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a b s t r a c t

The aim of this work was to study the direct photolysis of two pharmaceuticals: propranolol (PRO)
and metronidazole (MET) promoted by ultra violet radiation (UV). For this purpose, 50 and 100 mg L−1

aqueous solutions of PRO and MET were irradiated by two different UV sources: a UV-254 germicidal
lamp (UV-C) and a UV-365 black light lamp (UV-A). After 8 h of irradiation, direct UV photolysis promoted
eywords:
harmaceuticals
V
irect photolysis
oxicity
inetics

substantial pharmaceuticals removal, especially with the use of UV-C radiation (near 50%). However, on
average only 12% of the organic matter content was photodegraded. The photo-transformation of both
compounds promoted the formation of more biodegradable byproducts. Nevertheless, PRO direct UV-
C photolysis produced byproducts with less toxic character while MET irradiation promoted a slight
increase of toxicity. Direct photolysis of PRO using solar radiation was proved to be as effective as those
runs carried out with the UV-C device. Kinetic constants based on time and UV-C fluency were in a

h−1 a
iodegradability magnitude order of 10−2

. Introduction

In the last decades, the presence of emerging contaminants in
ifferent types of water appeared as a new environmental threat
hich needs to be faced by several governments around the word

1,2]. Among the emerging contaminants found in waters, the class
f pharmaceuticals has been detected in surface water and sewage
astewater treatment plants (SWTP) effluents [3–5].

Generally, pharmaceuticals reach waterways through the dis-
harge of wastewaters and effluents on environment, which often
re not properly treated. On the other hand, it was proved that when
harmaceuticals reach SWTP, they are not completely removed [6].
his circumstance leads to the development of new water treat-
ent technologies, which should be properly tested in order to

ace this new type of contamination [7].
Propranolol (hydrochloride, 1-(isopropylamino)-3-(1-

apthyloxy)-2-propanol hydrochloride), is a �-adrenergic
ntagonist that is widely used for the treatment of angina pectoris,

rrhythmia, and hypertension [8]. It may be both a photosensi-
izing agent and light-unstable, similar to other drugs that have
hromophoric structures containing a naphthalene skeleton [9].
etronidazole (2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethanol),

∗ Corresponding author. Tel.: +55 81 2126 7290; fax: +55 81 2126 7278.
E-mail address: renatofalcaod@hotmail.com (R.F. Dantas).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.12.017
nd 10−5 cm2 mJ−1, respectively.
© 2009 Elsevier B.V. All rights reserved.

is an antibiotic used in the treatment of infections caused by
a wide range of anaerobic bacteria, protozoa and bacteroides,
including trichomoniasis, amoebiasis, vaginosis and gingivitis
[10,11]. Besides, MET manifests its activity against both anaerobic
Gram-negative and anaerobic spore-forming Gram-positive bacilli
[12]. PRO and MET concentration in the range of ng L−1 has been
found in surface waters and SWTP [13–16].

Nowadays, water treatment by means of ultraviolet irradiation
is an established method for drinking-water disinfection [17] and
has received recognition as a promising method for wastewater
purification in the last years [18,19]. It is important to remark that
even when UV is combined with other oxidants, such as ozone
or hydrogen peroxide, the photolysis pathways play an important
role on the final organic compound removal. Even when UV radi-
ation is used for water treatment (e.g. for water disinfection), UV
can degrade organic compounds by direct photolysis of photola-
bile compounds as a consequence of light adsorption. Moreover, in
photocatalytic studies is very important to know the extension of
the photolysis in the process in order to control this interference
and evaluate the efficacy of the catalyst.

Pharmaceuticals can undergo abiotic transformations in surface
waters via hydrolysis and photolysis. As the majority of pharma-

ceuticals designed for oral intake are resistant to hydrolysis, the
photolysis appears as the primary pathway for their abiotic trans-
formation in surface waters [20]. Hence, the investigation of the
level of photo-transformation achieved by artificial UV and solar
light would help to understand their effects on environment.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:renatofalcaod@hotmail.com
dx.doi.org/10.1016/j.cej.2009.12.017
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The aim of this work was to study the direct photolysis of 50
nd 100 mg L−1 of PRO and MET aqueous solutions by means of
V-C and UV-A radiation. Complementary runs with the use of

olar light were also carried out. COD, UV254 absorbance and phar-
aceuticals concentration analysis were carried out in order to
onitor the degradation of pharmaceuticals along the irradiation

ime. BOD5/COD was used as biodegradability indicator and the
oxicity of formed intermediates was monitored along the runs.
ime and fluency based kinetic constants for PRO and MET direct
V-C photolysis were also calculated.

. Materials and methods

Metronidazole and propranolol, both with 99% of purity were
btained from the “Laboratório Farmacêutico do Estado de Per-
ambuco” (Pharmaceutical Laboratory of the State of Pernambuco)
AFEPE (Recife, Brazil). The solutions were prepared with deionized
ater.

Direct photolysis experiments were carried out in Petri dishes
ith surface area of 63.6 cm2 placed into UV lamps devices. The UV
evices were equipped with three UV lamps placed on the reactors

id. Each reactor was provided of three lamps and had the capacity
o irradiate four Petri dishes. Thus, in order to ensure reproducibil-
ty direct photolysis runs were performed in duplicate. Petri dishes

ere filled with 150 mL of 50 or 100 mg L−1 MET or PRO solution
nd then irradiated for a period that varied between 30 min and
4 h. After the irradiation time, samples were withdrawn from the
etri dishes and quickly analyzed.

The UV lamps used in this work were a UV-254 mercury lamp
UV-C, Ecolume, 30W) and a UV-365 black light mercury lamp (UV-
, Higuchi, F20T10 20W). The measurement of the UV-C and UV-A

ncident intensity was performed, respectively, by a MRUR-203 and

RU-201 UV light meters, both from Instrutherm Ltda (São Paulo,

razil).
PRO and MET concentration was quantified by an Aquamate

4.60 UV spectrophotometer (Thermo Scientific, USA) using for
he quantification the wavelengths of 289.5 and 318.5 nm, respec-

ig. 1. Comparison between UV lamps emission spectra and compounds absorption spec
pectra of UV-C (main peak in 254 nm) and UV-A (main peak in 365 nm) lamps.
ng Journal 158 (2010) 143–147

tively. To monitor the samples biodegradability during irradiation,
the biological oxygen demand (BOD5) (Standard method, 5210 B)
was measured. The organic matter content was measured by the
chemical oxygen demand (COD) (Standard method, 5220 B).

The toxicity test was carried out using the Allium test [21], which
is based on the inhibition of the Allium root growing caused by
toxic substances. According to the standard procedure, the toxic-
ity can be indirectly determined by the comparison between the
root growing exposed to the sample for a period of 72 h and those
not exposed. Therefore, the effect can be quantified by the per-
centage of root growing inhibition caused by the root contact with
different logarithmic serial dilutions of the sample (100, 10, 1, 0.1
and 0.01 mg L−1). Once the percentage of inhibition is calculated,
a graphic that relates the sample concentration in function of the
percentage of inhibition is plotted and thus the inhibitory concen-
tration (IC50) can be easily calculated. The IC50 is the half maximal
inhibitory concentration that express the effectiveness of a com-
pound in inhibiting biological or biochemical function, which in
this case is the root growing.

3. Results and discussion

3.1. Removal of PRO and MET by direct UV photolysis

In order to assist the assessment of the pharmaceuticals direct
UV photolysis and as well to avoid unnecessary experimental work,
the comparison of the absorbance spectra of the target compounds
with the emission spectra of the UV lamps was performed. This
strategy assists the understanding of the behavior of a compound
in front of the lamp radiation [22]. In Fig. 1, the emission spectra
of the two used UV lamps were plotted along with the absorption
spectra of PRO and MET.
A preliminary analysis of Fig. 1 reveals that the target com-
pounds should undergo direct UV photolysis mainly with the use
of the UV-C lamp. Besides, Fig. 1(b) indicates that MET should
have better UV absorption than PRO on the wavelength range near
254 nm, hence having a better photolysis rate with the employment

tra. (a) absorption spectrum of PRO; (b) absorption spectrum of MET; (c) emission
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ig. 2. MET and PRO removal after 8 (dark bars) and 24 h (light bars) of UV irradia-
ion. Initial concentration = 100 mg L−1; pH without adjustment.

f UV-C radiation. Regarding the black light lamp irradiation, Fig. 1
hows that its main peak (365 nm) coincides only with the MET
bsorption spectrum. Comparing Fig. 1(a) and (c), it can be seen
hat the UV-A peak does not coincide with the PRO absorption spec-
ra. Therefore, no PRO photo-transformation by irradiation with the
V-A device was expected.

In order to ensure that volatilization of pharmaceuticals did not
ake place during experimentation, the pharmaceutical solutions
ere left 8 and 24 h at 60 ◦C. The pharmaceuticals concentration
easurement after the cited time revealed that the target com-

ounds did not undergo volatilization during the runs.
The photodegradation of 100 mg L−1 solutions of MET and PRO

s presented in Fig. 2. The graphic illustrates MET and PRO removals
chieved by UV-A and UV-C irradiation. Measurements of pharma-
euticals concentration after 8 and 24 h of irradiation show a high
ifference between the removal levels reached by the two tested
V sources. According to the results, after 8 h of irradiation, a MET

emoval near 50% could be achieved by UV-C irradiation, while
uns performed with UV-A lamp were able to achieve a removal
ear 23%. Concerning the PRO removal, UV-C irradiation reached
lmost 30% of degradation, while, as expected, runs carried out with
he UV-A device did not promote any photo-transformation of PRO
tructure. Although the difference on the degradation rate can be
ttributed to the better UV absorption of pharmaceuticals structure
n the wavelength near 254 nm (peak emitted by the UV-C lamp),
he difference on the lamps power (light intensity) can also con-
ribute to the variation on the degradation level. In this study, the
V-C device is on average 50% more powerful than the UV-A device

UV-C = 90 W; UV-A = 60 W).
Once it was observed that 8 h of irradiation was not able to reach

he total removal of the target compounds, the irradiation time
as extended to 24 h (Fig. 2). It was observed that 24 h of UV-C

rradiation was able to achieve almost the total MET removal and
ore than 60% of PRO removal.

Comparing the pharmaceuticals photolysis rate, it can be

bserved that MET showed to be more susceptible to direct UV-
photolysis than PRO as it can be seen in Fig. 2. In the case of runs

arried out with the UV-A device, the results cannot be compared
ue to the absence of PRO UV-A photolysis. However, UV-A irradia-

able 1
OD, decrease in UV254 absorbance and nitrate release promoted by 8 h of UV irradiation

Compound UV source COD removal (%)

Metronidazole UV-A 13.2
UV-C 14.3

Propranolol UV-A –
UV-C 11.6
Fig. 3. Molecular structures of propranolol (a) pKa = 9.14 [29] and metronidazole
(b) pKa = 2.55 [28].

tion could achieve MET removals near 22 and 37% after 8 and 24 h,
respectively.

The next part of this section deals with PRO and MET mineraliza-
tion induced by UV radiation. Table 1 presents the mineralization
degree achieved by the photolysis of 100 mg L−1 MET and PRO
solutions after 8 h of irradiation. COD measurements demonstrate
that both UV sources were able to produce MET mineraliza-
tion at the used experimental conditions. Besides, PRO undergoes
mineralization under UV-C irradiation. Both compounds showed
similar mineralization profile, obtaining on average a mineraliza-
tion degree in the vicinity of 13% with the use of UV-C or UV-A
device. Nevertheless, a slight increase of MET mineralization with
the use of UV-C radiation was observed. This trend coincides with
the pharmaceuticals removal profile previously presented.

3.2. Direct UV photolysis on MET and PRO structures

It is well known that compounds presenting in their structures
chromophore structures such as unsaturated bonds and aromatic
rings have the capacity of selective light absorption. In Fig. 3, the
molecular structure of MET and PRO is presented along with their
pKa. Observing the pharmaceuticals structure, it can be suggested
that at the wavelength range used in this work, the rings and func-
tional groups seem to be the sites where the UV light absorption
can be expected in higher intensity. Although it is known that often
the pH of real water samples is a near neutral pH, the addition of
buffer solution was avoided in order to prevent its interference on
the photolysis mechanism [23]. Thus, the pH of the solutions was
not adjusted before irradiation, standing around 3.9 and 5.5 for PRO
and MET solutions, respectively. Hence, according to the pKa of the
target compounds, PRO undergo photolysis on its protonated state
while MET was dissociated, which could increase reactivity.

With the aim of monitoring qualitatively the content of
aromatic intermediates along the irradiation time, the UV254
absorbance, which can be used as indicator of the aromatic con-
tent present in waters [24] was measured. In Table 1, the UV254
absorbance removal and the nitrate content are presented. The
UV254 absorbance decrease after 8 h of irradiation indicates that
MET direct UV photolysis reduces the quantity of aromatic interme-
diates in the medium, indicating the cleavage of the ring (Fig. 3b).
In addition, the nitrate measurement reveals that after the cleav-

age of the ring, the photolysis continues and promotes the nitrate
releasing in the medium. Thus, it may be suggested that the first
photodegradation step of MET is accomplished with the cleavage
of the ring. Afterwards, the functional groups containing nitrogen
seem to be the secondary absorption centers.

. Initial concentration = 100 mg L−1; pH without adjustment.

UV254 removal (%) NO3
− (mg L−1)

3.78 5.91
17.55 6.19

– –
0 0.57
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ig. 4. Direct photolysis of 100 mg L−1 of PRO solution by artificial UV-C and solar
adiation.

Regarding the PRO direct UV-C photolysis, the UV254 absorbance
emoval equal to zero (Table 1) indicates that 8 h of UV irradiation
as not able to promote the naphthalene ring cleavage. Besides,

he small nitrate release detected in the irradiated solution should
ome from the UV photolysis of the amino group, which in this
tructure seems to be the priority reaction center (Fig. 3a).

.3. Direct photolysis by solar radiation

Solar radiation is widely used on photocatalytic devices as well
s promotes natural photolysis of photolabile organic compounds
resents mainly in surface waters. Thus, in order to assess the
unlight capability to promote the direct photolysis of the target
ompounds, direct photolysis experiments with the use of solar
adiation were carried out. Sunlight experiments were performed
uring autumn in Recife-Brazil (8◦S–34◦W), where the average of
he global solar radiation is about 17 MJ m−2 [25]. Then, 100 mg L−1

f PRO solution was irradiated with sunlight during 7 h and then
RO concentration was measured along the irradiation time. Fig. 4
resents the PRO photodegradation profile along the time. In this
raphic, the sunlight result is compared with a run performed at the
V-C device. According to Fig. 4, direct solar photolysis was proved

o be relatively effective to promote PRO photo-transformation,
howing to be as effective as the UV-C device used in this work.
t should be remarked that as PRO structure is not able to absorb
ight at wavelength higher that 330 nm as presented in Fig. 1(a), it
ould be stated that PRO solar direct photolysis is promoted mainly
y the UV-BC radiation and not by the visible light. Therefore, the
esults suggest that the PRO photo-transformation caused by solar
ight in surface waters cannot be ignored.
.4. Biodegradability and toxicity of direct photolysis byproducts

This section attempts to carry out the assessment of the formed
ntermediates biodegradability and toxicity in the course of direct
V photolysis experiments. This information is important due to

able 2
iodegradability and toxicity evolution achieved by 8 h of UV irradiation. Initial concentr

Compound UV source BOD5/CODa

MET UV-A 0.02
UV-C 0.02

PRO UV-A –
UV-C 0.01

a Raw solution.
b Irradiated solution.
ng Journal 158 (2010) 143–147

during some water treatment methods (based on pollutants oxi-
dation) more toxic intermediates may be formed, which can have
potential toxicity to environment [26,27]. Therefore, to measure
the biodegradability of formed intermediates, BOD5 and COD val-
ues were measured before and after UV irradiation and the rate
BOD5/COD was used as biodegradability indicator. The analysis
carried out at the end of the irradiation time showed that after
8 h of treatment, biodegradability increased, in some cases, more
than four times, thus indicating a good conversion of the phar-
maceuticals to more biodegradable products. Table 2 presents the
biodegradability values before and after 8 h of irradiation.

To verify the toxicity evolution of the irradiated samples, a toxic-
ity method based on the inhibition of the Allium roots growing was
used. To perform the analysis, onions roots were placed in con-
tact with different dilution of raw and irradiated pharmaceutical
solutions and afterwards the inhibition of the growing root was
measured by measurement of the root length after contact. With
the recorded data the IC50 was calculated (inhibition concentration)
that represents the concentration which promotes the inhibition of
50% of onions root growing. It is important to remark that the IC50
increasing is inversely proportional to toxicity augment. Because
of experimental problems, the toxicity test was carried out only for
runs performed with the UV-C device. With this toxicity method it
was not possible to obtain a suitable curve (MET concentration vs.
inhibition percentage) for runs carried out with the UV-A device.
Toxicity results are presented in Table 2. The toxicity profile showed
that direct UV-C photolysis of MET promoted a small decrease on
the IC50 absolute value, indicating an increase of toxicity for Allium
roots growing. On the other hand, PRO direct UV-C photolysis pro-
moted the reduction of more than 50% of initial toxicity. In the case
of MET UV-C irradiation, it is possible that the increase of irradiation
time can promote the degradation of these more toxic byproducts
and reduce the toxicity.

3.5. Kinetics

The last part of this work deals with the kinetic constants cal-
culation for the direct photolysis of PRO and MET promoted by
UV-C irradiation. To calculate the kinetic constants, 50 mg L−1 solu-
tion was irradiated for a period of 12 h and the pharmaceuticals
concentration was monitored along the irradiation time. The inci-
dent irradiance was also recorded and used to calculate the fluency
based kinetic constant. Thus, the time and fluency based kinetic
constants were calculated. The lamps presented irradiance equal
to 476 and 1920 �W cm−2 for the UV-A and UV-C devices, respec-
tively. In order to carry out the kinetic constants calculation, a
graphic ln([pharmaceutical/pharmaceutical0]) versus UV incident
irradiance or time was built. Therefore, the graphic gave a straight
line passing through the origin and which slope gave the flu-

ency or time based rate constant. The results are summarized in
Table 3. Although during literature survey no calculated kinetic
constant under the same experimental conditions was found for
the PRO direct UV photolysis, the kinetic constants presented in
this work for MET photolysis are in the same order of magnitude

ation = 100 mg L−1; pH without adjustment.

BOD5/CODb IC50
a (mg L−1) IC50

b (mg L−1)

0.07 – –
0.10 102.5 86.7

– – –
0.08 39.8 83.5
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Table 3
Kinetic constants for the direct UV-C photolysis of PRO and MET solutions. Initial concentration 50 mg L−1; pH without adjustment.

Compound UV source K (h−1)a K (×10−3 cm2 mJ−1)b ˚ (mol Einsteins−1)c

Propanolol UV-C 4 × 10−2 0.01 0.07
Metronidazole UV-C 26 × 10−2 0.05 0.09
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[29] K. Balon, B.U. Riebesehl, B.W. Muller, Determination of liposome partitioning
a Time based rate constant.
b Fluency based rate constant.
c Quantum yield.

f that presented by Shemer et al. [28]. Besides, according to the
alculated kinetic constants, MET presents higher removal rate
hen compared with PRO. Thus, the kinetic constant calculation

s in agreement with the trend previously presented in this work.
inally, the data of removal rate and light absorption of the stud-
ed compounds were used to estimate the apparent quantum yield
30], which are also presented in Table 3.

. Conclusions

The direct UV photolysis was proved to be able to promote the
removal of PRO and MET in water.
An increase of the biodegradability indicator (BOD5/COD) in some
cases to more than four times after 8 h of UV irradiation was
observed. Regarding the toxicity profile, the trend of the IC50
values along UV-C irradiation indicates that the MET photo-
transformation favors the formation of intermediates with higher
toxicity than the MET raw solution. On the other hand, PRO direct
UV-C photolysis promoted the reduction of more than 50% of
initial toxicity.
The direct UV photolysis on the MET molecule probably occurs
first on the ring with posterior attack of functional groups
containing nitrogen. The PRO molecule seems to undergo UV
photolysis on the amino group.
Direct photolysis with the use of sunlight was comparable with
runs carried out with the UV-C device, demonstrating that the
photo-transformation of PRO in surface waters by sunlight cannot
be ignored.
The kinetic constants calculated for the direct UV-C photolysis
were in an order of magnitude of 10−2 h−1 and 10−1 cm2 mJ−1 for
the time and fluency based kinetic constants, respectively.
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