systems, a reagent (NaOCl) is
typically added [28,40–42]. Because the formation of free chlorine and the reactions with
sulfonamides occurred simultaneously in this experiment, the overall reaction rate was
slower than direct reaction with excess free chlorine. In addition, the free chlorine yield
increased as the pH increased, and anodic direct electrochemical oxidation also occurred,
which further decreased the relevance of the relationship between the degradation rate
constant (k) and pH. This could explain why the optimal pH for sulfonamide degradation
was 7.3 or 8.3 (neutral or alkaline conditions), and account for the lack of a clear downward
trend for the decrease in the proportion of HOCl with pH under alkaline conditions.

2.5.4. Sulfonamide Degradation by UV Irradiation Combined with
Electrochemical Oxidation

In the UV-E system, the removal mechanism was complicated due to the existence
of free chlorine conversion reactions, and the reactivity of active radicals (•OH, •Cl, •ClO,
and •Cl2−) with different organic compounds has been shown to differ substantially [43].
Additionally, the concentration of these active radicals changes as the pH changes. As
previously reported, the estimated steady-state •OH concentration decreased as the pH
increased during the UV/chlorine treatment process, whereas the •Cl, •ClO, and •Cl2−

concentrations followed the opposite pattern, with considerable reactivity with olefins
and benzene derivatives [43]. Both •OH and •Cl are effective for the degradation of



Catalysts 2022, 12, 711 12 of 19

benzoic acid, but the effect of other active radicals (e.g., •Cl2−) is negligible [17]. Therefore,
further investigations are required to determine whether the active species produced by
UV photolysis conversion could have a promotional effect on sulfonamide degradation.

An additional control experiment was conducted, with the results shown in Figure 9.
The free chlorine yield under UV irradiation decreased substantially over the duration of
the experiment (over 90% at 120 min without sulfonamides), indicating the presence of
UV/chlorine conversion reactions (Equations (15)–(19)). However, both the UV-E and E
systems had a higher free chlorine yield than did in the UV-E system without sulfonamides.
This could be attributed to the sulfonamides reacting with free chlorine and decreasing
the amount of electrogeneration; hence, the conversion of free chlorine to reactive chlorine
species might have been restrained due to the presence of sulfonamides.

Catalysts 2022, 12, x FOR PEER REVIEW 12 of 19 
 

 

in previous sections. This could be related to the disposal method because free chlorine is 
generated in situ by electrolysis, whereas in other systems, a reagent (NaOCl) is typically 
added [28,40–42]. Because the formation of free chlorine and the reactions with sulfona-
mides occurred simultaneously in this experiment, the overall reaction rate was slower 
than direct reaction with excess free chlorine. In addition, the free chlorine yield increased 
as the pH increased, and anodic direct electrochemical oxidation also occurred, which fur-
ther decreased the relevance of the relationship between the degradation rate constant (k) 
and pH. This could explain why the optimal pH for sulfonamide degradation was 7.3 or 
8.3 (neutral or alkaline conditions), and account for the lack of a clear downward trend 
for the decrease in the proportion of HOCl with pH under alkaline conditions. 

2.5.4. Sulfonamide Degradation by UV Irradiation Combined with Electrochemical Oxi-
dation 

In the UV-E system, the removal mechanism was complicated due to the existence of 
free chlorine conversion reactions, and the reactivity of active radicals (•OH, •Cl, •ClO, 
and •Cl2−) with different organic compounds has been shown to differ substantially [43]. 
Additionally, the concentration of these active radicals changes as the pH changes. As 
previously reported, the estimated steady-state •OH concentration decreased as the pH 
increased during the UV/chlorine treatment process, whereas the •Cl, •ClO, and •Cl2− con-
centrations followed the opposite pattern, with considerable reactivity with olefins and 
benzene derivatives [43]. Both •OH and •Cl are effective for the degradation of benzoic 
acid, but the effect of other active radicals (e.g., •Cl2−) is negligible [17]. Therefore, further 
investigations are required to determine whether the active species produced by UV pho-
tolysis conversion could have a promotional effect on sulfonamide degradation. 

An additional control experiment was conducted, with the results shown in Figure 
9. The free chlorine yield under UV irradiation decreased substantially over the duration 
of the experiment (over 90% at 120 min without sulfonamides), indicating the presence of 
UV/chlorine conversion reactions (Equations (15)–(19)). However, both the UV-E and E 
systems had a higher free chlorine yield than did in the UV-E system without sulfona-
mides. This could be attributed to the sulfonamides reacting with free chlorine and de-
creasing the amount of electrogeneration; hence, the conversion of free chlorine to reactive 
chlorine species might have been restrained due to the presence of sulfonamides. 

 
Figure 9. The free chlorine yield with different treatments (with or without sulfonamides). Condi-
tions: Cl− concentration of 50 mg/L, no aeration, UV power of 48 W, current of 1.8 A (4.8 mA/cm2), 
and initial pH of 8.3. 

  

Figure 9. The free chlorine yield with different treatments (with or without sulfonamides). Conditions:
Cl− concentration of 50 mg/L, no aeration, UV power of 48 W, current of 1.8 A (4.8 mA/cm2), and
initial pH of 8.3.

Through the comparison of k values (Table 2) for the UV-E system and UV + E, it was
apparent that there was no additional promotion of SMZ degradation in the combined
system (UV-E system), and the SMX degradation rate was similar under all conditions
except pH 8.3. By contrast, there was a promotional effect on SMM degradation, as
confirmed by the ∆ values. The results showed that the active radicals produced by the
UV/chlorine process exhibited different reactivity with the sulfonamides under various
pH conditions.

Table 2. The k values in different treatment systems (values under “UV + E” are the sums of the k
values in the UV and E systems, ∆ is the difference in the k values between the UV-E system and
UV + E).

Sulfonamide

k × 103 (min−1)

SMZ SMM SMX

UV-E UV + E ∆ UV-E UV + E ∆ UV-E UV + E ∆

pH 5.3 6.5 7.8 −1.3 9.5 10.1 −0.6 24.3 26.5 −2.2
pH 6.3 7.2 8.6 −1.4 12.3 13.4 −0.9 18.7 20.3 −1.6
pH 7.3 9.8 11.9 −2.1 16.2 15.8 0.4 16.5 18.0 −1.5
pH 8.3 12.4 13.7 −1.3 17.7 16.8 0.9 16.8 16.7 0.1
pH 9.3 10.7 13.4 −2.7 14.9 15.2 0.3 14.8 16 −2.2

Average ∆ - - −1.76 - - 0.02 - - −1.48
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3. Materials and Methods
3.1. Materials
3.1.1. Chemicals

Veterinary sulfamethazine (SMZ) and sulfamonomethoxine (SMM) tablets were pur-
chased from Shangdong Ease Animal Pharmaceutical Co., Ltd., Qingdao, China. Com-
pound sulfamethoxazole (SMX) tablets (each tablet contained 25 mg of SMX and 5 mg
of trimethoprim) were purchased from Shandong Zhengmu Biological Pharmaceutical
Co., Ltd., Linyi, China. Standard solutions of SMZ (99%), SMM (>93.0%), and SMX (98%)
were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China.
Detailed information on the sulfonamides is shown in Table 3. Concentrated sulfuric acid
(95~98%), sodium chloride (≥99.8%), and sodium hydroxide (≥96%) were purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Titanium dioxide (TiO2) powder
(Degussa P-25, 80% anatase and 20% rutile) and zinc oxide (ZnO) powder (99.7%, particle
size 50 ± 10 nm) were provided by Aladdin Chemistry Co., Ltd., Shanghai, China. Ultra-
pure/deionized water was prepared with an ultrapure water purification system (Chengdu
Ultrapure Technology Co., Ltd., Chengdu, China).

Table 3. Structure and physicochemical parameters of the sulfonamides used.

Sulfonamides Structure Chemical Formula Molecular Weight pKa [44]

Sulfamethazine (SMZ)
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3.1.2. Reactor Materials

A UV and electrochemical reactor incorporating flat ceramic microfiltration mem-
branes was prepared (Figure 10). UV light was provided by six low-pressure mercury
lamps (254 nm, TUV 8W/G8 T5 UVC lamp, Philips Lighting Co., Amsterdam, Poland)
each equipped with a quartz glass water jacket. Mesh electrodes (thickness 2 mm, dimen-
sions 20 × 20 cm [reticular part] and 20 × 1 cm [flat part]) were used for electrochemical
oxidation. The Ti/RuO2-IrO2 anode and Ti cathode (both purchased from Baoji Changli
Special Metal Co. Ltd., Baoji, China) were connected to a direct current (DC) power supply
(SD-500H-24, Hangzhou Kerui Electronics Co., Ltd., Hangzhou, China) for galvanostatic
electrolysis. The UV lamps and electrodes were fixed using polypropylene stents. Two
flat ceramic microfiltration membranes (250 × 500 × 6 mm, Shangdong Sicer Membrane
Materials Co., Ltd., Zibo, China) were applied to both sides of the UV lamps and electrodes.
The effluent was filtered through the flat membranes with the flow produced by a self-
priming pump (JR-7442, Ningbo Jinqirui Electronic Commerce Co., Ltd., Ningbo, China)
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connected to polypropylene pipes. The reactor was self-made with polypropylene and had
dimensions of 62 cm (length), 42 cm (width), and 42 cm (height). An aeration device was
placed in the bottom of the reactor and was connected to polypropylene aerator pipes. The
reactor was also fitted with an air compressor (LJ-1530, Taizhou Bedair Electromechanical
Co., Ltd., Taizhou, China).
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right: top view). 1: DC power supply, 2: UV lamp (six lamps in total, each covered by a quartz glass
water jacket), 3: electrode, 4: flat ceramic microfiltration membrane, 5: self-priming pump, 6: aeration
device, 7: connection to an air compressor (not shown in the diagram).

3.2. Experimental Procedures

Using tap water, 10 µmol/L SMZ, SMM, and SMX solutions of 70 L each were prepared
in the reactor (the sulfonamide concentrations in the tablets were measured in a preliminary
experiment and the available SMZ, SMM, and SMX contents were 87.7, 26.1, and 9.8 wt%,
respectively). Aeration was provided with an air compressor and controlled by a gas
flowmeter (DFG-6, 10~60 L/min, Darhor Technology Co., Ltd., Hangzhou, China). There
were six UV lamps in total, and the UV power was controlled by the number of UV
lamps in operation (each lamp was 8 W). The current was provided and controlled by
a DC power supply. The effective area of each electrode plate was 376 cm2. The Cl−

concentration was controlled by adding sodium chloride, and the initial pH was controlled
by adding sodium hydroxide solution or concentrated sulfuric acid.In addition, in order to
evaluate the influence of suspended matter to ultraviolet light, two different concentration
photocatalysts were used (0.5 g/L TiO2 and 0.1 g/L ZnO) in the photocatalysts experiment.

The effluent was filtered through the flat membranes, with samples collected using the
self-priming pump for subsequent analysis (the pump was turned on 3 mins in advance for
sampling and kept off for the rest of the experiment). The experimental parameters were
changed to explore the effects of different factors on antibiotic degradation. The working
conditions are shown in Table 4. All experiments were conducted at room temperature
(18.5 ± 2 ◦C). To simulate real surface water, the pH was chosen at 8.3 in first four conditions.
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Table 4. Experimental conditions.

Condition Aeration Rate (L/min) Current (A) Cl− Concentration
(mg/L) Initial pH

Aeration rate 0~55 1.0 or 1.8 20 or 50 8.3
Cl− concentration 0 or 30 1.0 20~80 8.3

System 0 or 30
1.8

50 8.30
1.8

Photocatalysts 30
1.8

50 8.30

Initial pH 0
1.8

50 5.3~8.30
1.8

3.3. Analytical Methods

Sulfonamides were analyzed using high-performance liquid chromatography (Essentia
LC-16, Shimadzu Co., Ltd., Kyoto, Japan), with an ACE Excel 5AQ column (250 × 4.6 mm,
5 µm) used for separation. The mobile phase was an aqueous mixture of 10% acetonitrile
and 0.1% formic acid with a flow rate of 1.0 mL/min. The sample injection volume was
20 µL, and the oven temperature was 30 ◦C. The separated components were measured
using a UV-Vis spectrophotometer (UV-2550, Shimadzu Co., Ltd., Kyoto, Japan) at a
detection wavelength of 258 nm. The Cl− concentration was determined using an ion
meter (SevenCompact S220, Mettler Toledo Instruments Co., Ltd., Shanghai, China). The
pH of the solution was determined using a portable pH meter (Smart Sensor PH828,
Dongguan Wanchuang Electronic Products Co., Ltd., Dongguan, China). Free chlorine was
determined using the Hach DPD method 8021 with a spectrophotometer (DR2800, Hach
Co., Ltd., Shanghai, China).

Kinetics analysis of the sulfonamides was conducted as follows:

k = − ln(
ct

c0
)/t, (27)

where k is the pseudo-first-order kinetic rate constant of sulfonamide degradation, and
c0 and ct are the initial sulfonamide concentration and the concentration at the time of
sampling, respectively.

4. Conclusions

The dissolved oxygen provided by aeration had only a slight effect on SMM degrada-
tion under UV irradiation. The hydraulic disturbance inhibited the electrogeneration of
free chlorine and substantially decreased the degradation efficiency. A small amount of
Cl− in the system produced good results, which would easily satisfy relevant wastewater
discharge standards. Although photocatalysts had no promotional effect on sulfonamide
degradation due to the reduction in UV penetration, because of their ability to be contin-
uously reused and recirculated, photocatalysts still exhibit treatment potential with the
application of a flat membrane. Due to their different distribution coefficients, UV irradi-
ation had different effects on various sulfonamide species. For SMZ and SMM, anionic
species were degraded at higher rates, whereas for SMX, degradation was most efficient for
neutral species. The free chlorine yield increased as the pH increased, which also resulted in
effective sulfonamide degradation. Free chlorine conversion reactions occurred under UV
irradiation and could be restrained by sulfonamides. Reactive chlorine species promoted
SMM degradation, whereas this effect was not obvious for SMZ and SMM. Compared to
UV irradiation or electrochemical oxidation alone, the UV/in-situ electrochemical oxidation
process was more effective for sulfonamide degradation and is suitable for the treatment of
real wastewater under various environmental pH conditions.
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