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tics and mechanism of
pentoxifylline by ultraviolet activated
peroxydisulfate

B. Kamińska, a K. Majewska,a A. Skwierawska*a and K. Kozłowska-Tylingob

Degradation of pentoxifylline (PTX) by sodium peroxydisulfate (SPDS) assisted by UV irradiation has been

investigated in deionized water. The treatment was more favorable over direct photolysis or

peroxydisulfate oxidation alone. The effects of various parameters, including different dosage of oxidant

agent, PTX concentration, initial solution pH levels, and the presence of inorganic ions like chloride,

nitrate and carbonate have been evaluated. The rate of PTX decomposition depends on the oxidant

agent dose. The highest degradation was determined at pH 10.5, which can be explained by the

generation of additional hydroxyl radicals (HOc) in the reaction between sulfate radicals and hydroxide

ions. The presence of inorganic ions, especially the carbonate ions quench valuable sulfate radicals and

have successfully retarded the PTX decomposition. Six PTX oxidation products were identified using

UPLC-QTOF-MS for trials in a basic environment. The main degradation product (3,7-dimethyl-6-(5-

oxohexyloxy)-3,7-dihydro-2H-purin-2-one) was isolated by column chromatography and identified by
1HNMR and LC MS analyzes.
Introduction

The presence of pharmaceuticals and personal care products
(PCPs) in the environment has recently gained much attention
due to their possible negative impact on human health and the
ecosystem. To date, several active compounds have been found
in surface water, underground water and tap water in different
regions of the world.1–3 There are many pathways allowing
pharmaceuticals to enter the environment: hospitals, veterinary
clinics, households, and pharmaceutical manufacturing facili-
ties. Wastewater treatment plants can also successively supply
active ingredients to the ecosystem, as most of them do not
mineralize pharmaceuticals. For this reason, new technologies
are being implemented, combining physicochemical and bio-
logical methods.

Advanced oxidation processes (AOP) are very oen used for
this purpose. Among the various oxidizing agents used, SO4c

�

ions characterized by high redox potential (E0 z 2.6 V
compared to a standard hydrogen electrode (SHE)) – deserve
special attention.4–6 They are formed during the activation of the
peroxydisulfate anion (S2O8

2�), according to eqn (1). The sulfate
radicals are kinetically fast, non-selective and more stable than
the hydroxyl radicals. Moreover, SO4c

� may also initiate
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production of other intermediate highly reactive oxygen species
e.g. hydroxyl radicals (eqn (2)). These reactive oxygen species
can initiate propagation and termination of chain reactions in
which organics are partially and even fully decomposed.7 Per-
oxydisulfate anions (S2O8

2�) are formed during the dissociation
of peroxydisulfate salts in aqueous solution. Because of the low
solubility of potassium peroxydisulfate in water, sodium per-
oxydisulfate (SPDS) is the most common and suitable form used
in degradation processes.

S2O8
2� + activating agent / 2SO4c

� (1)

SO4c
� + H2O / HOc + HSO4

� (2)

There are several methods of activation of peroxydisulfate
ions for example: temperature,8 UV,9 transition metals,10 or
alkaline pH.11 In our study SPDS was activated by UV radiation.

In this paper, for degradation process pentoxifylline (1-(5-
oxohexyl)-3,7-dimethylxanthine) (PTX) has been chosen (Fig. 1). It
is a commonly known drug improving blood ow by decreasing
blood viscosity and increasing red blood cell exibility. Due to the
PTX resistance to conventional water treatment, its presence in
surface waters was detected.12 Therefore, methods providing the
effectiveness of API removal are still searched. Several techniques
such as non-thermal plasma,13 electrochemical oxidation,14

oxidation with chloride dioxide,15 ozone and O3/H2O2,16 H2O2,
H2O2/UV, Fenton's and photo-Fenton processes where used to
degrade PTX.17,18 However, the reaction of ultraviolet-activated
peroxydisulfate has not been considered.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Molecular structure and atom numbering of PTX.
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In this study, the effect of SPDS doses, pH and presence of
inorganic salts were investigated. The obtained results
conrmed that the model of UV-activated peroxydisulphate may
be suitable for the specic purication of waters containing an
active compound, such as PTX.
Materials and methods
Reagents

Pentoxifylline (PTX, $99%) was donated by local pharmaceu-
tical company. Sodium peroxydisulfate (Na2S2O8, $98%),
ammonium formate (HCOONH4, $99%) were purchased from
Sigma Aldrich. Methanol (HPLC-grade) and acetonitrile (HPLC-
grade) from Chempur (Poland). Hydrogen peroxide (H2O2,
30%), sodium hydroxide (NaOH, $99%), sulfuric acid (H2SO4,
95% to 98%), sodium chloride (NaCl, $99%), sodium nitrate
(NaNO3, $99%), sodium carbonate (Na2CO3, $99%) were of
analytical grade and obtained from P.P.H. Gliwice (Poland). All
chemicals were used without further purication. Water used in
all experiments was puried by Hydrolab-system (HLP SPRING,
temp. 22 �C, k ¼ 2.70 mS). Preparative column and thin layer
chromatography were performed on silica gel 60 and aluminum
sheet covered with silica gel 60 F254 (Merck, Germany),
respectively.
Experimental setup and analytical methods

Irradiation experiments were carried out in a cylindrical quartz
reactor (height 16 cm, diameter 5 cm) under magnetic stirring
(Fig. 2). The UV light irradiation sources were four low-pressure
mercury discharge lamps (Philips, TUV PL-L 35W 4P HO) with
Fig. 2 Photoreactor for degrading PTX by UV/S2O8
2� process.

This journal is © The Royal Society of Chemistry 2018
maximum emission at 253.7 nm. The light intensities (253.7
nm) were 63.7 Wm�2. The distance between the reactor and the
light source was 4 cm. The irradiance was measured by a UV
radiometer (Radiometer RR-20 OPTEL, Poland). The pH was
measured with a pH meter CP-505 ELMETRON. Total organic
carbon (TOC) analysis was performed using a TOC analyzer
(TOC-V CSH Shimadzu). Residual PTX was quantied through
HPLC assay on Agilent 1200 Series LC chromatographic system
equipped with a vacuum degasser (G1322A), autosampler
(G1311A), thermostated column compartment (G1316A) and
diode array detector (G1315B). Analyses were performed on
Zorbax Eclipse XDB-C18 column, 250 mm � 4.6 mm, 5 mm
particle size (Agilent, USA). The mobile phase consisted of
0.05 M HCOONH4 (S1) and acetonitrile (S2). Samples were
analyzed using 50 minutes linear gradient, where the content of
solvent (S2) was progressively increased from 10 to 50% – 50
minutes (1.0 mL min�1). The detector was set at 273 nm for
PTX. The column temperature was set at 30 �C, the injection
volume was 40 mL with a draw speed of 200 mL min�1. For
identication purposes, standard addition was use by
comparing the relative retention time and peak purity with UV-
Vis spectral reference data.

The UHPLC-QTOF-MS analysis were carried out using an
Agilent 1290 UHPLC system coupled to a hybrid quadrupole
time-of-ight (QTOF) mass spectrometer (Agilent 6540 Series
Accurate Mass QTOFMS) with dual ESI interface operated in
positive ion mode. The separation of analytes was performed on
Lichrocart 250-4 Lichrospher 100 RP-18e column (250 mm � 4
mm; 5 mm) maintained at 40 �C. The mobile phase A was
ultrapure water and B was acetonitrile and the ow rate was set
to 1 mLmin�1. The analysis were carried out in gradient elution
(starting from 80% A to 20% A in 15min, back to 80% A in 6min
and kept at 80% A for 9 min) and the injection volume was 5 mL.
The QTOF-MS conditions were as follows: sheath gas tempera-
ture 400 �C at the ow rate of 12 L min�1, capillary voltage
3500 V, nebulizer pressure 35 psig, drying gas 10 L min�1, gas
temperature 300 �C, skimmer voltage 45 V, octopole RF peak
750 V and fragment or voltage 100 V. Analysis were performed in
two different modes, MS/MS or target MS/MS with various
collision energies (10, 20 and 30 V) and the masses were scan-
ned from 100 to 1000 m/z. The instrument was working in the 4
GHz high-resolution mode with the acquisition rate of 1.5
spectra per s. Acquisition data were processed using Agilent
Mass Hunter Workstation soware.

The 1H NMR spectra were recorded on Bruker instrument at
400 MHz. All sample solutions were prepared in deuterated
chloroform. TMS was used as an internal standard.
Experimental procedure

For the degradation tests, to aqueous solution of different
concentration of PTX (200 mL, 0.067, 0.1 or 0.2 mM) was xed
with appropriate amount of SPDS (0, 1, 2, 3 or 4 mM) in quartz
reactor and stirred for 30 minutes. During this time, 2 mL of the
sample was collected from each replicate ask at selected time
intervals and then passed through a 0.22 mm polyvinylidene
uoride membrane lter for sampling analysis. Aer ltration,
RSC Adv., 2018, 8, 23648–23656 | 23649
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excess methanol, a well-known quenching agent for sulfate and
hydroxyl radicals, was added and vigorously shaken. The pH of
the PTX solution was adjusted to 3, 5.2 or 10.5 by sulfuric acid or
sodium hydroxide, respectively.19 Inorganic salt (sodium chlo-
ride, sodium nitrate or sodium carbonate) were added in one
portion to 200 mL of solution 0.2 mM PTX using appropriate
equivalents of 1, 10 or 100 mM. Processes were carried out at
room temperature (24 � 3 �C). All experiments were performed
in triplicate. Obtained results were nearly similar, and referred
in this paper as the mean value.
Column chromatography

To the mixture obtained aer degradation of PTX (0.2 mM PTX,
2 mM SPDS, initial pH 10.5) was added 10 mL of methanol, the
excess of which aer radical decomposition was removed under
reduced pressure. The residue was lyophilized to give a precip-
itate. A small amount of chloroform was added to the residue.
The mixture was subjected to TLC analysis in ethyl aceta-
te : methanol solvent system (85 : 15). The resulting suspension
was then applied to a glass chromatographic column (length
200 mm, diameter 15 mm) lled with a mixture of silica gel and
chloroform. The components were separated using a methanol
gradient in chloroform. Fractions containing the main product
were combined. The solvent was removed under reduced
pressure.

The obtained oily residue was analyzed by 1H NMR and LC
MS.
Results and discussion
Comparison of pentoxifylline degradation under various
processes

Primary experiments were carried out to determine the suit-
ability of pentoxifylline for SPDS and radiation alone, as well as
in combined SPDS/UV system (Fig. 3). The control experiments
revealed that PTX was not efficiently oxidized by sodium per-
oxydisulfate alone ([SPDS]0/[PTX]0 ¼ 20), even aer 60 minutes
of the reaction. PTX was not good subject to direct photolysis by
Fig. 3 Comparison of PTX degradation extent by direct photolysis,
reaction with SPDS alone and SPDS activated by UV irradiation. PTX
0.2 mM; [SPDS]0/[PTX]0 ¼ 20; pH ¼ 5.2; UVmax 253.7 nm; the light
intensity 63.7 W m�2.

23650 | RSC Adv., 2018, 8, 23648–23656
the low pressure UV source with the quantum yield (F) 6.81 �
10�4 [mol per einstein], molar absorption coefficient 3720 dm3

mol�1 cm�1. Low value of F may indicate a signicant partici-
pation of photophysical processes, numerous reactions and
deactivation of excited molecules as a result of their mutual
collisions before they leave the interaction zone (caged effect).
Low effectiveness of PTX decomposition may be also related to
the lack of ideal coverage of the pentoxifylline absorption band
(273 nm) and the emission of applied lamps (253.7 nm).
Nevertheless, the lamps used in our experiments (with
maximum emission 253.7 nm) are popular and widely used in
laboratory and industrial scale. The direct photolysis of PTX
solution, caused 11 and 21% degradation of the drug at the
irradiation time of 15 and 30 minutes, respectively. Extending
the process time, does not affect improvement in PTX degra-
dation efficiency.

Moreover, Wols et al. used monochromatic low pressure (LP)
(254 nm) and polychromatic medium pressure (MP) (200–300
nm) lamps to degrade 40 kinds of pharmaceuticals commonly
detected in source waters. According to their research, PTX is
categorized as the slowly-degrading pharmaceutical
compound.20 On the other hand the SPDS/UV system provided
complete decomposition of PTX aer 4 minutes with [SPDS]0/
[PTX]0 ¼ 20 molar ratio, indicating that UV radiation is an
essential radical promoter. Therefore, it is a promising method
for PTX decomposition. The result is obtained due to reaction of
PTX with sulfate radical anions SO4c

� characterized in high
oxidation potential (eqn (3)):

PTX + SO4c
� / products (3)

In all UV and SPDS/UV processes, the PTX remaining
concentration plotted vs. reaction time (min) exhibited a good
t of the experimental date to a pseudo-rst-order model by
exponential regression analysis. This is evidence by the very
high correlation coefficient (R2 > 0.97) obtained from the linear
plots of ln[PTX]/[PTX0] vs. time (minutes). The degradation rates
are 3.55 � 10�2 and 68.60 � 10�2 min�1 in UV and SPDS/UV
system, respectively. Moreover, the SPDS/UV process provides
a good TOC removal within 30 min and the corresponding
mineralization is 77%. It is much better results than obtained in
PTX degradation using UV system, where at the same time of
the reaction only 15% of mineralization was observed. This
phenomenon was observed during degradation of carbamaze-
pine (CBZ) (0.02 mmol L�1) in aqueous solutions. CBZ was not
degraded using UV alone during 60 min of the reaction. While,
all of the CBZ had been degraded by the SPDS/UV process in just
10 min.21

Inuence of SPDS and PTX dosage

To examine the inuence of sodium peroxydisulfate concen-
tration on the PTX degradation by SPDS/UV system, different
[SPDS]0/[PTX]0 ratios (5, 10, 15 or 20) were used while
keeping other experimental parameters constant (200 mL PTX
0.2 mM; UVmax 253.7 nm). According to the Espendon's
recommendation, the reactant remains almost constant, where
[SPDS]0/[PTX]0 molar ratio is >10/1. It is consistent with the
This journal is © The Royal Society of Chemistry 2018
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Table 1 Rate constants of PTX degradation by SPDS/UV

[PTX]0 (mM) [SPDS]0 (mM)
[SPDS]0/[PTX]0
molar ratio

Pseudo-rst-order kinetics tting
k � 10�2 [min�1] Half-life t1/2 (min) pH (initial–nal)

SPDS concentration
0.2 1 5 20.68 3.35 5.2–3.0
0.2 2 10 49.52 1.40 5.2–2.8
0.2 3 15 56.94 1.22 5.2–2.3
0.2 4 20 68.60 1.01 5.2–2.2

PTX concentration
0.1 1 10 52.17 1.33 5.8–2.9
0.067 1 15 86.14 0.80 5.9–2.7

Initial pH
0.2 2 10 37.41 1.85 3.0–2.7
0.2 2 10 70.67 0.98 10.5–6.2
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assumptions of pseudo-rst-order reaction. Nonetheless, in our
research controlled test with [SPDS]0/[PTX]0 molar ratio equal 5
was also taken under consideration.

Fig. 4A exhibits the graphs of ln[PTX]/[PTX]0 in the presence of
oxidant at different concentration as a function of reaction time.
The PTX decay increase with increasing SPDS dosage. Aer three
minutes, the degradation efficiencies of PTX with [SPDS]0/[PTX]0
ratio of 5, 10, 15 and 20 were 30, 68, 74 and 86%, respectively. The
PTX decomposition well t to a pseudo-rst-order kinetics model
(R2 > 0.96). As seen in Table 1, the oxidation rate constants
increased from 20.68 � 10�2 min�1 to 68.60 � 10�2 min�1 with
the increasing [SPDS]0/[PTX]0 molar ratio from 5 to 20. Similar
observation was also reported by Gao Y. Q. et al. during the
degradation of sulfamethazine (SMT) where within 45 minutes,
[SPDS]0/[SMT]0 molar ratio 2.5, 5, 10 and 25 accomplished 54.7%,
84.6%, 96.5% and 100% degradation of 0.02 mM SMT, respec-
tively.9 It is an undeniable fact that the rate of degradation ofmany
organic compounds increases with increasing SPDS concentration
e.g. during oxidation of phenol,22 polyvinyl alcohol,23 iopromide,24

or ibuprofen.8 Obviously, the more sodium peroxydisulfate is
present in the system, the more sulfate radical ions causing
degradation of organic compounds are generated. Nevertheless,
one should keep in themind, that too high dose of peroxydisulfate
can inhibit decomposition of organicmatter.25 It may be due to the
reaction of sulfate radical ions with an excess of peroxydisulfate
ions according to the eqn (4):26
Fig. 4 (A) Effect of different [SPDS]0/[PTX]0 molar ratio on PTX
degradation; (B) effect of different [SPDS]0/[PTX]0 molar ratio on TOC
removal after 10 min of the reaction. PTX 0.2 mM; [SPDS]0/[PTX]0 ¼ (5,
10, 15 or 20); pH¼ 5.2; UVmax 253.7 nm; the light intensity 63.7 Wm�2.

This journal is © The Royal Society of Chemistry 2018
SO4c
� + S2O8

2� / SO4
2� + S2O8c

� k ¼ 2.1 � 107 M�1 s�1 (4)

However, in our studies using even 20-fold excess of SPDS,
the above effect was not observed.

Although the PTX degradation with the SPDS/UV system
occurred quickly within a few minutes, the reduction of TOC
was much slower and took a few hours. Fig. 4B shows the
percent removal of total organic carbon depending on the
excess oxidant used aer 30 min of the reaction. The TOC
removal rate increased with the molar ratio [SPDS]0/[PTX]0 in
the range of 5–20. Additionally, the mineralization of PTX
increased with time and PTX was 37%mineralized aer 10 min,
while 77% aer 30 min with [SPDS]0/[PTX]0 ¼ 20. It implicates,
that mineralization of PTX might take place in a few stages
through intermediates products (eqn(5)):

PTX / intermidiates / CO2 + H2O (5)

The effect of initial PTX concentration (0.067, 0.1 or 0.2 mM)
on the effectiveness of API degradation was also evaluated. In
each experiment the same SPDS initial concentration (10 mM)
was used. Obviously, the lower initial PTX concentration was
used, the faster PTX decomposition was noticed. It may be
related to the fact that, the lower PTX concentration, the higher
steady-state concentration of sulfate radicals in analyzed
system. Nevertheless, for all experiments, changes in PTX
concentration well t to the pseudo-rst order kinetics pattern
(R2 > 96) (Table 1).
Effect of initial pH

To study the effect of pH on degradation of PTX three solutions
at pH 3.0, 5.2 and 10.5 were prepared using sulfuric acid or
sodium hydroxide.20 All experiments were conducted using
2 mM of SPDS in the presence of UV light. As indicated in
Fig. 5A, the PTX decomposition was dependent on the initial pH
solution level and the degradation efficiency of PTX increased as
pH increased. At the initial pH of 10.5, no PTX was detected in
RSC Adv., 2018, 8, 23648–23656 | 23651
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Fig. 5 (A) The influence of the initial pH of the solution on PTX
degradation; (B) effect of different pH solution on TOC removal after
5 min of the reaction. PTX 0.2 mM; [SPDS]0/[PTX]0 ¼ 10; UVmax

253.7 nm; the light intensity 63.7 W m�2.
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the samples aer ve minutes. At the same time, the pH of the
solution decreased to 9.8.

The photo-oxidation of PTX revealed rst-order kinetic rate
constants at different pH levels. Their corresponding rate
constants (k) at pH 3.0, 5.2 and 10.5 were 37.41 � 10�2, 49.52 �
10�2 and 70.67 � 10�2 min�1, respectively. This experiment
implies that the k value at pH 10.5 was 1.9 times as high as that
at pH 3.0. In the SPDS/UV system at pH < 7, a major role in the
decomposition of PTX play sulfate radicals which are in the
predominant species in analyzed system. Nevertheless, SO4c

�

produced in the reaction can be scavenged by SO4c
� itself and/

or persulfate anions, according to eqn (4) and (6):

SO4c
� + SO4c

� / S2O8
2� (6)

Therefore, PTX decompositionmay be retarded. Signicantly
decay in PTX concentration during SPDS/UV process in alkaline
pH can be explained by two ways. Firstly, more valuable sulfate
radicals were formed in alkaline pH by base-activated of SPDS
(eqn (7)):

S2O8
2� �����!OH�

2SO4
�� (7)

Second, part of SO4c
� was transformed to hydroxyl radicals

in the presence of hydroxyl anions (eqn (8)):22

SO4c
� + OH� / SO4

2� + HOc (8)

The cOH are characterized by high redox potential (Eo¼ 2.7 V
vs. SHE) and low selectivity for organic compound oxidation.
Therefore, hydroxyl as well as sulfate radicals can react simul-
taneously with PTX and its oxidation products causing increase
of the reaction rate.

Although, PTX can be degraded up to 100% aer 5 minutes
of the reaction with 2 mM SPDS in the presence of UV irradia-
tion and pH 10.5, and the maximum mineralization was only
31% (Fig. 5B). When the reaction was carried out at pH 3.0 and
5.2, the TOC decreased in 15 and 25%, respectively.
Fig. 6 Effect of the addition of (A) chloride (B) nitrate and (C)
carbonate ions on the degradation of PTX. PTX 0.2 mM; [SPDS]0/[PTX]0
¼ 10; [inorganic salts]0¼(0, 1, 10 or 100) mM; UVmax 253.7 nm; the light
intensity 63.7 W m�2.
Effect of anions

Since the effectiveness of the SPDS/UV process in decontami-
nating wastewater may be affected by the presence of back-
ground ions, the effects of inorganic Cl�, NO3

� and CO3
2�
23652 | RSC Adv., 2018, 8, 23648–23656
anions on the degradation of PTX by the SPDS/UV system were
examined using 1, 10 and 100 mM of each anions. As it is noted,
chloride additive shows a negative effect on the degradation of
PTX (Fig. 6A). The decomposition rates of PTX declined when
concentration of chloride ions increased. The pseudo-rst-order
rate constants for API degradation were 49.52 � 10�2, 28.84 �
10�2, 21.67 � 10�2 and 19.50 � 10�2 min�1 for 0, 1, 10 and
100 mM chloride ions, respectively. It is experimentally proven,
that chloride ion can perform as a booster as well as a retardant
during oxidation of organic contaminants by SPDS. It might be
a consequence of scavenging of valuable SO4c

� (eqn (9) and
(10)).27,28

SO4c
� + Cl� $ SO4

2� + Clc kf ¼ (3.2 � 0.2) � 108 M�1 s�1;

kr ¼ (2.1 � 0.1) � 108 M�1 s�1 (9)

Clc + Cl� $ Cl2c
� kf ¼ 8 � 109 M�1 s�1;

kr ¼ 4.2 � 104 s�1 (10)

Tan et al. reported a similar nding in the inhibition role of
chloride ions during degradation of antipyrine in SPDS/UV
system.23 In the presence of 0.53 mM SPDS, the pseudo-rst-
order rate constant for degradation of 0.0265 mM antipyrine
was decreased from 1.657 to 1.588 h�1 when the initial chloride
concentration was increased from 0 to 100 mM.

In the SPDS/UV system, NO3
� ions in concentration 1, 10 and

100 mM slightly decrease of degradation efficiency of PTX
(Fig. 6B). Aer 5 min of the reaction, the percentage removal of
PTX was 89.0, 88.6, 81.6 and 79.6% when 0, 1, 10 and 100 mM
nitrate ions were used, respectively. It can be caused by forming
small amounts of nitrate radicals (11) which could have a worse
ability to oxidaze PTX than SO4c

�.29

SO4c
� + NO3

� / SO4
2� + NO3c k ¼ 5 � 104 M�1 s�1 (11)
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Proposed mechanism of formation of the PTX degradation
products.
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The presence of nitrate ions can also affect the photolysis
rate of SPDS by absorbing part of UV-light.

Degradation of PTX was also tested in the presence of
carbonate ions (Fig. 6C). For the SPDS/UV system, a low level of
CO3

2� (1 mM) did not affect the PTX decomposing process
compared to the control reaction with no carbonate. However,
the pseudo rst-order rate constant decrease from 49.52 � 10�2

to 26.79 � 10�2 and 23.53 � 10�2 min�1 with the increasing
[CO3

2�]0 from 0 to 10 and 100 mM, respectively. An inhibition
effect of carbonate ions can be caused by forming of carbonate
radical ion that has a lower a reduction potential than SO4c

�

(eqn (12)):30

SO4c
� + CO3

2� / SO4
2� + CO3c

� k ¼ 1.6 � 106 M�1 s�1 (12)

The pH of the PTX solution (0.2 mM, 200mL) aer dissolving
2.12 g of anhydrous sodium carbonate is 10.9, i.e. slightly higher
than the highest used to determine the effect of pH on the
degradation rate. In the absence of interactions of carboxylic
anions with SO4c

� radicals in both cases the reaction rate
should be similar if not higher. In fact, it is signicantly slowed
down (pH 10.5, k ¼ 70.67 � 10�2 min�1, pH 10.9, k ¼ 23.53 �
10�2 min�1).

The adverse impact of the carbonates on degradation
organic compounds in SPDS reaction was also investigated e.g.
by Nie M. et al. during degradation of chloramphenicol,31

Deng J. et al. in carbamazepine oxidation32 or Tan Ch. et al. in
diuron decomposition.10
Operating cost analysis

There are many factors which are taken under consideration
during choosing a wastewater treatment technology, e.g. oper-
ation (maintenance, control and safety), the composition of
wastewater, regulations, effluent quality goals, and economics
which are oen paramount. In the UV-based AOPs, electrical
energy is frequently the major part of the operating cost.
According to the IUPAC, the efficiency of an electric-energy-
intensive oxidation process can be measured with the elec-
trical energy per order (EE/O, kWh m�3 order�1).33 The EE/O is
described as the electrical energy in kilowatt per hours required
to reduce the concentration of organic pollutants by one order
Fig. 7 The EE/O values at different initial SPDS concentrations for PTX
oxidation by SPDS/UV system.

This journal is © The Royal Society of Chemistry 2018
of magnitude in 1 m3 contaminated water and can be calculated
from the following (eqn (13) and (14)):

EE=O ¼ Pt� 1000

V � 60 logðC=C0 Þ (13)

ln

�
C

C0

�
¼ kat (14)

where P is the power of UV lamp (kW) of the AOP system, V is the
value of the aqueous PTX (L), t is the reaction time (min), C and
C0 are the initial and nal pollutant concentrations, ka is the
Fig. 9 HPLC-MS chromatogram of an aliquot of the mixture after
10 min of SPDS/UV degradation (PTX 0.2 mM; [SPDS]0/[PTX]0 ¼ 20;
UVmax 253.7 nm).

RSC Adv., 2018, 8, 23648–23656 | 23653
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Fig. 10 1H NMR (d, 400 MHz, DCCl3) of PTX and its main degradation
product 3,7-dimethyl-6-(5-oxohexyloxy)-3,7-dihydro-2H-purin-2-
one.
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pseudo rst-order rate constant of the pollutant degradation
(min�1). Combining eqn (13) and (14) yields eqn (15) for EE/O.

EE=O ¼ 38:4 P

Vka

(15)

The EE/O values for 2 � 10�4M PTX treatment by SPDS/UV
system at various oxidant concentrations were calculated and
delineated in Fig. 7. The lowest EE/O value was 39.18 kWh m�3

order�1 at an SPDS concentration of 4 mM It was noted that the
lower the EE/O value, the more efficient the process was. There
were not taken into account the costs associated with energy
and chemical oxidants in eqn (13). Therefore, to identify the
most economical process conditions, the total photo-oxidation
process costs were calculated. If the price of electricity, in the
north of Poland is $ 0.16 per kW h and SPDS purchased in AG
Chemia (Poland) is $ 4.3 per kg, the cost of degradation
processes will be 21.81, 10.73, 10.63 and 10.36 $ per m3 for 1, 2,
3 and 4 mM SPDS, respectively.
Products of PTX degradation

Photooxidation of simple purines (methylxanthines, adenine
and guanine) in aqueous solution in presence of peroxydisulfate
indicated only one reaction mechanism in which sulfate radical
is capturing an electron from C8 position of purine to form
purine radical cation. Subsequent reaction is deprotonation
Table 2 Accurate mass measurements and mass spectra peaks obtaine

Compound
Retention
time (min)

Molecular
formula

[M + H]+

theoret. [M + H]+ exp

1 0.67 C13H18N4O4 295.1406 295.1408
2 1.31 C13H14N4O6 323.0992 323.0990
3 2.17 C13H18N4O4 295.1406 295.1403
4 2.96 C13H18N4O3 301.1277

[M + Na]+
301.1276
[M + Na]+

279.1457 279.1454
5 3.43 C13H18N4O5 311.1355 311.1359
6 3.88 C13H18N4O6 327.1305 327.1302

a The main mass ions are marked in bold.

23654 | RSC Adv., 2018, 8, 23648–23656
follow by water molecule or hydroxyl radical addition.34,35

Undoubtedly and in this case it is the main reaction (Fig. 8). The
resulting uric acid derivative (1) undergoes the oxidation as
a consequence of which products 2, 5 and 6 are obtained.
However, it is difficult to explain the formation of products 3
and 4 on the basis this mechanism. On another hand PTX is not
resistant to UV radiation (Fig. 3, aer 30 min about 20% drug is
decomposed) as well as combined system hydroxyl radical/UV
(aer 10 min residual concentration of PTX was detected).17

As a consequence, it should be assumed that in this case the
mechanism is much less explicit. The participation of hydroxyl
radicals cannot be excluded given that the major changes take
place in the rst ve minutes when the pH of the reaction
medium is 9.8. Undoubtedly, the double bond between C4 and
C5 is also predisposed to substitution. However, due to the
steric hindrance of the methyl substituents, direct attack of the
sulfate radical is impossible. In this case, the sulfate radical is
responsible for the formation of hydroxyl radicals which,
without difficulty, attack the said position. The resulting radical
(I) is then possibly stabilized by rearrangement to form a radical
on the oxygen atom (II) that initiates another rearrangement.
Almost certainly sulfate radical also participates in the last stage
of the reaction (Fig. 8). Fig. 9 shows the chromatogram obtained
aer PTX degradation by SPDS/UV system. The major chro-
matographic peak is most likely formed during the PTX rear-
rangement. An accurate measurement of the molar mass
equivalent to the PTX mass and the simultaneous absence of
PTX in the mixture are in favor of this hypothesis. The nal
proof was 1H NMR analysis of the isolated product (Fig. 10).
Comparing the H1 NMR spectra of PTX and product, it is easy to
see that there is no �CH2 � N triplet (3.96 ppm), while there is
a triplet with the chemical shi 4.51 ppm characteristic of
�CH2 � O� Ar group. In addition, the effect of the oxygen
atom on the methylene protons in the beta position is visible
and resulting in a multiplet corresponding to four protons (PTX
1.58–1.63 ppm) differs by two (m, 1.68–1.74 ppm m, 1.76–1.83).

The formation of the isomer has not been found so far
despite the use of many methods of PTX degradation.13,36–39

In addition to the 3,7-dimethyl-6-(5-oxohexyloxy)-3,7-dihy-
dro-2H-purin-2-one, ve other products were identied in the
mixture (Table 2). Fig. 11 shows the probable structures of
fragmentation ions.
d by LC-TOF-MS for PTX identified products (UPLC-QTOF- MS)

erim. Error (ppm) Mass spectral peaksa (m/z) DBE

0.7 589, 317, 295, 273, 251, 233, 211, 167 6.5
�0.6 323, 307, 294, 254, 211, 99 8.5
�1.0 295, 277, 255, 237, 195, 167, 138 6.5
�0.3 301, 279, 181, 167 6.5

�1.1
1.3 539, 333, 311, 268 6.5
�0.9 539, 379, 349, 327, 252 6.5

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Fragmentation pathways of compounds 1–6.
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Conclusions

The degradation of pentoxifylline in aqueous solution by
ultraviolet activated peroxydisulfate was studied. Perox-
ydisulfate dosage, pH and presence of inorganic ions on PTX
removal were examined. The experimental results indicate
that the efficiency of the pharmaceutical decomposition
increased with the SPDS concentration. The degradation of
PTX by SPDS/UV process exhibited pseudo-rst kinetics. The
alkaline conditions were more suitable for the removal and
mineralization analyzed compound. Addition of salts con-
taining Cl� and CO3

2� reduced the degradation efficiency of
PTX. The degradation pathway of PTX photolysis using per-
oxydisulfate was proposed. The main product present in the
post-reaction mixture was isolated and identied as 3,7-
dimethyl-6-(5-oxohexyloxy)-3,7-dihydro-2H-purin-2-one.

These results showed that the SPDS/UV system can be an
effective and economical process of PTX degradation in
aqueous solutions.
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