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Aqueous photocatalytic oxidation of amoxicillin
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A B S T R A C T

Aqueous photocatalytic oxidation (PCO) of amoxicillin (AMO), a b-lactam antibiotic, was experimentally

studied. Degussa P25 titanium dioxide and visible light-sensitive sol–gel synthesized carbon- and iron-

doped titania were used as photocatalysts. The efficiency of PCO dependent on initial AMO concentration

and pH was established. A number of organic and inorganic by-products were determined allowing

construction of a possible reaction pathway.
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1. Introduction

For the last years the interest towards the fate of medicines,
especially antibiotics, has been arising. Being refractory substances
[1–3], antibiotics pass the biological treatment plants intact [4],
either remaining in the liquid phase or, dependent on their
hydrophilicity, adsorbing to the active sludge with subsequent
desorption to the environment [5]. These substances in the
environment are potent in the damage of micro-flora and fauna,
accumulate in food chains [6,7], and accelerate the development of
resistant micro-organisms, including pathogens [8–11]. The
accumulation of antibiotics in organisms may cause arthropathy,
nephropathy, damages in central nervous system and spermato-
genesis, mutagenic effects and light sensitivity [2].

One of the most widely used antibiotics is amoxicillin (AMO,
(2S, 5R, 6R)-6-{[(2R)-2-amino-2-(4-hydroxyphenyl)-acetyl]a-
mino}-3,3-dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0] heptane-2-
carboxylic acid, see Fig. 1), a moderate-spectrum bacteriolytic b-
lactam antibiotic. There are only a few works dealing with the
advanced oxidation processes (AOPs) application to the AMO
degradation: Fenton oxidation [12–14] and photocatalytic oxida-
tion (PCO) with Fluka anatase [15]. The elucidation of the AMO PCO
reaction pathway makes the novelty of the present research, since
the published works on the AOPs of antibiotics mainly focus on the
parent compound removal and mineralization, leaving the
degradation by-products unexplored.
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Photocatalytic oxidation is one of AOPs based on the action of
positively charged holes on the surface of illuminated semicon-
ductor, most often titanium dioxide. Water molecules decompose
on the holes to form powerful hydroxyl radicals [16]; the hole itself
also can degrade the pollutant having even higher oxidation
potential [17]. The electrons, excited by the UV-irradiation, also
participate in the PCO, reducing dissolved oxygen resulting in the
formation of other radical oxidants. The ratio of radical to hole
oxidation reactions depends on the properties of the substance to
be degraded. Many substances may be degraded by both
mechanisms simultaneously, e.g. [18–20].

Although commercial photocatalysts, such as Degussa P25
titanium dioxide, exhibit a good performance, they can use only a
small ultraviolet fraction (4%) of solar radiation reaching the earth
surface due to the high energy of its band-gap [21]. This makes
sensitising TiO2-based photocatalysts to visible light the potential
way of widening of utilised solar spectrum. For this purpose,
titanium dioxide can be doped with various metals or non-metals,
which can effectively reduce the band-gap [22–28] for excitation of
electrons by lower energy photons at greater wavelength up to
540 nm as reported. However, the authors found earlier that the
doped titania photocatalysts may, unlike ‘‘universal’’ P25, oxidise
only selected pollutants [29]. This can be explained by the smaller
redox potential and, possibly, faster electron–hole recombination
of the catalysts with smaller band-gap [30].

2. Materials and methods

Two thermostatted at 20 � 1 8C 200-ml batch reactors with inner
diameter 100 mm (evaporation dishes), irradiated contact surface
40 m2/m3, agitated with magnetic stirrers, were used in PCO
experiments: the one used for the PCO was called ‘‘active’’ and the
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Fig. 1. Amoxicillin (AMO) molecule.
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other containing no photocatalyst was called ‘‘reference’’. Both
reactors were exposed to the identical experimental conditions. The
samples from the active reactor were compared to the reference
samples to avoid complications caused by water evaporation. An
artificial UV-light source, Phillips 365-nm low pressure luminescent
mercury UV-lamp (15 W), was positioned horizontally over the
reactors, providing the irradiance of about 0.5 mW/cm2 measured at a
distance corresponding to the level of the surface of the reactor by the
optical radiometer Micropulse MP100 (Micropulse Technology, UK).
With artificial daylight fluorescent lamp (Phillips TL-D 15W/33-640),
the irradiance could not be directly measured. The illuminance was
measured using TES 1332 luxmeter (TES Inc., Taiwan) reaching
3700 lx (lm/m2), which corresponds to the irradiance of 0.6 mW/cm2.
The irradiance was calculated using lumen to watt ratio of 684, as the
response of the human eye to the illuminance of 684 lm equals to that
to the irradiance of 1 W [31]. With AMO PCO experiments were
conducted outdoors using natural solar radiation; the irradiance was
measured by luxmeter approximating 16 mW/cm2.

Titanium dioxide was used as 1 g/l slurry. The experiments
were carried out with aqueous solutions of AMO supplied by
Sigma–Aldrich. In the experiments, the initial concentration of
AMO varied between 1 and 100 mg/l. The influence of the initial pH
was studied in the range from 3 to 9, adjusted by 4N sulphuric acid
or 15% sodium hydroxide. At pH higher than 9 the slurry became
stable with no chance to separate it by centrifugation or filtration,
making the measurements impossible. The pH was monitored
throughout the experiments without adjustment. The treatment
time was chosen to be 6 h under artificial light of the UV and vis
lamps, and 2 h under natural solar radiation: the results in
conversion degrees are reported for these times.

All the experiments were carried out for at least three times
under identical experimental conditions. The average deviation of
data in parallel experiments did not exceed 5%.

Amoxicillin concentration was determined photometrically,
using the light absorbance at 230 nm, using Helios b spectropho-
tometer. Chemical oxygen demand (COD) was determined by a
standard dichromate method [32], using HACH kits LCK 314 (15–
150 mg O/l) and LCK 414 (5–60 mg O/l). The concentration of
ammonium ion was determined photometrically using a modified
version of a standard phenate method [32]. Nitrate and sulphate
anions were determined using Metrohm 761 Compact IC ionic
chromatograph. A Waters Aquity UPLC combined with MS and
quadrupole-time of flight (Q-TOF) mass-analyzer was used for the
determination of organic AMO PCO by-products. An Aquity UPLC
BEH C18 1.7 mm 2.1 mm � 100 mm column was used, with water
and 0.1% formic acid as eluent A (initial eluent) and acetonitrile
with 0.1% formic acid as eluent B. The complete change from eluent
A to B was achieved in 15 min out of 20 min run with linear
gradient used. Mass spectra were acquired in a full scan mode (50–
500 amu). The instrument was operated in positive ion mode, with
capillary voltage of 2400 V. The mass spectrometry data was
handled using MassLynx software.

The accuracy of UV-absorbance in AMO concentration mea-
surements was checked by the parallel determination of AMO in
MS analysis of the PCO-treated samples with the AMO pre-
constructed calibration curves for both methods: the difference
observed between AMO concentrations determined by UV-
absorbance and MS did not exceed 2% at highest, suggesting
negligible amounts of UV-absorbance by PCO by-products. For this
reason, the UV-absorbance was used as a simpler and less time-
and resource-consuming approach than MS. It was noted that the
UV-absorbance spectra of PCO-treated solutions did not exhibit a
change in shape, showing no new peaks or a wavelength shift in
maximum absorbance. Poor accumulation of UV-absorbing PCO
by-products may be explained by their oxidation rates being
comparable to or exceeding those of AMO. A similar analytical
approach has been used in oxidation studies with other antibiotics
of aromatic structure, such as sulphamethazine [33], chloram-
phenicol [11], and flumequine [34].

Adsorption experiments were carried out in closed thermostat-
ted flasks equipped with magnetic stirrers at 20 � 1 8C. The amount
of adsorbed substance was derived from the batch mass balance: the
concentration of the dissolved substance was determined before and
after adsorption. The adsorption equilibrium was experimentally
determined to be reached in 6 h. In order to determine AMO
concentration in the adsorption experiments, the UV-absorbance was
used.

Six specimens of carbon-doped titania were obtained by the
hydrolysis of tetrabutyl orthotitanate at room temperature
without adjustment of pH being around 5.5–6.0, followed by
drying and calcination at different temperatures (200–700 8C). Five
iron-doped titania catalysts with calculated iron content from 0.42
to 3 at.% were prepared by the pulverisation of 75 ml of tetrabutyl
orthotitanate into 1 l pre-sonicated Fe2O3 suspensions of various
concentrations (0.1–0.7 g/l); the hydrolysis was followed by
sonication, drying and calcination at 200 8C. After calcinations,
all the catalysts were washed with hot (70–80 8C) distilled water
applied in a sequence of 10–15 rinsing rounds (ca. 1 l per 1 g of
catalyst) in order to clean the catalyst surface from water-soluble
compounds.

The crystallinity of carbon-doped titania was analyzed using
D5000 Kristalloflex, Siemens (Cu-Ka irradiation source) X-ray
diffraction spectroscope (XRD). Carbon content was measured
with PHI 5600 X-ray photoelectron spectroscope. The specific area
(BET and Langmuir adsorption) and the pore volume of the
catalysts were measured by the adsorption of nitrogen using
KELVIN 1042 sorptometer.

3. Results and discussion

3.1. PCO experiments with Degussa P25

The results of AMO PCO were expressed in its concentration
decrease rate and the PCO efficiency, E, defined as the decrease in
the amount of the pollutant divided by the amount of energy
reaching the surface of the treated sample. The efficiency is
calculated according to the following equation [35]:

E ¼ Dc � V � 1000

I � S� t
(1)

where E, PCO efficiency, mg/(W h); Dc, the decrease in the
pollutant’s concentration, mg/l, or COD, mg O/l; V, the volume of
the sample to be treated, l (in this case, 0.2 l); I, irradiance, mW/
cm2; S, irradiated area, cm2; t, treatment time, h.

The best performance was observed at pH 6.0, occurring
naturally in the AMO solutions, followed by alkaline and acidic
media. The dependence of AMO conversion x on its initial
concentration from 1 to 100 mg/l may be seen in Fig. 2. The
increase in conversion at smaller concentrations reaches its peak at
approximately 10–25 mg/l (dependent on pH), and is followed by a



Fig. 2. The dependence of AMO conversion on its initial concentration: artificial UV,

20 8C, treatment time 6 h.

Fig. 3. The dependence of PCO efficiency on the AMO initial concentration: 20 8C.

Fig. 4. AMO degradation degree at doped catalysts with visible light in 6-h

treatment: 1, P25 with UV; 2, 37 at.% C, 200 8C; 3, 34.9 at.% C, 400 8C; 4, 34.9 at.% C,

500 8C; 5, 30.4 at.% C, 600 8C; 6, 34.7 at.% C, 700 8C; 7, 0.42 at.% Fe; 8, 0.89 at.% Fe; 9,

1.33 at.% Fe; 10, 2.2 at.% Fe; 11, 3.0 at.% Fe; all Fe–TiO2 samples calcinated at 200 8C;

AMO 25 mg/l; pH 6.0.
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swift decrease, which may be explained by changes in reaction rate
control mechanism: the reaction rate limitation at smaller
concentrations, when the active sites on the catalyst surface are
only partially occupied by adsorbed AMO molecules, changes to
the mass transfer limitation, when all the active sites on the
photocatalyst surface are filled at higher AMO concentrations, and
a new AMO molecule can be adsorbed only after desorption or
complete oxidation of the degradation by-products. Thus, above
20–25 mg/l PCO efficiency and, subsequently, the absolute amount
of degraded AMO (see Eq. (1)) remains constant, as one can see
from Fig. 3. In the majority of the experiments, COD decrease was
between 10 and 40%.

The addition of tert-butyl alcohol (TBA) as a radical scavenger to
the solution to be treated in the amount equimolar with AMO
(0.068 mM, i.e. 25 mg/l of AMO and 5 mg/l of TBA) did not alter the
latter’s degradation rate, which allows suggesting the dominance
of hole reactions: the radical oxidation should be noticeably
affected by the presence of TBA.

Since the radical reactions appeared to play a minor role in the
PCO of AMO, the adsorption of the latter on the catalyst surface
Table 1
The parameters of carbon-doped titania photocatalysts.

Calcination T, 8C Crystallographic composition, % Composition, at.%

Anatase Brookite Rutile Ti O

200 71.9 28.1 – 17.2 45.8

400 78.1 21.9 – 18.1 46.6

500 76.9 18.2 5.0 18.5 46.6

600 74.4 25.6 – 20.0 49.6

700 – – 100 18.0 47.3
attracted an interest as a relevant circumstance: the behaviour of
the oxidation efficiency consistent with the adsorption may
support the hypothesis of the hole oxidation. The adsorption of
AMO on TiO2 was observed to be rather low increasing with
concentration growth up to 3.5 mg/g (ca. 0.009 mmol/g) at the
AMO concentration of about 100 mg/l. Judging from the PCO
results fitting well to the Langmuir–Hinshelwood description
(Section 3.1, Figs. 2 and 3), the adsorption of AMO fits well to the
PCO performance: in the studied concentration range, the
adsorption of AMO on the Degussa P25 may be adequately
described by both Langmuir (R2 = 0.9538) and Freundlich
(R2 = 0.9912) equations (Eqs. (2) and (3)), derived from the
adsorption experiments data:

qL ¼ 0:011� 15:979� c

1þ 15:979� c
(2)

qFr ¼ 0:0145� c0:3437 (3)

where AMO adsorption q is in mmol/g, and its concentration c is in
mM.

3.2. PCO experiments with carbon- and iron-doped titania

The parameters of carbon-doped catalysts can be seen in Table
1. Under artificial visible light these catalysts showed AMO
conversion around 30% at 25 mg/l (pH 6.0), whereas Degussa P25
under UV of similar intensity showed almost 80%. The best
catalytic performance was achieved with the highest carbon
content. AMO conversion decreased significantly with decreasing
carbon content (see Fig. 4). The AMO conversion degree with iron-
doped titania increased from 12 to 25% with iron content growing
from 0.42 to 0.89 at.% (Fig. 4), remaining more or less unchanged
with increasing iron content. The COD decrease was with doped
catalysts around 10–30%. Adsorption experiments were also
undertaken with doped titania samples. They showed very low
SBET, m2/g SLangmuir, m2/g Micropore

area, m2/g

Micropore

volume, mm3/g
C

37.0 202.3 278.9 0 0

34.9 105.7 144.7 4.12 1.54

34.9 39.45 53.85 3.95 1.39

30.4 8.81 12.08 0 0

34.7 3.52 4.81 0.20 0.07



Fig. 5. AMO conversion vs. its initial concentration with Degussa P25 under solar

radiation: pH 6.0, 20 8C, treatment time 2 h.

Fig. 6. AMO degradation degree at doped catalysts with solar light in 2-h treatment:

1, P25; 2, 37 at.% C; 3, 0.42 at.% Fe; 4, 0.89 at.% Fe; 5, 1.33 at.% Fe; 6, 2.2 at.% Fe; 7,

3.0 at.% Fe; AMO 25 mg/l, pH 6.0.
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adsorption of AMO on their surface not exceeding the limits of
analytical precision.

3.3. Solar PCO experiments

Amoxicillin degradation with Degussa P25 under solar
radiation proceeded about three times faster than under artificial
UV (Fig. 5). Since carbon-doped catalysts showed insufficient
performance, only the most effective catalyst with the highest
carbon content (37 at.% C, 200 8C) and iron-doped photocatalysts
were used in solar PCO experiments, with which the AMO
degradation proceeded also faster than with artificial light: the
performance of doped catalysts was moderately inferior to that of
P25 (Fig. 6). The disproportional improvement of oxidation rates,
about three times for Degussa P25 and about seven times for the
doped catalysts, may be explained by the difference in the
Fig. 7. PCO reaction pathway at AMO concentration of 1
irradiance with UV and visible light in solar spectrum: the
intensity of radiation in solar spectrum grows dramatically with
increasing wavelength from 300 to 500 nm, whereas the experi-
ments with lamps were carried out under similar irradiance
conditions.

3.4. Amoxicillin PCO by-products and reaction pathway

Ammonia, nitrate and sulphate were detected in small amounts
as the AMO PCO inorganic products indicating the most of nitrogen
and sulphur remaining in organic by-products: nitrogen mineral-
ized to 1.5% and sulphur to 14% extent. The COD reduction was also
observed to be within 10–30% thus making the mineralization idea
offered. A number of organic by-products were determined
qualitatively using UPLC coupled with ESI-MS. The degradation
by-products were determined for AMO concentration ranges
0 mg/l (kinetic reaction rate control): pH 6.0, 20 8C.
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corresponding with the different reaction rate controlling phe-
nomena: reaction kinetics at 10 mg/l, transitional rate at 25 mg/l
and mass transfer at 100 mg/l at starting pH 6.0. The organic by-
products identified were somewhat different in those cases,
although some were common for all the concentrations.

Judging from the identified by-products, the following reaction
pathways for AMO PCO may be proposed. Under kinetics rate
control at 10 mg/l (Fig. 7), the reaction has two clearly observable
pathways, where AMO molecule is cleaved initially with the
release of p-hydroxybenzoic acid (m/z = 139, pathway A) or of a
more complex compound (m/z = 146, pathway B), with its
subsequent degradation to a product with m/z = 121. In transi-
tional reaction at 25 mg/l (Fig. 8), also, two separate reaction
pathways may be proposed. The first one (Fig. 8, A) is initiated by
AMO molecule fragmentation at the peptide bond that is closer to
the aromatic cycle, forming p-hydroxybenzoic acid (m/z = 139) and
Fig. 8. PCO reaction pathway at AMO concentration of 25
a bicyclical lactamic product with m/z = 160. The latter is
subsequently degraded into an open-chain structure (m/z = 114),
which was the ultimate AMO PCO by-product detected in this
instance. The other pathway (Fig. 8, B) begins with the destruction
of lactamic bond and is then followed by the destruction of the
same peptide bond as in the first stage of pathway A. In the mass
transfer-controlled reaction at 100 mg/l (Fig. 9), there are four
possible reaction pathways detected: the first one (Fig. 9, A) is
initiated by the AMO molecule cleavage, whereas the other one
(Fig. 9, B) appears to begin with the break-away of the primary
amino group and its subsequent replacement with the oxygen
atom (m/z = 365). The pathway C is similar to A, however, the
lactamic group remains intact after the initial molecule break-up.
Pathway D is initiated by the hydroxylation of the aromatic cycle.
Interesting is the increased number of different reaction pathways
in the mass transfer-controlled reaction: since the AMO molecules
mg/l (transition reaction rate control): pH 6.0, 20 8C.



Fig. 9. PCO reaction pathway at AMO concentration of 100 mg/l (mass transfer reaction rate control): pH 6.0, 20 8C.
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compete to adsorb on active sites on the surface, steric obstacles
from the neighbouring AMO molecules lead to their adsorption by
various functional groups, hence resulting in wider diversity of
PCO reaction products and pathways.

4. Conclusions

Aqueous photocatalytic oxidation (PCO) of a widely used b-
lactam antibiotic, amoxicillin (AMO) was studied using Degussa
P25 titanium dioxide and visible light-sensitive synthetic sol–gel
titania catalysts doped with carbon and iron. Although yielding to
P25 under artificial light, doped catalysts were close by their
efficiency to Degussa catalyst under solar radiation. The PCO of
AMO proceeds with maximum efficiency in neutral solutions. The
PCO efficiency increases with growing concentration of AMO
achieving maximum at 50 mg/l and remaining constant with
further concentration increase. The PCO products, determined
under various AMO concentration conditions, allow the suggestion
of possible reaction pathways.
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