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ABSTRACT

Two advanced oxidation processes (AOPs), based on UV light irradiation with potassium
persulfate (UV/KPS) and with hydrogen peroxide (UV/H2O2), were employed for the treat-
ment of salicylic acid (SA) in aqueous media. The influence of operating parameters, initial
pH and concentration of the oxidant reagents, was investigated. Under the optimum condi-
tions of pH 6 and [KPS] = 1,000mg/L for UV/KPS and pH 4 and [H2O2] = 140mg/L for
UV/H2O2, about 94 and 98% SA degradations were achieved after 60min treatments. Total
organic carbon removal was also obtained as 80% and 87%, respectively, after 150min. Rate
of SA degradation in these processes obeys pseudo-first-order kinetic. For UV/KPS process,
the role of active radicals was studied using ethanol and tert-butyl alcohol radical scaveng-
ers, indicating the contribution of hydroxyl and sulfate radicals in the degradation of about
56% and 44%, respectively. The electrical energy consumption, for nearly complete degrada-
tion of SA, was evaluated and the preference was shown in comparison with previous
works.
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1. Introduction

There is currently much attention paid to improv-
ing the pharmaceutical pollutants treatment in the
aqueous media. These chemicals enter water sources
via industry wastewaters or solid waste land fillings
[1]. Some pharmaceuticals persist against biological
degradation and have a physiological effect on human
and animals in trace amounts [2]. Although dosage of
these chemicals in aquatic systems is low, but their
continuous input, in the long term, may lead to

accumulations in aqueous media, causing environmen-
tal problems [3].

Salicylic acid (SA), also known as 2-hydroxybenzoic
acid, is widely used as an intermediate in the manufac-
ture of pharmaceuticals and cosmetics and is widely
present in pharmaceutical industrial effluents [4]. It is a
key ingredient in many skin care products for the
treatment of acne, psoriasis, calluses, corns, keratosis,
and warts; and therefore, it is introduced into the
environment by a variety of industrial sources. The
toxic effects of SA and salicylates are complex. For
this substrate, the announced amount of margin of
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safety, which is based on the most critical limit, is
0.35 μg/L [5].

AOPs are generally proposed as the most promis-
ing and effective methods for the treatment of water
containing hazardous materials, refractory, and non-
biodegradable organic pollutants. Over the past few
decades, different AOPs have been employed, includ-
ing Fenton and Fenton-like processes and photo-irra-
diation in the presence of potassium persulfate (UV/
KPS) or hydrogen peroxide (UV/H2O2) processes as
well as different methods in photocatalytic treatments
[6–9]. In these processes, generated reactive radicals,
SO��

4 and HO� radicals with oxidation potentials of 2.6
and 2.8 V, play main roles in removing organic
pollutants. In UV/KPS treatment, sulfate ions will be
generated as the end product [10], which causes a
decrease in pH and of course, an increase in the
effluent salt content or total dissolved solids. How-
ever, the sulfate ion has environmentally low risk. The
United States Environmental Protection Agency has
listed it under the secondary drinking water standards
with a maximum allowed concentration of 250mg/L
(1.43mM) [11]. Meanwhile, in UV/H2O2 process, only
HO� radical is dominant. Briefly, generation of the rad-
icals has been described via the following reactions
[12,13]:

S2O
2�
8 þ hm ! 2SO��

4 (1)

SO��
4 + H2O ! SO2�

4 + HO� þHþ at all pHs
� �

(2)

SO��
4 + OH� ! SO2�

4 + HO� mostly in alkaline pHs
� �

(3)

andH2O2 þ hm ! 2HO� (4)

To the best of our knowledge, there is no report in the
literature related to the application of the photo-per-
sulfate method in removing SA. In a work, dealing
with degradation of SA with UV/H2O2 process, a
250W light irradiation source has been used and 92%
degradation efficiency has been achieved after 700min
[14].

In this work, considering SA as a target pollutant,
the performance of the UV/KPS and UV/H2O2 pro-
cesses are investigated using just a 6W irradiation
source in an efficient falling film photo-reactor. The
effects of pH and concentration of the oxidants are
studied. Based on HPLC analysis, the kinetics of the
reactions are investigated, and from total organic car-
bon (TOC) analysis, the extent of the substrate miner-
alization is followed. For UV/KPS process, the role of
active radicals is studied using radical scavengers of

ethanol (EtOH) and tert-butyl alcohol (t-BuOH). Also,
the energy consumption for the both processes are
evaluated and compared with previous works.

2. Experimental

2.1. Chemicals and reagents

The substrate SA (99% purity) was purchased from
Sigma-Aldrich. H2O2 (30% w/w), KPS (≥99%), 0.1 N
solution of NaOH, prepared from Merck pellets GR
for analysis (99–100%), 0.1 N solution of HCl (pre-
pared from Merck stock solution of 37%, extra pure),
orto-phosphoric acid (Merck, ≥85%), and acetonitrile
(HPLC grade ≥99.9%) were all purchased from Merck
and all aqueous solutions were prepared using deion-
ized water with conductivity less than 0.08 μS/cm.

2.2. Reactor setup and procedure

All the experiments were run in a stainless steel
reactor, schematically shown in Fig. 1 [15]. The light
source was a UV-C (6W, Philips) which was placed
horizontally in a quartz tube at the center of the reac-
tor. The reactor was equipped with a stainless steel
water flow coil, containing a flow from an external
thermostat bath (Julabo-F12 ED, Germany) which
could adjust temperature with an accuracy of ±0.1˚C.
All the experiments were performed at a constant tem-
perature of 25˚C, which was close to the ambient tem-
perature (22 ± 2˚C).

To perform each experiment, a solution (1 L) with
an initial concentration of 30mg/L of SA (0.22mM)
was prepared. After addition of appropriate KPS (cor-
responding to desired persulfate concentration) or
H2O2, the solution pH was adjusted to a desired value

Fig. 1. The used photo-reactor setup; 1: reactor, 2: quartz
tube, 3: UV lamp, 4: temperature regulating coil, 5: pump,
6: distributor, and 7: thermostat.
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with 0.1M sodium hydroxide or hydrochloric acid
solution with the aid of a pH meter (UB-10, Denver).
The solution was transferred into the reactor. To initi-
ate the process, the lamp was turned on and samples
(4mL) were withdrawn at regular times to analyze the
processes efficiency at different times.

2.3. Analytical method

Using a UV–vis spectrophotometer (Jasco, V-630),
the spectrum of each sample was obtained. The UV–
vis spectrum of SA solutions shows a λmax at 298 nm
for which the intensity of the relevant peak is declined
during the processes (Fig. 2). However, measuring
absorbance at this wavelength may not be related to
just SA concentration due to the overlap of generated
aromatic intermediates. Indeed, absorbance at 298 nm
is relevant to all aromatic content in the solution, initi-
ated from SA [14]. Therefore, the measured absor-
bance at this wavelength can provide a direct and
easy way to follow the extent of “aromatics degrada-
tion” by the processes. In this regard, the aromatic
content degradation efficiency (X) was calculated
from:

X ¼ A0 � At

A0
(5)

where A0 and At are the appropriate aromatic groups
absorption at initial time and at any reaction time, t,
respectively. Considering this case, optimization of the
process was done based on obtained X values, but

aiming to find other important criteria, complemen-
tary analysis with HPLC (for kinetic study) and TOC
(for mineralization assessment) was performed.

The HPLC (SYKAM, Germany) was equipped with
a column (Nucleosil C18, 4.6 mm × 250mm) and UV
spectrophotometer as a detector (set at 298 nm), and
the mobile phase was a mixture of phosphoric acid
and acetonitrile in the ratio of 35:65 conducted with
the flow rate of 0.4 mLmin−1. Further, the TOC of
samples was measured by means of a TOC meter
(multi, N/C 3100, Germany).

3. Results and discussion

3.1. Initial pH dependency

pH is an important parameter in degradation and
often alters the performance of AOPs. Fig. 3 demon-
strates the related obtained aromatics degradation effi-
ciency in UV/KPS and UV/H2O2 processes within the
initial pH range of 2–10. For UV/KPS, the highest effi-
ciency is obtained at an initial pH of 6, and it
decreased mildly with either an increase or a decrease
in pH. There are some similar reports in literature, rel-
evant to these observations [13,15,16].

At alkaline pHs,SO��
4 species undergo reactions

with OH� to generate HO� radicals according to Eq.
(3). Despite the SO��

4 conversion to SO2�
4 , and produc-

ing HO� radicals with the redox potential of 2.8 V [17],
which is slightly higher than the redox potential of
SO��

4 , the presence of additional SO2�
4 ions can inacti-

vate HO� and SO��
4 species [15,18]. In addition, carbon

dioxide formed from the organic content mineraliza-
tion can lead to the formation of bicarbonate and
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Fig. 2. UV–vis spectrum of SA at different times of
UV/KPS process; [SA]0 = 30mg/L, [PS] = 1,000mg/L
and pH 6.
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Fig. 3. Effect of initial pH on aromatics removal efficiency
of UV/KPS and UV/H2O2 processes; [SA]0 = 30mg/L,
[PS] = 500mg/L, [H2O2] = 90mg/L and t = 120min.
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carbonate ions (as radical scavengers) under alkaline
pHs [19]. On the other hand, at acidic pHs, additional
SO��

4 is formed with acid catalyzation, according to
the following equations [20]:

S2O
2�
8 þHþ ! HS2O

�
8 (6)

HS2O
�
8 ! 2SO��

4 þHþ (7)

The extra generated persulfate radicals cause higher
radical concentrations, which may favor radical with
radical reactions, instead of radicals with present
organic pollutants [16].

For UV/H2O2 process, efficiency shows a maxi-
mum around initial pH of 4 (natural pH of SA solu-
tion) and similar to a previous investigation [14], the
efficiency decreased with either an increase or a
decrease in pH. At alkaline pHs, the redox potential
of hydroxyl radicals is decreased. Also, hydrogen per-
oxide may undergo self-decomposition into water and
oxygen at high pH levels, as follows [21]:

2H2O2 ! 2H2OþO2 (8)

Also, under regressive acidic media, H2O2 molecules
will react with excessive Hþ ions to form oxonium
ions (H3O

þ
2 ), which are stable and under UV irradia-

tion cannot form HO�radicals [22]. At the same time,
the generated hydroxyl radicals may be scavenged by
the excess Hþ ions [23]. From Fig. 3, it is also obvious
that UV/H2O2 process exhibits a higher variation with
pH, within the used range.

It is noteworthy that according to Eqs. ((2) and
(3)), Hþis released while HO� ion is consumed in
UV/KPS process; so, the solution pH is expected to
decrease as reaction proceeds with time [15] (Fig. 4);
however, in UV/H2O2 process, the value of pH
remains almost constant (only a decrease of 0.3 was
appropriate after 120min treatment), due to no stable
ion generation/consumption, in contrary to the UV/
KPS process.

From the above results, optimal initial pH for the
operation of UV/KPS and UV/H2O2 processes were
considered as 6 and 4, respectively.

3.2. Effect of oxidants initial concentration

Effect of persulfate and hydrogen peroxide concen-
trations was investigated at the relevant optimum pH.
The results depicted in Fig. 5 are corresponding to
120min treatments. As it is observed, increase in PS
concentration up to about 1,000mg/L causes

considerable efficiency improvement, due to more
reactive radical generation, according to Eqs. ((1)–(3)).
It is observed that higher PS concentrations does not
result in significant change in the efficiency, perhaps
due to the retarding effect of excessive generated reac-
tive radicals recombination or reaction with persulfate
ions which act as a scavenger at excess concentrations
[12,16]. Hence, the optimal value for PS is about 1,000
mg/L (5.2 mM) at which a high efficiency of 94% can
be achieved after 120min and the persulfate retarding
effect is prevented.

A similar trend of variations is observed for hydro-
gen peroxide dosage, but at much lower concentration
levels (Fig. 5). Obviously, UV/H2O2 process is much
more sensitive to the oxidant dosage, compared with
the UV/KPS process.
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Fig. 4. Variation of solution pH during reaction for both
the processes; [SA]0 = 30mg/L, [PS] = 500mg/L, [H2O2] =
90mg/L.
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It can be seen that beyond 140mg/L (4.2 mM) of
hydrogen peroxide, no more efficiency is achieved in
UV/H2O2 process. The reason can be the self-quench-
ing of HO� radicals by extra amounts of H2O2 mole-
cules that generate less reactive HO�

2 radicals [24]:

H2O2 þHO� ! H2OþHO�
2 (9)

Using 140mg/L of hydrogen peroxide, 93% efficiency
was achieved after 120min under the initial natural
pH of 30mg/L of SA (pH 4). It is noteworthy that, as
intercept in Fig. 5 shows, in the absence of any oxi-
dant, UV light irradiation alone causes only about
10% efficiency of the aromatics group degradation.

3.3. The role of radical species

To assess the contribution of sulfate and hydroxyl
radicals in the efficiency of UV/KPS process, two alco-
holic radical scavengers, EtOH and t-BuOH, were
added into the solutions separately. EtOH can quench
both hydroxyl and sulfate radicals; whereas, t-BuOH
can mainly scavenge hydroxyl radicals and poorly
react with sulfate radicals [25,26]. Accordingly, differ-
ence in efficiencies in the presence of these scavengers
can be considered as sulfate radicals’ contribution.

As Fig. 6 shows, addition of EtOH at different
amounts has diminished the efficiency much more
than t-BuOH. Addition of 1.4% (V/V) of EtOH or t-
BuOH, for instance, has reduced the efficiencies to
66% and 37%, respectively; compared with the normal
operations without scavengers. These observations
imply that both radical species are effective in the
degradation process, and the average contribution of

hydroxyl and sulfate radicals is about 56% and 44%,
respectively. It is notable that SO��

4 species has been
known to be more selective for electron transfer reac-
tions, while HO� radicals can rapidly take part in
hydrogen addition or abstraction reactions [16].

3.4. Kinetic study

As mentioned in analytical method section, decline
of absorbance intensity at λmax of 298 nm is attributed
to the total aromatics degradation. So, for SA degrada-
tion kinetic study, the HPLC analysis was used to fol-
low the concentration of SA in the employed
processes. The peaks related to the SA molecules
appeared at the retention time of 8.40min (Fig. 7(a)–
(f)), and as expected, the corresponding intensity
decreases with reaction time. The concentration of SA
for each chromatogram was obtained using a calibra-
tion standard curve, based on the area under the
peaks.

The variation of SA concentration vs. time is pre-
sented in Fig. 8. After 60min degradation, efficiency
reaches to 94 and 98% in UV/KPS and UV/H2O2 pro-
cesses, respectively. Also, the inset figure shows that
the trends of SA degradation vs. time can be fitted
adequately well with a pseudo-first-order kinetic
model as:

ln
½SA�0
[SA]t

¼ kt (10)

where [SA]0, [SA]t, and k refer to the initial concentra-
tion of SA, SA concentration at any time, and the
kinetic rate constant, respectively. From the slope of
the curves, the rate constants were obtained as 0.049
and 0.066min−1 for UV/KPS and UV/H2O2 processes,
respectively. Here, the degradation efficiency is
defined as: X ¼ f[SA]0 � [SA]tg=[SA]0

3.5. Mineralization assessment

TOC analysis can provide a criterion to follow the
extent of mineralization. In this regard, under the
obtained optimal conditions of the processes, TOC val-
ues were measured at different times. The TOC results
are presented in Fig. 9((a) and (b)) for comparison
with SA and aromatic degradation efficiencies. The
efficiency based on TOC was defined for this case as:
X = (TOC0−TOCt)/TOC0, where TOC0 and TOCt

represent the corresponding values at initial and at a
time t.
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A remarkable difference is observed for the pro-
gress of just SA, aromatics and TOC efficiencies for
both the processes. As Fig. 9(a) shows for UV/KPS
process, when the removal of SA is nearly completed,
the aromatics and TOC removals have much delay,
and no mineralization is relevant before about 30min.
It implies that PS action is rather selective, where it
first reacts with SA molecules and then with aromatic
species, and after that with all present organics toward
their mineralization after first 10 minutes. The lack of
delay in UV/H2O2 process (Fig. 9(b)), on the other
hand, can be attributed to the nonselective oxidation
behavior of hydroxyl radicals [16].

After a longer time of 120min treatment, about 80
and 87% mineralization is achieved in UV/KPS and
UV/H2O2 processes, respectively. Also, based on pre-
sented data, and the trend of variations, despite the
higher SA degradation rate in the UV/H2O2 process,
nearly perfect aromatic degradation as well as miner-
alization is achieved, in shorter times, with UV/KPS
process.

Fig. 7. HPLC chromatogram spectra at different process times during UV/KPS process (a: 0 min, b: 10 min, c: 20 min,
d: 30 min, e: 60 min, and f: 90 min) for SA detection; [SA]0 = 30 mg/L, [PS] = 1,000 mg/L and pH 6.
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Irrespective of the kind of used oxidants, concern-
ing the function of hydroxyl radical, which is gener-
ated in a large extent in the both processes, a number
of intermediates have been introduced in previous
investigations which ultimately lead to perfect miner-
alization [4,27]. The SA undergoes parallel degrada-
tions in the presence of hydroxyl radical. A part of it
changes into phenol through decarboxylation, while
the others turned into 2,3-dihydroxybenzoic acid or
2,4-dihydroxybenzoic acid. Phenol is then further oxi-
dized to catechol which will be further converted into
intermediates and into p-benzoquinone. Then, maleic
acid and fumaric acid are appeared following the ben-
zene ring opening in both the parallel branches. In
addition, these two species will transform into smaller
molecule acids such as succinic acid, malonic acid,
oxalic acid, acetic acid, and formic acid. The last step
is the mineralization of the different small molecule
compounds, which ultimately convert to CO2 and
H2O.

3.6. Energy consumption

Among several factors for the superiority of a
wastewater treatment technology, economic is often
vital [28]. In this regard, electrical energy consumption
(EEC) is the main part of energy in photochemical pro-
cess. Here, EEC can be calculated according to the pho-
tochemistry commission proposal of the International
Union of Pure and Applied Chemistry for the first-
order degradations, as [29]:

EEC ¼ 1; 000� P� t

60 V log ½SA�0=½SA�t
� � (11)

where P is the electric power (kW) of the photochemi-
cal system (generally aimed the irradiation energy), V
is the volume (L) of the solution in the reactor, and t
is the reaction duration time (min). To take into
account the impact of reaction temperature variation
on the EEC calculations, Eq. (11) can be modified, not-
ing that ln ½SA�0=½SA�t

� �
=t represents the rate constant

k (unit of min−1); therefore,

EEC ¼ 38:4� P

V � k
(12)

Thus, the required EEC for the photochemical degrada-
tion of SA solution with UV/KPS and UV/H2O2 pro-
cesses are 77.1 and 57.8 kWh/m3, respectively.
Considering the electrical energy price in US market,
0.068 US$/kWh (in 2013) [30], the electrical energy
cost for both processes will be about 5.2 and 3.93 US
$/m3, respectively.

For the aim of process evaluation, the applied two
processes were compared with a relevant work,
reported by Zanta and Martı́nez-Huitle [14] on the
degradation of SA, including UV/Fenton and UV/
H2O2 processes. With respect to the close SA final deg-
radation efficiency (within 92–98%) in this work and
theirs, the irradiation electrical energy consumption
per unit volume and per unit initial SA concentration,
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the specific energy consumption (SEC), can be evalu-
ated via equation:

SEC ¼ p� t

V � ½SA�0
(13)

SEC, in fact, signifies the amount of electrical energy
consumption (kWh) per unit mass of treated substrate
(mg of SA). Table 1 shows that SEC values in this
work are one or two orders of magnitude less than
those in the other work (relevant conditions are
given). Even adding the circulating pump energy con-
sumption does retain the significant preference of the
used process. The high performance of the used
photo-reactor, due to proper UV utilization for activat-
ing the processes, provides this significant advantage.

4. Conclusions

In this study, two photochemical oxidation pro-
cesses were examined for the degradation of 30mg/L
of SA in aqueous media. Concisely, the following
items are concluded: (i) under optimum conditions by
UV/KPS and UV/H2O2 processes, 94 and 93% of total
aromatics can be degraded after 120min; (ii) the UV/
KPS and UV/H2O2 processes have their highest effi-
ciencies under the initial pH and oxidants concentra-
tion of 6 and 1,000mg/L, and 4 and 140mg/L,
respectively; (iii) degradation of SA, with 94 and 98%
efficiencies, respectively, is obtained after 60min; how-
ever, for 80 and 87% mineralization, much longer
time, about 120min, is required; (iv) for UV/KPS pro-
cess, application of radical scavengers showed that
both sulfate and hydroxyl radicals are active in degra-
dation; (v) the rate of SA degradation matches ade-
quately well with pseudo-first-order kinetic model;
(vi) despite a higher SA degradation rate in the UV/
H2O2 process, for perfect aromatic degradation, as
well as mineralization, the UV/KPS process is
preferred (irrespective of the amount of oxidants); (vii)
for nearly complete degradation of SA molecules by
the UV/KPS and UV/H2O2 processes, 77.1 and

57.8 kWh/m3 electrical energy are required, respec-
tively; and (viii) the used processes were evaluated in
comparison with a previous work and much prefer-
ence was shown in terms of energy and oxidant con-
sumption, as well as treatment duration time.
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