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a b s t r a c t

The photocatalytic degradation of sulfanethazine (SMT), one of the sulfonamide antibiotics, in aqueous
solution by TiO2 was investigated. The time courses of SMT concentration, the amount of non-purgeable
organic carbon, and the concentrations of ions such as SO2�

4 , NHþ
4 , and NO�

3 formed during the photo-
catalytic reaction were measured and the structures of seven intermediates formed with the disap-
pearance of SMT were also estimated by LC/MS/MS analyses. In addition to that of SMT, the
decomposition behaviors of model compounds sulfanilic acid (SA) and 4-amino-2, 6-dimethylpyrimidine
(ADMP) were investigated using the TiO2/UV system. The observed photocatalytic degradation behaviors
of SMT, SA, and ADMP gave new insight into the degradation pathway of SMT. Especially, the formation of
p-aminophenol during SMT decomposition, which until now has not been reported in previous studies
concerning the photocatalytic decomposition of SMT and other sulfonamide antibiotics. These results
indicate the existence of a novel photocatalytic degradation pathway for sulfonamides. The direct sub-
stitution of the sulfonamide group with a hydroxyl group is suggested.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Synthetic antimicrobial agents are widely used to prevent
infection in humans and livestock. However, many pharmaceuticals
are not fully metabolized in human or livestock bodies and are
excreted in urine or feces. A number of pharmaceuticals are
increasingly found in the environment, which poses a serious
problem because they cannot be removed through conventional
wastewater treatment (Hernando et al., 2006). Although the con-
centration of pharmaceuticals detected in natural water or effluent
from sewage treatment plants is quite low (ng/Lemg/L), the eco-
toxicity of pharmaceuticals at mg/L levels has been reported (Fent
et al., 2006). Suitable treatment methods for the removal of dis-
charged pharmaceuticals are required for the sustainable and safe
use of water in the future, and research on water purification
methods is currently being conducted in scientific and industrial
circles (Ternes et al., 2003; Kim et al., 2009).
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Sulfonamide antibiotics, which have a sulfanilamide structure,
are widely used as food additives in livestock production
(Committee on Drug Use in Food Animals 1999) and are commonly
detected in natural water or secondary effluent (Heberer, 2002;
Bendz et al., 2005). Some researchers have already reported the
advanced oxidation of sulfonamide antibiotics (Kaniou et al., 2005;
Abell�an et al., 2007; Hu et al., 2007; Baran et al., 2009; Yang et al.,
2010). For example, Baran et al. investigated the photocatalytic
degradation of sulfonamides with TiO2, Fe salts, and TiO2/FeCl3
(Baran et al., 2009). They reported a relationship between the
experimental conditions and degradation efficiency and the inter-
mediate products detected. Yang et al. described the photocatalytic
degradation kinetics and mechanism of sulfonamide antibiotics
using TiO2 (Yang et al., 2010). Although they measured the forma-
tion of inorganic ions such as SO2�

4 and NHþ
4 , the degradation

mechanism was not given. Hu et al. investigated the active mech-
anism responsible for photocatalytic degradation of sulfamethox-
azole by systematically examining the influence of pH, dissolved
oxygen, organic contaminants, and ions on the reaction kinetics
(Hu et al., 2007). They also detected some degradation in-
termediates and deduced the degradation pathway; however, only
three intermediates were detected and the discussion of the
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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degradation mechanism was not sufficient.
The effects of reaction conditions such as TiO2 concentration,

pH, UV intensity, and organic contaminants on the reaction rate of
sulfonamide antibiotic degradation have already been revealed in
our previous studies (Fukahori et al., 2012; Ito et al., 2013). We also
suggested the degradation behavior of crotamiton, an antipruritic
that is often detected in Japanese rivers, based on the detection of
intermediates and ions over time using LC/MS/MS and ion chro-
matography. In the present study, we detected or deduced the
major intermediates formed during the photocatalytic decompo-
sition of SMT and its analogues, and investigated their degradation
behaviors. One of the detected intermediates has not previously
been reported for the photocatalytic decomposition of sulfonamide
antibiotics, indicating the discovery of a novel photocatalytic
degradation pathway.
2. Experimental

2.1. Chemicals

TiO2 powder (P-25, 50 m2/g, anatase; Degussa, Dusseldorf,
Germany) was obtained commercially. SMT (purity 99%) was pur-
chased from Aldrich, sulfanilic acid (SA, 99%), sulfanilamide (SAm,
99.7%), 4-amino-2, 6-dimethylpyrimidine (ADMP, 97%), o-amino-
pheno (o-AP, 97%), m-aminophenol (m-AP, 98%) and p-amino-
phenol (p-AP, 98%) were purchased from Wako Pure Chemical
Industries, Ltd (Osaka, Japan). The molecular structures of the
pharmaceuticals are given in Fig. 1. All chemicals were of reagent
grade. All other reagents, including acetonitrile, sulfuric acid,
Fig. 1. Structures of
sodium hydroxide and formic acid, were used without further
purification.
2.2. Photocatalytic decomposition using TiO2

The pharmaceutical sample solution (10 mg/L, 50 mL) was
prepared using Millipore water (Millipore, Billerica, MA, USA) and
poured into a glass vessel. TiO2 powder was added to the reaction
vessel (0.2 g/L). The pH was adjusted to 7 using sulfuric acid or
sodium hydroxide with measurement by a portable pH meter (D-
51; Horiba, Kyoto, Japan). The solution was stirred at 25 �C and
irradiated with a UV lamp (UV intensity, 1 mW/cm2). The effect of
pH and TiO2 concentration on the photocatalytic decomposition
were investigated in our previous study (Fukahori et al., 2012).
After UV irradiation, a designated aliquot was filtered with a
membrane filter (DISMIC, pore size: 0.2 mm; ADVANTEC, Tokyo,
Japan) and subjected to ultra performance liquid chromatography-
tandem mass spectrometry (LC/MS/MS, ACQUITY UPLC-Xevo TQ;
Waters, Milford, MA, USA). C and C0 are the concentration of target
compound such as SMT, SA and ADMP at time 0 and t, respectively.
2.3. Quantitative analyses

The LC/MS/MS analysis was carried out using a BEH C18 column
(2.1� 150mm;Waters) with a linear gradient from 10% acetonitrile
in 0.05% formic acid (isocratic for 0.5 min) to 90% (0.5e7 min) at a
constant flow rate of 0.3 mL/min. A photodiode array detector
(PDA) was placed between the analytical column and the MS/MS,
and the wavelength was set at 254 nm. In order to confirm the
chemicals used.



Fig. 2. Photocatalytic decomposition behavior of SMT. Changes in concentrations of
SMT and NPOC content (a) and ions formed (b) during the degradation of SMT.
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accuracy of UPLC analysis, the standard samples were measured
three times and we confirmed the coefficient of variance of peak
areawas <5%. The structures of the intermediates were determined
or deduced through comparisonwith standards or interpretation of
the mass patterns obtained by LC/MS/MS.

The non-purgeable organic carbon (NPOC, mg-C/L) content in
the treated water was measured using a Shimadzu TOC analyzer
(TOC-5000A) based on CO2 quantification by non-dispersive
infrared analysis after high temperature catalytic combustion.
NPOC and NPOC0 are the content of NPOC at time 0 and t, respec-
tively. The concentrations of NHþ

4 , NO
�
3 , and SO2�

4 in the treated
water were measured using ion chromatography (DX-120; Dionex,
Sunnyvale, CA, USA). The NHþ

4 concentration was measured using a
CS12A column (4 � 250 mm; Dionex) with 19.8 mM meth-
anesulphonic acid as the eluent (flow rate 1 mL/min). The NO�

3 and
SO2�

4 concentrations were analyzed using an AS12A anionic column
(4� 200mm; Dionex) and amixture of 2.7mMNa2CO3 and 0.3mM
NaHCO3 (flow rate 1.5 mL/min).

3. Results and discussion

3.1. Photocatalytic decomposition of SMT using TiO2

The time courses of SMT concentration and NPOC content
measured during the photocatalytic decomposition of SMT are
shown in Fig. 2a. After 2 h UV irradiation, ca. 95% of the SMT had
been decomposed, whereas only 60% of the TOC had been removed.
It took 24 h tomineralize all of the SMT, indicating that the SMTwas
converted to intermediates and that much of these remained until
24 h. The amount of NPOC decreased smoothly until 3 h, after
which the rate of decrease was low.

To confirm the mineralization of SMT, we also measured the
concentrations of ions in the reaction mixture. It has been reported
that nitrogen and sulfur atoms are converted to NHþ

4 , NO
�
3 , and

SO2�
4 during the photocatalytic decomposition of organic com-

pounds by TiO2. Although the formation of such ions during the
photocatalytic decomposition of sulfonamide antibiotics has been
reported, the details were not discussed (Kaniou et al., 2005;
Abell�an et al., 2007; Hu et al., 2007; Baran et al., 2009; Yang
et al., 2010). The time courses of ion formation during the photo-
catalytic treatment of SMT are shown in Fig. 2b. For an initial SMT
concentration of 10 mg/L, the maximum inorganic nitrogen and
sulfur concentrations expected if all the SMT was mineralized were
2.01 mg-N/L and 1.15 mg-S/L, respectively. The NHþ

4 and SO2�
4

concentrations increased immediately and leveled off after 24 and
12 h treatment, respectively. Baran et al. and Yang et al. reported the
cleavage of sulfonamide bond and suggested the formation of sul-
fanilic acid as an intermediate (Baran et al., 2009; Yang et al., 2010).
In this study, the stoichiometric amount of SO2�

4 evolved (ca.
1.1 mg-S/L) after 24 h treatment indicated that the cleavage of
sulfonamide occurred as the initial step.

On the other hand, the concentration of NHþ
4 -N after 96 h

treatment was ca. 1.0 mg-N/L, half of the stoichiometric amount.
The concentration of NO�

3 gradually increased and reached 0.8 mg-
N/L after 96 h treatment. The total nitrogen derived from NHþ

4 and
NO�

3 was 1.8 mg-N/L, indicating that almost all of the nitrogen in
SMT was mineralized by the photocatalytic treatment.

3.2. Intermediates formed during the photocatalytic decomposition
of SMT

To estimate the degradation pathway of SMT, the intermediates
formed through the photocatalytic decomposition of SMT were
measured using mass spectrometry. Full-scan and selective ion
recording (SIR) mode LC/MS/MS revealed the formation of new
peaks concurrent with the disappearance of SMT. Fig. 3 depicts the
product ion spectra of SMT and major intermediates. The ordinate
shows the ratio of detected intensity of fragment ions to that of base
peak ion. The data presented in Fig. 3 were obtained under opti-
mized collision energy and cone voltage, determined in electro-
spray ionization (ESI)-MS/MS experiments on an Xevo-TQ
instrument. The fragmentation pattern of SMT (Fig. 3a) gave us the
information needed to deduce several substituents and identify the
unknown intermediates. The most characteristic signals were m/z
213, 204, 186, 156, 124, 108, and 92 fragments. The deduced struc-
tures of the fragment ions are shown in Fig. 3. The fragment ions
156 and 124 were derived from the amino phenyl and pyrimidinyl
portions, respectively, formed through cleavage of the sulfonamide
group. The loss of SO from fragment ion m/z 156 gave the m/z 108
fragment ion, which by further loss of oxygen gave the anilinium
ion (m/z 92). The fragment ion m/z 213 was attributed to [M þ Hþ-
H2SO2]þ. Furthermore, the cleavage of the CeS bond between



Fig. 3. Product ion spectra of SMT (a) and major intermediates: P294-a (b), P294-b (c), P310 (d), P109 (e), P123 (f), P139 (g), and P189 (h).
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phenyl and sulfonamide gave the fragment m/z 186. In brief, the
fragment ions 156, 108, and 92, and 186 and 124 were derived from
phenyl and pyrimidinyl moieties, respectively.

The structures of seven types of intermediates were deduced
from their estimated molecular weight and fragment pattern. At
the initial stage of the photocatalytic decomposition of SMT, there
were two noticeable peaks with molecular weight of 294, 16-Da
larger than that of SMT (Fig. 3b, c, labeled as P294-a and P294-b,
respectively). Previous studies have reported that the photo-
catalytic reaction proceeds mainly because of the electrophilic hy-
droxyl radicals produced through the oxidation of water molecules,
and hydroxylation often occurs, resulting in a molecular weight
increase of 16-Da (Fukahori et al., 2003; Hu et al., 2007; Yang et al.,
2010; Fukahori et al., 2012). Thus, these two intermediates were
expected to be hydroxylated analogs of SMT. However, the frag-
mentation patterns were quite different. The abundant fragments
of P294-a (Pry-OH) were 229, 202, 156, 140, 111, and 92. The exis-
tence of the fragment ionsm/z 156 and 92 indicates that the phenyl
portion of SMT was unchanged, although fragment ions derived
from the pyrimidinyl portion (m/z 186, 124) were not observed.
Instead, the formation of fragment ions m/z 202 and 140 suggests
the hydroxylation of the pyrimidinyl moiety of SMT. In contrast, the
abundant fragments of P294-b (Ph-OH) were 186,172,124, and 108.
The detection of fragment ions m/z 186 and 124 indicates that the
pyrimidinyl moiety in SMT was preserved. The disappearance of
the characteristic fragments of the amino phenyl portion (m/z 156,
108, and 92) strongly suggested the modification of the phenyl
portion. We concluded that the fragment ionsm/z 172, 124 and 108
were formed by the addition of oxygen atoms to the amino phenyl
moiety.

The intermediate with larger molecular weight than P294 was
P310 (Fig. 3d). The abundant fragments of P310 were 245, 202, 172,
140, 124, and 108. The fragment ions m/z 202 and 172 were judged
to be hydroxylated phenyl and pyrimidinyl moieties, generated
from themodification of fragment ionsm/z 186 and 156 observed in
the fragmentation of SMT. From this point of view,m/z 172, 124,108
and 202, 140 were the fragment ions derived from hydroxylated
phenyl and pyrimidinyl moieties. The fragment ion m/z 245 was
attributed to [M þ Hþ-H2SO2]þ.

In the case of intermediates with smaller molecular weight than
SMT, we detected compounds with m/z 109, 123, 139, and 189
(labeled as P109, P123, P140, and P189 in Fig. 3d, e, f, and g,
respectively). P109, P123, and P139 were detected in positive and
negative scan modes, respectively. From the molecular weight, we
deduced P123 to be ADMP because previous researchers have re-
ported the cleavage of the sulfonamide bond in SMT during pho-
tocatalytic treatment. Comparison of the UPLC retention time and
fragmentation pattern of the fragment to those of standard ADMP
confirmed that P123 was ADMP. Similarly, the characteristic frag-
ment [MþH]þ-17 (m/z 123) was found in the mass spectrum of
P139 (Fig. 3f), and was presumably a result of the detachment of
NH3. Based on the finding that ADMP had formed, P139 was
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deduced to be hydroxylated ADMP (ADMP-OH). P189 was expected
to have a sulfo group because it was detected in the negative scan
mode, and the characteristic fragment ion [MþH]þ-64 forms
through the detachment of SO2. Based on its molecular weight, we
deduced P189 to be hydroxylated SA (SA-OH).

For P109, the fragment ions [MþH]þ-17 (m/z 93) and [MþH]þ-
17-28 (m/z 65) were observed. We concluded that the loss of the
amine moiety from parent ion m/z 110 gave the m/z 93 fragment
ion, which by further loss of C2H4 gave them/z 65 ion. We deduced
that P109 was AP, Comparison of the retention time and fragment
patterns of o-, m- and p-AP with those of P109 revealed that P109
matched p-AP. Although no researchers have previously reported
the formation of p-AP during the photocatalytic decomposition of
sulfonamides, it was detected during the photocatalytic decom-
position of SA in the present experiments.

The formation of SA or SAm during the photocatalytic decom-
position of sulfonamide antibiotics was reported in some previous
studies (Hu et al., 2007; Baran et al., 2009; Yang et al., 2010).
However, in this study, these species were under the detectable
limit of LC/MS/MS during the treatment of SMT, although we sur-
veyed them using standard chemicals.
Fig. 4. Photocatalytic decomposition behavior of SA. Changes in concentrations of SA
and NPOC content (a) and ions formed (b) during the degradation of SA.
3.3. Photocatalytic decomposition of SA and ADMP

To investigate the photocatalytic decomposition behavior of
SMT, model compounds were treated with TiO2/UV. SA and ADMP
were selected because the cleavage of sulfonamide was indicated.
The time courses of SA or ADMP concentration and the concen-
trations of NPOC and ions during the photocatalytic treatment of SA
and ADMP are shown in Figs. 4 and 5. During the treatment of SA,
the SA concentration decreased quickly and reached below the
detectable limit after 2 h treatment. The concentration of NPOC
decreased gradually, but the ratewas low at the initial stage. For the
ions, NHþ

4 was the main nitrogen species detected and it was
confirmed that the sulfo and amino groups attached to the aromatic
ring were converted to SO2�

4 and NHþ
4 through photocatalytic

decomposition. The SO2�
4 and NHþ

4 concentrations increased soon
after UV irradiation started and reached stoichiometric amounts
after 3 h treatment (0.81 mg-N/L and 1.85 mg-S/L, respectively).
These results seemed to indicate modification of the aromatic ring
or detachment of nitrogen or sulfur at the initial stage and subse-
quent mineralization of carbon.

In contrast, the mineralization of ADMP took longer than that of
SA. Although the ADMP concentration was below the detectable
limit after 2 h treatment, some organic species remained after 24 h.
NO�

3 was also detected during ADMP decomposition, and themolar
ratio of NO�

3 to NHþ
4 was ca. 2: 1. Vulliet et al. studied the photo-

catalytic treatment of s-triazine, a nitrogen-containing aromatic
compound, and reported the formation of NO�

3 (Vulliet et al., 2002).
Therefore, the two nitrogen atoms contained in the pyrimidine ring
were converted to NO�

3 and the one nitrogen of the amino group
was converted to NHþ

4 . In addition, they also reported that it took a
long time to mineralize s-triazine because it was converted to
highly stable cyanuric acid. Aromatic compounds containing ni-
trogen in the aromatic ring are tolerant to photocatalytic decom-
position. Thus, ADMP may have been converted to a stable
compound similar to cyanuric acid, resulting in a longer treatment
time.

The intermediates formed during the photocatalytic treatment
of SA and ADMP were also investigated by LC/MS/MS. P189 and
P139 were detected as main intermediates during the decomposi-
tion of SA and ADMP, respectively. These results support our
deduction that P189 and P139 are SA-OH and ADMP-OH. Further-
more, P109 was also detected as an intermediate of SA degradation.
3.4. Proposed degradation pathway for SMT

Fig. 6 shows the time course of Pt/Pmax of the intermediates
observed during the photocatalytic decomposition of SMT, where Pt
is the intermediate peak area measured in SIR mode at treatment
time t and Pmax is the maximum peak area of each intermediate
observed during the photocatalytic treatment. At the initial stage of
SMT decomposition, hydroxylated SMT (Ph-OH and Pyr-OH) and p-
AP were detected (Fig. 6). After their formation, further hydroxyl-
ated compounds (SMT-2OH), ADMP and SA-OH were detected, and
finally ADMP-OH accumulated. From these results, we can suggest
three initial reactions, beginning with 1. hydroxylation of the
phenyl, 2. hydroxylation pyrimidine ring and 3. direct substitution
of the sulfonamide group with a hydroxyl group. The proposed
degradation pathway of SMT is shown as Fig. 7. These first two
reactions are often observed in the photocatalytic decomposition of



Fig. 5. Photocatalytic decomposition behavior of ADMP: Changes in concentrations of
SA and NPOC content (a) and ions formed (b) during the degradation of ADMP.

Fig. 6. Time courses of major intermediates.
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aromatic compounds (Hu et al., 2007; Fukahori et al., 2012). Then,
the SeN bond of sulfonamide group was broken, resulting in the
formation of SA-OH and ADMP. SA-OH and ADMP-OH also form
through the decomposition of SMT-2OH. Some researchers have
reported that the cleavage of the sulfonamide group SeN bond
occurs before the modification of the phenyl ring (Hu et al., 2007;
Baran et al., 2009; Yang et al., 2010). However, the non-detection
of SA and late formation of ADMP compared with that of hydrox-
ylated SMT strongly supported that little direct cleavage of the SeN
bond occurred. In addition, the non-detection of SAm or its de-
rivatives also indicates that no cleavage between the nitrogen atom
in the sulfonamide group and the pyrimidine ring occurred.

The third initial reaction is the direct substitution of the sul-
fonamide group with a hydroxyl group and the resulting formation
of p-AP. Mentioned above, the formation of p-AP has never been
reported in previous studies. The hydroxylation of the aromatic ring
is the major initial reaction, however, once hydroxylation of phenyl
ring in SMToccurred, hydroxyl groupmay be introduced into the o-
or m-position from the amino group. If sequential cleavage of sul-
fonamide bond and desulfonation occur, o- or m-AP may form
instead of p-AP. Therefore direct substitution of the sulfonamide
group must occur at initial stage for the formation of p-AP. Such a
hydroxyl group substitution was reported by Zhang et al. in the
photocatalytic decomposition of acetaminophen, hydroquinone
directly formed from acetaminophen (Zhang et al., 2008). More-
over, we insist on this reaction because p-AP formed at initial stage
of SMT photocatalytic decomposition. p-AP was also observed at
the initial stage of the photocatalytic decomposition of SA, sug-
gesting that direct substitution by a hydroxyl group may occur. The
maximum concentration of p-AP observed during SMT decompo-
sition was 1.4 mM after 20-min treatment, determined using a
standard. Based on the initial concentration of SMT (36.0 mM),
stoichiometrically 3.9% of the SMT appeared to be converted to p-
AP. TiO2 photocatalysis in aqueous media often yields many in-
termediates owing to irregular and uncontrollable radical reactions.
In our previous study, the amount of intermediates formed during
the photocatalytic decomposition of bisphenol A were quantified
and the highest yield of first intermediates was found to be 7.0%
based on the amount of parent compound (Fukahori et al., 2003).
From these results, it is plausible that p-AP is the first intermediate
formed from SMT and direct substitution of the sulfonamide group
with a hydroxyl group is one of the major initial reactions during
the photocatalytic decomposition of SMT.
4. Conclusion

The photodegradation behavior of SMT using TiO2 was investi-
gated. The time courses of SMT and ion concentrations and NPOC
indicated the complete mineralization and photocatalytic degra-
dation of SMT. In addition, the structures of the intermediates
formed during the photocatalytic decomposition of SMT, SA, and
ADMP were analyzed using LC/MS/MS. Seven intermediates were



Fig. 7. Proposed photocatalytic decomposition pathway of SMT.
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deduced from the estimated molecular weight and fragment pat-
terns. Among them, the formation and accumulation of p-AP at the
initial stage of SMT decomposition was an important clue for novel
reaction pathway. Three initial reactions were suggested from the
formation behaviors of the intermediates; the hydroxylation of
phenyl and the pyrimidine ring, and direct substitution of the
sulfonamide group with a hydroxyl group.
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