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The photocatalytic degradation and mineralization of the antibiotic sulfamethoxazole (SMX) in aque-
ous TiO, suspensions was investigated. UV-A irradiation was provided by a 9W lamp at a photon flux
of 2.81 x 10~ Einstein/min and runs were performed at SMX initial concentrations between 2.5 and

Keywords: 30 mg/L, six commercially available TiO; catalysts at loadings between 100 and 750 mg/L, acidic or near-
Sulfamethoxazole neutral conditions and three different water matrices. Of the various catalysts tested, Degussa P25 was
Kinetics highly active, i.e. nearly complete SMX degradation and mineralization could be achieved after 30 and
E?gfocatalym 120 min of reaction, respectively at 10 mg/L SMX and 250 mg/L catalyst concentrations. SMX and organic
Water carbon conversion decreased with decreasing titania loading and dissolved oxygen concentration and

increasing SMX concentration and solution pH. The presence of non-target constituents in environ-
mental samples only marginally affected SMX degradation. For the range of concentrations studied, a

Langmuir-Hinshelwood kinetic model can describe the process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of pharmaceuticals and their metabolites and
transformation products in the environment is becoming a mat-
ter of concern because these compounds, which may have adverse
effects on living organisms, are extensively and increasingly used
in human and veterinary medicine and are released continuously
into the environment [1,2]. A variety of pharmaceuticals have been
detected in many environmental samples worldwide. Their occur-
rence has been reported in wastewater treatment plant effluents,
surface water, seawater, groundwater, soils and sediments and is
closely related to their bioresistant nature [3,4].

Among the various pharmaceutical compounds present in the
environment, special emphasis has been given to antibiotics, which
are the most often discussed pharmaceuticals because of their
potential role in the development of antibiotic-resistant bacte-
ria [5]. Antibiotics are used extensively in human and veterinary
medicine, as well as in aquaculture, for the purpose of preventing or
treating microbial infections. They are often partially metabolized
in the organism (i.e. less than 30%) and they are excreted as the par-
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ent substance or as metabolites into wastewaters at concentrations
ranging from ng/L to pg/L [6].

Most antibiotics tested to date are known to be biorecal-
citrant under aerobic conditions [6], thus escaping intact from
conventional wastewater treatment plants. In this perspective,
non-biological methods such as advanced oxidation processes
(AOPs) have been employed to treat pharmaceuticals and alike
xenobiotics in various aqueous matrices and representative stud-
ies have been thoroughly reviewed recently [ 7]. These processes are
characterized by the formation of hydroxyl radicals, which exhibit
high reactivity and efficiency in oxidizing a great variety of organic
micro-pollutants, including pharmaceuticals.

Sulfamethoxazole (SMX) is a synthetic antibiotic and belongs
to the group of sulfonamide antibiotics. It is the most commonly
employed antibiotic of this group and it is extensively used in both
human and veterinary medicine. There have been a few recent stud-
ies dealing with SMX advanced oxidation by means of ozonation
[8-10], anodic oxidation over boron-doped diamond electrodes
[11,12], oxidation with free chlorine and monochloramine [13] and
modified Fenton reaction [14]. Particular emphasis has recently
been given on photochemical AOPs such as (i) homogeneous Fen-
ton oxidation induced by solar [15-18] or artificial [17,19] light and
coupled with biological post-treatment [20], and (ii) semiconductor
photocatalysis [21-25]. Abellan et al. [21,22] and Bayarri et al. [23]
investigated the effect of TiO, concentration and light wavelength,
respectively on the kinetics of SMX degradation and mineralization
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Scheme 1. The molecular structure and absorbance spectrum of SMX.

under simulated solar conditions, while Baran et al. [24] compared
the efficiency of UV-A/TiO,, UV-A/Fe3* and UV-A/TiO, [Fe3* systems
for the degradation and mineralization of five sulfa drugs including
SMX. In their studies, Abellan et al. [22] and Hu et al. [25] identified
several intermediates accompanying SMX photocatalytic degrada-
tion and proposed respective reaction pathways.

The aim of this work was to study, in a systematic way, the effect
of various process parameters such as TiO; type and loading, ini-
tial antibiotic concentration, solution pH, the presence of electron
acceptors and the water matrix (i.e. ultrapure water, groundwater
and treated wastewater) on the kinetics of SMX degradation and
mineralization under UV-Airradiation; such amethodical approach
has only merely been reported in the literature.

2. Materials and methods
2.1. Materials

SMX (C19H11N303S, molecular mass 253.28 g/mol, shown in
Scheme 1) was purchased from Sigma (CAS 723-46-6) and used
as received. In most cases, ultrapure water (UPW) taken from a
water purification system (EASYpureRF - Barnstead/Thermolyne,
USA) was used to prepare SMX solutions; in certain cases though,
groundwater (GW) taken from a pumping well and the treated
effluent (WW) from the central municipal wastewater treatment
plant of Limassol, Cyprus, were also spiked with SMX to assess
the effect of water matrix on degradation. The quality character-
istics of the GW and WW are given in detail elsewhere [26]. Six
commercially available TiO, samples, whose main properties are
summarized in Table 1, were employed for slurry photocatalytic
experiments.

2.2. Experimental procedure

UV-A irradiation was provided by a 9W lamp (Radium
Ralutec, 9W/78) emitting predominantly at 350-400 nm. The

photon flux emitted from the lamp was determined actino-
metrically using the potassium ferrioxalate method and was
found 2.81 x 10~* Einstein/min. Experiments were conducted in
an immersion well, batch type, laboratory scale photoreactor, pur-
chased from Ace Glass (Vineland, NJ, USA) and described in detail
elsewhere [27].

In a typical photocatalytic run, 350 mL of the aqueous solu-
tion containing the desired concentration of SMX in the range
2.5-30mg/L were loaded in the reaction vessel. These concentra-
tions, although considerably greater than those typically found
in environmental samples, were chosen to allow (i) the assess-
ment of process efficiency within a measurable time scale, and
(ii) the accurate determination of residual SMX and organic car-
bon with the analytical techniques employed in this work. The
solution was slurried with the appropriate amount of catalyst and
magnetically stirred for 30 min in the dark to ensure complete equi-
libration of adsorption/desorption of SMX onto the TiO, surface.
After that period, the UV-A lamp was turned on, while pure O,
was continuously sparged (unless otherwise stated) in the reaction
mixture under stirring. During photocatalytic experiments, tem-
perature was maintained at 25 °C with a temperature control unit.
Most experiments were performed at inherent solution pH which
was left uncontrolled during the reaction; the inherent solution pH
was acidic (the exact value was dependent of SMX initial concen-
tration and the type of catalyst) at UPW and near-neutral/slightly
alkaline at GW or WW. For those runs where the initial pH had to
be adjusted, this was done adding the appropriate amount of 0.5N
NaOH or 0.5N HCI solutions, as necessary. Photocatalytic experi-
ments were performed in several replicates (i.e. between 2 and 6)
and mean values, whose standard deviation never exceeded 5%, are
quoted as results.

2.3. Analytical techniques

Samples periodically taken from the reactor were centrifuged
at 13,200 rpm to remove catalyst particles and then analyzed for
(i) total organic carbon (TOC) content, as described elsewhere [28],
and (ii) residual SMX concentration. The latter was followed by high
performance liquid chromatography (Agilent 1100 series HPLC)
employing a Supelco C-18 column (5 pm, 4.6 mm x 150 mm) and
a diode array detector set at 266 nm. A 60:40 acidified water (pH
of about 3) and acetonitrile mixture was employed as the mobile
phase at a flow rate of 1mL/min and a constant temperature of
20°C.

3. Results and discussion
3.1. Catalyst screening and activity

To assess the relative catalytic activity of various TiO, samples,
preliminary experiments were conducted at 10 mg/L SMX initial
concentration, 250 mg/L catalyst loading and inherent solution pH
of 4.1-5.4 depending on the type of catalyst. Fig. 1a shows that
Degussa P25 is considerably more active than all other TiO, sam-
ples leading to nearly complete SMX disappearance after 30 min
of reaction; the respective conversion for the rest does not exceed

Table 1

TiO, catalysts used in this study. A: anatase; R: rutile.
Catalyst Crystal form BET area, m?/g Particle size, nm Supplier
Degussa P25 75%A:25%R 50 21 Degussa AG
Hombikat UV 100 A>99% <250 5 Sachtleben Chemie GmbH
Millennium PC 50 A>97% 45-55 20-30 Millennium Inorganic Chemicals
Millennium PC 100 A>95% 80-100 15-25 Millennium Inorganic Chemicals
Millennium PC 105 A>95% 75-95 15-25 Millennium Inorganic Chemicals
Millennium PC 500 A>75% <300 5-10 Millennium Inorganic Chemicals
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Fig. 1. Relative activity of various TiO, samples (250 mg/L) for 10 mg/L SMX (a)
degradation and (b) mineralization.

65%. Similarly, mineralization is favored in the presence of Degussa
P25 reaching about 90% after 120 min (Fig. 1b). The greater activity
of Degussa P25 is particularly notable taking into account that its
surface area is lower (with the exception of Millennium PC 50) than
the rest. These results are in good agreement with the work of Hu
et al. [25] who reported that Degussa P25 was far more active than
Hombikat UV 100 for SMX degradation under UV-A irradiation.

The superiority of Degussa P25 is attributed [29,30] to the
slower electron/hole recombination taking place on the catalyst
surface compared to other TiO, photocatalysts; another explana-
tion ascribes the higher activity of Degussa P25 to its structure
which is a mixture of anatase and rutile; this mixture is more active
than the individual pure crystalline phases [31]. According to the
above findings, all subsequent photocatalytic experiments were
performed with Degussa P25 TiO,.

To confirm that SMX degradation is due to the synergy between
photonic energy and the catalyst surface, an additional experiment
was performed in the absence of catalyst. As seen in Fig. 1a, the
extent of SMX conversion did not exceed 20% after 120 min and this
is believed to be due to photooxidation involving dissolved oxygen
rather than photolysis; the latter is unlikely to occur at the condi-
tions in question since the absorbance spectrum of SMX (Scheme 1)
fades out at about 305 nm, i.e. well below the emission spectrum of
the irradiation source. At the same time, TOC reduction was incon-
siderable (data not shown). The experiment was repeated without
oxygen sparging and this led to 10% SMX conversion after 120 min
confirming the above hypothesis (although some dissolved oxygen
is still present due to agitation). Dark adsorption experiments were
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Fig. 2. Effect of oxygen sparging on 10 mg/L SMX degradation and mineralization
with 500 mg/L Degussa P25. Closed and open symbols show runs with and without
oxygen sparging, respectively.

also performed at 500 mg/L Degussa P25 concentration; in all cases
(i.e. 2.5 or 10mg/L SMX concentration, inherent or near-neutral
pH), SMX adsorption remained below 5%.

3.2. Effect of dissolved oxygen

The presence of dissolved oxygen in the liquid phase is expected
to enhance photocatalytic oxidation since oxygen traps the photo-
generated conduction band electrons to form superoxide radical
anions as follows:

ecg + 02 — 05 (1)

Reaction (1) is critical to the photocatalytic performance for two
reasons, namely: (i) the undesirable recombination of electrons
and valence band holes is minimized, and (ii) more reactive oxygen
species are formed since superoxide radical anions may react with
protons formed through water splitting to yield peroxide radicals.

Fig. 2 shows a comparison between runs performed under con-
ditions of limited (i.e. no aeration takes place but the reactor is open
to the air) and excessive (i.e. continuous oxygen supply occurs)
dissolved oxygen. An excess of oxygen has a beneficial effect on
mineralization (e.g. the extent of TOC reduction is 96% and 76%
after 120 min with and without aeration, respectively) but it only
marginally affects SMX degradation. Partial oxidation reactions (i.e.
SMX conversion to intermediates) typically occur at greater rates
than total oxidation reactions (i.e. mineralization of deep oxida-
tion intermediates) and this explains the different degree of oxygen
effect on the process. In addition, there is a possibility that the
partial oxidation of SMX might have resulted in the formation of
volatile intermediate oxidation products, which could have been
stripped by the oxygen stream. This could potentially explain, at
least in part, the reduced mineralization rate of SMX under contin-
uous oxygen supply. However, this has not been investigated in the
framework of the present work.

3.3. Effect of SMX concentration

The effect of varying SMX initial concentration was studied in
the range 2.5-30mg/L at 500 mg/L Degussa P25 loading and the
results are shown in Fig. 3a, while Table 2 summarizes the initial
reaction rates for SMX degradation and TOC removal, calculated
over the first 5 min and 10 min of reaction, respectively. As seen, the
initial reaction rate for SMX photocatalytic degradation increases
from 0.428 mg/(L x min) to 1.510 mg/(L x min) by increasing SMX
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Fig. 3. (a) Effect of initial SMX concentration on degradation and mineralization
with 500 mg/L Degussa P25. Closed and open symbols refer to SMX (left axis) and
TOC (right axis) temporal profiles, respectively and (b) the L-H kinetic model for
SMX degradation.

initial concentration from 2.5 mg/L to 20 mg/L, respectively, while
at higher SMX initial concentration (i.e. 30 mg/L) the initial reaction
rate for SMX degradation levels off. On the other hand, the initial
reaction rate for TOC removal increases from 0.097 mg/(L x min)
to 0.208 mg/(L x min) by increasing SMX initial concentration from
2.5mg/L to 10 mg/L, respectively, while further increase of SMX
initial concentration results in decreasing the initial reaction rate
for TOC removal. In addition, mineralization was 4-11 times slower
than SMX degradation, thus indicating the formation of difficult to
degrade reaction intermediates that tend to remain in the liquid
phase and have a negative effect on the rate of mineralization.

Table 2

The above results on the photocatalytic degradation of SMX can
be explained in terms of the Langmuir-Hinshelwood (L-H) kinetic
model [32,33], i.e.

KCeq 1T 11 1

14 KCeq Tk (2)

o=l o " kK Geg Tl

where ry is the initial reaction rate for SMX photocatalytic degrada-
tion, Ceq is the equilibrium SMX concentration, K is the adsorption
constant of SMX onto the catalyst surface and k; is the intrinsic
reaction rate constant for SMX degradation. A plot of the linearized
form of Eq. (2) is shown in Fig. 3b. The L-H model-derived values for
kr and K are 1.73 mg/(L x min) and 0.13 L/mg, respectively. Similar
values (kr=1.91 mg/(L x min) and K=0.17 L/mg) were reported by
Hu et al. [25] who studied SMX degradation under UV-A irradiation
at 9 x 102 Einstein/min, 100 mg/L Degussa P25, 1.1-121 mg/L ini-
tial SMX concentration and at pH = 3. Notably, the derived K value
is greater than expected since the extent of dark adsorption is very
low; this has also been reported by several other investigators [25]
and is attributed to enhanced photo-adsorption, i.e. UV-A irradi-
ation is believed to alter catalyst surface properties in a way that
facilitates substrate adsorption.

In addition, the quantum yield, @, was calculated for the photo-
catalytic degradation of SMX and for TOC removal according to Eq.
(3), and the results are also shown in Table 2.

To

D= v x 100 (3)
where ry is the initial reaction rate for SMX photocatalytic degrada-
tion and TOC removal expressed in mol/(L x min), I is the incident
photon flux (i.e. 2.81 x 10~ Einstein/min) and V is the volume of
the reactor (i.e. 0.35L).

As can be seen, at the conditions employed in the present study,
the quantum yield ranged from 0.21% to 0.75% for the photocat-
alytic degradation of SMX, and from 0.92% to 2.15% for TOC removal.

3.4. Effect of catalyst loading

The effect of catalyst loading on 10 mg/L SMX degradation and
mineralization was studied in the range 100-750 mg/L and inher-
ent solution pH and the results are shown in Fig. 4 and Table 2. As
seen, reaction rates increase with increasing catalyst concentration
up to 500 mg/L after which they remain practically unchanged. The
increase in photocatalytic activity with increasing catalyst loading
indicates a heterogeneous catalytic regime since the fraction of inci-
dent light absorbed by the semiconductor progressively increases
in suspensions containing higher amounts of TiO, [21]. However,
photocatalytic activity reached a plateau at about 500 mg/L TiO,

Kinetics of SMX degradation and mineralization at different conditions under oxygen sparging. The initial reaction rates for SMX degradation, ro smx, were calculated over
the first 5 min of reaction, while the initial reaction rates for TOC removal, 1o toc, were calculated over the first 10 min of reaction. The quantum yield, @, for SMX degradation
and TOC removal was calculated according to Eq. (3). UPW: ultrapure water; GW: groundwater; WW: treated wastewater; ND: not determined.

SMX, mg/L Degussa P25, mg/L Water matrix PHo SMX degradation TOC removal
To smx, mg/(L x min) D, % ToToc, mg/(L x min) D, %
25 500 UPW 440.1 0.428 0.21 0.097 1.01
5 500 UPW 44 0.1 0.550 0.27 0.132 1.37
10 500 UPW 4401 0.906 0.45 0.208 2.15
20 500 UPW 440.1 1.510 0.74 0.180 1.86
30 500 UPW 44 0.1 1.522 0.75 0.136 1.40
10 100 UPW 44 0.1 0.769 0.38 0.089 0.92
10 250 UPW 44 0.1 0.775 0.38 0.130 1.35
10 750 UPW 44 0.1 0.879 043 0.182 1.88
10 500 UPw 75+0.3 0.866 043 0.099 1.03
10 500 GW 52+04 0.873 043 ND ND
10 500 GW 8+02 0.559 0.27 ND ND
10 500 WwW 52+04 0.900 0.44 ND ND
10 500 wWw 79 +£03 0.593 0.29 ND ND
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Fig. 4. Effect of Degussa P25 loading on 10 mg/L SMX (a) degradation and (b) min-
eralization.

loading. The catalyst concentration above which conversion lev-
els off depends on several factors (e.g. reactor geometry, substrate
concentration, wavelength and intensity of light source) and cor-
responds to the point where all catalyst particles, i.e. all the surface
exposed, are fully illuminated [32]. At higher concentrations, a
screening effect of excess particles occurs, thus masking part of
the photosensitive surface and consequently hindering light pene-
tration; this usually results in conversion reaching a plateau, while
at excessive catalyst concentrations conversion may also decrease
due to increased light reflectance onto the catalyst surface.

3.5. Effect of initial solution pH and the water matrix

Fig. 5 and Table 2 show the effect of water matrix and the ini-
tial solution pH on 10 mg/L SMX degradation at 500 mg/L Degussa
P25. Experiments with actual environmental samples showed that
the presence of about 10 mg/L effluent organic matter (measured
as TOC) in WW had practically little effect on degradation and so
did the presence of about 2 mg/L TOC and 220 mg/L of bicarbon-
ates (i.e. known scavengers of hydroxyl radicals and other reactive
moieties) in GW compared to UPW at the same pH conditions. In
this sense, the non-target constituents typically found in environ-
mental samples do not impede the photocatalytic degradation of
the target compound at the conditions in question.

Regardless the water matrix involved, degradation is favored at
acidic conditions but decreases at near-neutral/slightly alkaline pH,
and this was more pronounced at GW and WW matrixes. A possible
explanation might be given in terms of (i) the effect of solution pH
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Fig. 5. Effect of initial solution pH and water matrix on 10 mg/L SMX degradation
with 500 mg/L Degussa P25.

on the photo-adsorption of SMX onto the catalyst surface, which is
an important step for the photocatalytic oxidation to take place [33]
and (ii) the effect of pH and ionic strength on the agglomeration of
TiO, particles in aquatic suspensions.

More specifically, the SMX molecule contains one basic
amine group (-NH;) and one acidic amide group (-NH-) and
therefore it has two pK, values, namely pK,;=1.85+0.30 and
pKa2=5.60+0.04 [34,35]. The acid-base dissociation equilibrium
of SMX is illustrated in Fig. 6. The amine group is able to gain a
proton, while the amide group is able to release a proton under
specific pH conditions. As shown in Fig. 6, K, ; is the dissociation
constant for the equilibrium between the positively charged, pro-
tonated amino group of SMX and its electrically neutral conjugate
base, while K, ; refers to the equilibrium involving the loss of the
sulfonamide proton to yield its negatively charged conjugate base.
Therefore, at pH values below pK,; and above pKj, the positively
and negatively charged forms of SMX prevail, respectively, while
at pH values between pK, 1 and pK,»; SMX exists predominately in
its neutral form. On the other hand, at pH values lower than about
6.7, which is the point of zero charge for Degussa P25 TiO, [36],
the TiO, surface becomes positively charged, while at pH values
greater than about 6.7 it becomes negatively charged. Therefore, at
near-neutral/slightly alkaline pH both SMX and the catalyst sur-
face are negatively charged and the repulsion between them is
enhanced, and therefore the photo-adsorption of SMX onto the cat-
alystsurface is expected to be reduced. This may explain, in part, the
decreased photocatalytic activity observed at near-neutral/slightly
alkaline pH.

In addition, it is well known that TiO, particles tend to form
agglomerates when dispersed in aqueous media, and such agglom-
eration is strongly depended on parameters such as ionic strength
and pH of the suspension [37,38]. Recently, it has been reported that
Degussa P25 TiO, particles agglomeration in aquatic suspensions
decreases at acidic conditions compared to neutral conditions [37],
thus increasing the effective surface area of the photocatalyst in
the aqueous suspension. This increase of the effective surface area
of the photocatalyst at acidic condition can also explain, in part,
the increased photocatalytic activity for the degradation of SMX at
acidic conditions.

Moreover, it has been reported that increasing the ionic strength
of the solution results in increased TiO, particles agglomeration
[38], thus decreasing the effective surface area of the photocatalyst.
This finding can explain our observation that the photocatalytic
degradation of SMX was reduced in a grater extent going from acidic
to near-neutral/slightly alkaline pH at GW and WW matrixes com-
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pared to UPW, because the former matrixes (i.e. GW and WW) have
larger ionic strengths than UPW and consequently TiO, particles
tend to form larger agglomerates in GW and WW and thus having
lower effective surface area.

4. Conclusions

The conclusions drawn from the present study can be summa-
rized as follows:

(1) Semiconductor photocatalysis based on Degussa P25 TiO, is
an efficient method for the degradation and mineralization of
sulfamethoxazole in aqueous solutions. Process performance is
affected by several factors, namely irradiation time, photocat-
alyst type and loading, the presence of electron acceptors and
the solution pH.

(2) The degradation can be represented by a
Langmuir-Hinshelwood (L-H) kinetic model. Higher sul-
famethoxazole and TOC conversions are achieved at lower
concentrations. Since the levels of sulfamethoxazole and alike
compounds in environmental samples are relatively low (e.g.
2-3 orders of magnitude lower than those employed in this
work), their degradation is likely to occur readily at mild
operating conditions.
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