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1. Introduction

ABSTRACT

A synergistic UV/TiOz/Fenton (PCF) process is investigated for the degradation of ibuprofen (IBP)
at circumneutral pH. The IBP decay in the PCF process is much faster than that with the convention-
al UV, UV/H:0;, Fenton, photo-Fenton, and photocatalysis processes. The kinetics analysis showed
that the IBP decay follows a two-stage pseudo-first order profile, that is, a fast IBP decay (k1) fol-
lowed by a slow decay (kz). The effects of various parameters, including initial pH level, dosage of
Fenton’s reagent and TiO2, wavelength of UV irradiation, and initial IBP concentration, are evaluat-
ed. The optimum pH level, [Fe?*]o, [Fe*]o/[H202]o molar ratio, and [TiOz]o are determined to be
approximately 4.22, 0.20 mmol/L, 1/40, and 1.0 g/L, respectively. The IBP decay at circumneutral
pH (i.e,, 6.0-8.0 for wastewater) shows the same IBP decay efficiency as that at the optimum pH of
4.22 after 30 min, which suggests that the PCF process is applicable for the treatment of wastewater
in the circumneutral pH range. The Ink: and Ink. are observed to be linearly correlated to 1/pHo,
[IBP]o, [H202]o, [H202]0/[Fe2*]o and In[TiOz]o. Mathematical models are therefore derived to predict
the IBP decay.
© 2018, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

in usage and persistence in the environment [1]. The existence
of PPCPs in aquatic organisms possibly affects human health

Pharmaceuticals and personal care products (PPCPs) are
composed of a diverse group of medicines, which include pre-
scription and over-the-counter therapeutic drugs, veterinary
drugs, fragrances, cosmetics, sunscreen products, diagnostic
agents, and nutraceuticals. A growing number of environmental
concerns are raised owing to their biological activity, increase

and interferes with the balance of the ecosystem through a
continuous and multigenerational exposure to the polluted
water [2].

Ibuprofen (IBP), 2-(4-isobutylphenyl) propionic acid, is
widely used as a nonsteroidal anti-inflammatory drug espe-
cially prescribed for the treatment of pain, fever and rheumatic
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disorders [3]. As a result of its widespread applications, the
global production of IBP has exceeded 15000 t/year [4]. IBP
occupied the 17th place on the list of the most prescribed drugs
in the United States [5] in 2005. In Spain, IBP was the third
best-selling pharmaceutical in 2011. After application of the
therapeutic dose, 15% IBP is excreted from the body in the
unaltered form and is subsequently able to enter into municipal
wastewater [6]. Additionally, a major contributor to the aque-
ous environmental concentration of the non-metabolized and
metabolized forms of ibuprofen is medical waste that has not
been properly managed. Many studies have shown that the
removal of IBP is not appropriate through the conventional
treatments employed by wastewater treatment plants because
the technologies used are not sufficiently effective [7]. Previous
studies have reported that in China, IBP has been detected in a
reservoir at a concentration greater than 1 pg/L [8], while in
the drinking water, concentrations of up to 23.3 ng/L have
been reported [9]. The toxicological effect of ibuprofen metabo-
lites originating from human and microbial activity in the
aquatic environment have been reported to influence cycloox-
ygenase reactions, and, therefore, affect the reproduction of
aquatic animals and the photosynthesis of aquatic plants
[10,11]. Therefore, a number of studies on eliminating IBP from
an aquatic environment have recently been carried out
[12-14].

Coagulation and flocculation are poor for the elimination of
IBP owing to the chemical nature and low concentration of IBP
in an aqueous environment [15]. Efficient IBP removal has
been achieved by adsorption and membrane treatment, but the
high operational cost limits its application [16], Moreover, the
adsorption and membrane treatment is simply a physical sep-
aration process, where the IBP moves from the aqueous phase
to another phase as the unchanged species rather than being
mineralized. Sunlight degradation, with the advantages of low
cost and destruction of the chemical structure, has been esti-
mated by A. Pal and co-workers [17]. Their results showed that
sunlight degradation cannot be adopted for IBP removal in
real-life application because the reaction is slow with a half-life
0f 9900 h. The advanced oxidation processes (AOPs) have been
used for IBP degradation through the supply of active radicals
(i.e., *OH, 02*-) in the literature such as Fenton, photo-Fenton
oxidation, and TiOz photocatalysis [6,18]. Photocatalysis is an
effective process that shows good performance at neutral pH,
which falls in the working pH of wastewater treatment plants
and biodegradation process [7,19]. Therefore, there is no need
to adjust the pH by using extra acid or alkali before and after
treatment. However, the TiOz heterogeneous photocatalysis
follows moderate first-order kinetics, for example, 60% IBP
(0.24 mmol/L) degradation in 60 min [10], because the heter-
ogeneous oxidation only occurs on the TiO2 surface [20,21]. For
comparison, the homogeneous Fenton reaction is much faster
owing to the oxidation proceeds in the whole solution [22,23].
The Fenton reaction encompasses the reaction of hydrogen
peroxide (H202) with Fe2* under acidic conditions to form reac-
tive oxygen species (ROS, usually *OH) that can degrade organic
compounds [24]. The complex reaction mechanism of the Fen-
ton reaction can be summarized as follows [25]:

Fe’* +H,0, - Fe* +OH™ +* OH 6))

However, the Fenton reaction is only competitive under
acidic conditions and a pH adjustment before and after the
treatment is required [14]. Considering that the water treat-
ment at neutral pH is less harmful to the environment, it would
be more appealing to develop a fast process that proceeds at
the circumneutral pH level.

In this study, with the aim of integrating the advantages of
both the heterogeneous photocatalysis and homogeneous
photo-Fenton reactions, a combined process, namely pho-
to/TiOz/Fenton (PCF), was designed. The objective is to ex-
plore the IBP decay using the PCF process at circumneutral pH
level. The effect of various parameters, including initial solution
pH levels, dosage of Fenton’s reagents and TiOz, wavelength of
UV irradiation, and initial IBP concentrations, were examined.
Moreover, mathematical models were derived for the predic-
tion of IBP degradation in the PCF process in terms of the dos-
age of TiO2 and Fenton’s reagents, initial IBP concentration, and
initial pH levels.

2. Experimental
2.1. Chemicals and reagents

All chemicals were of analytic reagent grade, and all solvents
were of HPLC grade and used as received without further puri-
fication. IBP (C13H1802, a-methyl-4-(isobutyl)phenylacetic acid)
was purchased from Wako Pure Chemical Industries. Fenton’s
regents, that is, ferrous sulfate and hydrogen peroxide, were
obtained from Aldrich and Riedel-de Haén, respectively. Tita-
nium dioxide (TiOz, Degussa P25, 80% anatase and 20% rutile)
was used as the catalyst with a BET surface area of 50 m2/g and
a density of 3.85 g/cm3. TiOz has an average aggregate size of
200 nm and is made up of 30 nm primary particles. The mobile
phase solvent for HPLC analysis (i.e., acetonitrile) was obtained
from Tedia. A resistivity of 18.2 MQ for the distilled-deionized
water was used to prepare the mobile phase and stock solution,
which was obtained from a Bamstead NANOpure water treat-
ment system (Thermo Fisher Scientific Inc., USA).

2.2. Experimental procedures

The degradation of IBP was conducted in a Rayonet
RPR-200 photochemical reactor manufactured by the Southern
New England Ultraviolet Co. Two phosphor-coated low-pres-
sure mercury lamps were installed in the photoreactor. All the
experiments were conducted through the following steps. First,
100 mL IBP was added into a quartz beaker (56 mm ID x 125
mm H) followed by the addition of TiOz with stirring for 30 min
in the dark to achieve the adsorption equilibrium. The reaction
was initiated by the addition of an appropriate amount of fer-
rous salt and hydrogen peroxide into the reactor with the sim-
ultaneous switching on of the UV lamps. The pH values were
adjusted by 0.10 mol/L nitric acid and/or 0.10 mol/L sodium
hydroxide whenever required. To ensure a thorough mixing,
mechanical stirring was provided continuously before and
during the reaction. An exact aliquot (0.5 mL) was withdrawn
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from the solution at predetermined time intervals and mixed
with the same amount of methanol to quench the reaction, and
the samples were then filtered with 0.20 um PTFE filters
(Whatman) for further analysis.

2.3.  Analytical methods

The remaining IBP was quantified by high-performance lig-
uid chromatography (HPLC). The HPLC system comprised of a
Waters 515 pump, a 20-pL-loop injection port, and a Waters
2487 absorbance detector. The IBP was separated from its
intermediates by a RESTEK C18 (5 um, 0.46 cm x 25 cm) col-
umn, and quantified at an adsorption wavelength of 220 nm. A
mixture of 75% acetonitrile and 25% water was used as the
mobile phase and the pH level was adjusted to 3.8 using acetic
acid. Adequate degassing of the mobile phase prior to injection
was performed to inhibit the generation of gas bubbles during
the analysis. The flow rate of mobile phase was set at 1
mL/min. The total organic carbon (TOC) was determined by a
Total Organic Carbon Analyzer (TOC-50004, Shimadzu)
equipped with an auto-sampler (ASI-5000).

3. Results and discussion
3.1. Comparative study of different processes

The following tests were carried out to evaluate the effi-
ciency of IBP degradation at neutral pH: (1) solely UV, (2) solely
H202, (3) UV/Hz202, (4) solely Fenton, (5) photo-Fenton (PF),
(6) photocatalysis (PC), and (7) photo/catalyst/Fenton (PCF).
Fig. 1(a) shows that the PCF process demonstrated a better and
faster IBP degradation performance. The solely H202, solely UV
and UV/H202 processes were almost inert for IBP degradation,
showing 0%, 2% and 3% IBP removal, respectively. A rapid and
incomplete IBP decay (about 57%) was achieved by the Fenton
process in 30 min, while with the PF process the decay was
improved to 66%. This positive improvement process should
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Fig. 1. (a) Comparison of different processes at neutral pH (pH = 7.0),
and (b) mineralization and degradation of IBP for PCF at pH = 7.0 and
for PF at pH = 4.0. Experimental conditions: [IBP]o = 0.15 mmol/L,
[Fe2*]o = 0.05 mmol/L, [H202]o = 0.5 mmol/L, [TiOz]o = 0.5 g/L, UV

wavelength = 350 nm, two lamps.

be attributed to the UV light, which generates additional *OH
radicals through the photo-reduction of ferric ions (Eq. 2).
Fe"'(OH)** +hv — Fe*" +"OH (2)

The overall IBP removal of 90% obtained from the PC pro-
cess was higher than those from the Fenton and/or PF pro-
cesses. However, the IBP removal by PC, Fenton and PF was
38%, 50% and 54% in the first 5 min, respectively. This is be-
cause the dominating heterogeneous reaction in the PC process
only occurs on the TiOz surface, and the IBP adsorption from an
aqueous solution to the TiO: surface is slow and is the rate-
determining step. For comparison, the homogeneous Fenton
and PF proceeding ubiquitously in the aqueous solution is
much faster, resulting in a higher initial IBP removal rate. Nev-
ertheless, at a later stage, the PC process shows a great ad-
vantage with a continuous IBP decay resulting from an endless
supply of radicals by the PC process, whereas the Fenton and
PF were almost terminated because of the exhaustion of Fen-
ton’s reagents.

Many studies have revealed that the PF process shows a
better performance at an acidic pH level (between 2.0 and 4.0)
[26,27]. Therefore, it is interesting to determine the perfor-
mance at an acidic pH with the aim of evaluating the superiori-
ty of PCF. A pH of 4.0 was used in the PF process for compari-
son. The mineralization and degradation of IBP were compared
between the PCF (pH = 7.0) and PF processes (pH = 4.0) as
shown in Fig. 1(b). It was observed that both degradation and
mineralization of IBP in PCF at a neutral pH were much better
than that of PF at an acidic pH. Apparently, the rapid and con-
tinuous IBP degradation in PCF can be rationalized by its fast
radical generation when integrating the advantages of homo-
geneous PF and heterogeneous PC. It was noted from Fig. 1(b)
that TOC removal by PF was initially fast and then slowed
down at the later stage, which might be attributed to the fol-
lowing reasons: (1) the -OH production was slowed owing to
the depletion of Fenton’s reagent with an increasing reaction
time; (2) although the UV photolysis in the later stage induced
the IBP degradation, the intermediates formed in the first stage
are resistant towards further mineralization because the oxi-
dizing ability of UV light is insufficient for compound minerali-
zation as reported by Zhang and coworker [28]. The better and
continuous TOC removal in the PCF process indicates that
complete mineralization of IBP by the PCF process is possible
with a sufficient reaction time.

The kinetics analysis showed that the IBP decay through the
PCF process followed a two-stage pseudo-first-order profile
(Fig. 2), where a higher rate constant (k1) at the first stage was
followed by a slower rate (k2) at the second stage. In the first
stage, the faster homogeneous Fenton reaction yielded a higher
ki, which resulted in a lower remaining [IBP], and quickly ac-
cumulated intermediates at a high level in the solution. In addi-
tion, the reaction pathways of solely UV, UV/H:202, PF and PC
were all available in the first stage. As the reaction proceeded,
the Fenton’s reagents were rapidly consumed in the solution
(the control experiment of the PF process showed that the IBP
decay was almost terminated after 5 min); the UV and PC pro-
cesses then became the remaining pathways for the further
decay of IBP, and therefore, resulted in a smaller ko.
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Fig. 2. Typical two-stage kinetics in the PCF process.
3.2. Effect of pH

Fig. 3 demonstrates the influence of the pH. Six pH levels
were investigated for the PCF process. It was found that the IBP
decay rate increased with the decline of pH. The intrinsic prop-
erty of the PF sub-process is likely to be responsible for the
better performance at an acidic pH (pH = 4.22) because the
higher [H*] benefits the formation of -:OH and increases the
output of dissolved ferrous complexes [24]. It is interesting to
note that the IBP decay at circumneutral pH levels (i.e.,, 6.0-8.0
for wastewater) showed the same IBP decay efficiency (98.0%)
at 30 min as that at an acidic pH of 4.22, despite the slower
initial decay for the first 5 min (ko.06 < k7.12 < ks.17 < ka22) (Table
1). It was reported that the decay rate of organic pollutants in
the PC process increased with the increment of pH in the neu-
tral range, owing to the increase of hydroxide ions resulting in
the generation of more hydroxyl radicals [29]. As a result, the
IBP decay in the later stage showed the decay rate order of ko.06
> k712 > ksi17 > ka2 (Table 1). At an extreme alkali pH (10.98
and 11.65), the ferrous hydroxide was precipitated out from
the aqueous solution and the IBP was removed by co-precipita-
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Fig. 3. Effect of pH on the degradation. Experimental conditions: [IBP]o

= 0.15 mmol/L, [Fe?*]o= 0.05 mmol/L, [H202]o= 0.5 mmol/L, [TiOz2]o=
0.5 g/L, UV wavelength = 350 nm, two lamps.

Table 1
Reaction decay rate (k, min) values at different pH levels.

pH Initial stage decay rate (k1)  Later stage decay rate (kz)
4.22 2.1037 0.1772
517 1.1239 0.3841
7.12 0.9997 0.3928
9.06 0.9063 0.4233

tion (if any) instead of degradation; then the PF sub-process
was suppressed under these circumstances. Apparently, after
combining the processes of PF and PC, the working pH level
could be expanded from an acidic condition to a circumneutral
pH level.

3.3.  Effect of dosage of Fenton’s reagents

Fenton’s reagents, including ferrous salt and hydrogen per-
oxide, are crucial components in the PCF process. The effects of
[Fe2+]o and [H202]o were investigated under neutral pH for IBP
decay. Fig. 4(a) shows the influence of [H202]o at [Fe2*]o= 0.05
mmol/L. An increase in IBP removal was observed with the
increment of [H202]o. The rate improvement at high H202 dos-
age is proposed to arise from the following reasons. First, the
generation of -OH radicals by direct UV photolysis is likely to be
the dominant rate-improving mechanism as [Hz202]o increases
[30]. Second, the rate enhancement may partially contribute to
the [H202], which was suggested to be a better electron accep-
tor than oxygen for TiOz photocatalysis (see Eq. 3) [28]. This
would reduce the chance of electron-holes recombination and
facilitate the generation of -OH radicals.

H,0, +e" —»>2°0OH 3)

The effect of [Fe2t]o was investigated from 0.05 to 2.0
mmol/L as [H202]o was fixed at 0.5 mmol/L. As shown in Fig.
4(b), the higher the [Fe2+]o, the better the IBP removal. Howev-
er, it is interesting to note that the IBP decay was accelerated
with the increment of [Fe2+]o until an optimum dosage of 0.20
mmol/L was reached, after which the reaction leveled off at
higher [Fe2+]o. This observation is inconsistent with previous

a b
( )1.0 Fe":H,0, (mmol/L) ( )1.0 Fe*:H,0, (mmol/L)
—=—0.05.0.1 —=—0.05:0.50
0.8 —e—0.05:05 08 —e—0.20:0.50
—4—0.05:2 ' ——0.50:0.50
= - —v—2.0:0.50
o 06 & 0.6
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Fig. 4. Effect of the [Fe?*],[H20:] ratio when (a) [Fe2*]o is fixed, and (b)
[H202]ois fixed. Experimental conditions: [IBP]o= 0.15 mmol/L, [TiOz]o
=0.5 g/L, UV wavelength = 350 nm, two lamps.
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Fig. 5. Removal efficiency (1-[IBP]/[IBP]o) at 5 min as a function of the
[Fe2*]o/[H202]0 molar ratio, where 1 stands for 0.05 mmol/L.

findings [31] where the slow transformation of Fe2* at lower
[Fez+]o is the rate-limiting factor; if [Fe2*]o is increased, the
transformation of Fe2+ is sufficiently rapid, and it no longer acts
as the rate-limiting factor. Therefore, the unlimited increase of
ferrous iron does not always guarantee a beneficial effect on
the PCF process.

The optimum [Fe?+]o/[H202]0 molar ratio was identified by
varying the molar ratio ranging from 1:40 to 10:40. Fig. 5
shows the decay performance of IBP at 5 min as a function of
the [Fe2+]o/[H202]o molar ratio. In general, the closer the ratio
was to 10:1, the poorer was the IBP decay. In this study, the
highest IBP removal was achieved to be approximately 92% in
5 min when the [Fe2*]o/[H202]o ratio was either 1:40 or 10:40.
Obviously, the optimum [Fe2+]o/[H202]o ratio should be 1:40 so
as to use less ferrous iron.

3.4. Effect of A, [TiOz]o and [IBP]o

Since the degradation of IBP involves the direct photolysis,
photocatalysis and photo-Fenton processes, the participation of
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Fig. 6. Effect of (a) lamp wavelength, (b) [TiOz]o and (c) [IBP]o. Experi-
mental conditions (except specified): [IBP]o = 0.15 mmol/L, [Fe?*]o =
0.05 mmol/L, [H202]o = 0.5 mmol/L, [TiOz]o = 0.5 g/L, pH = 7, wave-
length = 350 nm, two lamps.
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Fig. 7. UV photolysis at different wavelengths. Experimental conditions:
[IBP]o=0.15 mmol/L, two lamps.

the three pathways may be varied if different UV sources
(wavelengths) are applied. Fig. 6(a) shows the IBP decay
through the PCF process under different UV wavelength irradi-
ations. Three types of lamps were chosen as the UV light
source, including 254, 300 and 350 nm, which represent UVC,
UVB and UVA, respectively. For comparison, the IBP decay by
direct photolysis (Fig. 7) and PC (Fig. 8) processes were exam-
ined under the same conditions. It was found that the IBP decay
for direct photolysis increased with the decrease of UV wave-
length, where direct photolysis at 254 nm gave the highest re-
moval efficiency (39% in 30 min), followed by 300 nm (8%)
and 350 nm (0%), as shown in Fig. 7. This observation can be
rationalized by the fact that the lower the UV wavelength, the
higher the radiation energy, which facilities the destruction of
IBP through direct photolysis. Although the IBP decay perfor-
mance by direct photolysis follows the descending order of UV
wavelength, the use of TiOz at 350 nm presented almost the
same IBP decay performance as UV 300 and 254 nm, as shown
in Fig. 8. This observation suggests that TiO2-induced photoca-
talysis at 350 nm provides a significant increment in the pho-
tocatalysis quantum yield of IBP over 300 and 254 nm [32],
indicating that the application of a TiO2 mediated photocatalyt-

[IBP)/[IBP],

OO L Il L Il L Il L Il L Il L Il

0 5 10 15 20 25 30
Time (min)
Fig. 8. IBP decay in the PC process at different wavelengths. Experi-

mental conditions: [IBP]o= 0.15 mmol/L, [TiOz]o = 0.5 g/L, pHo = 7, two
lamps.
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ic reaction is more effective under the near-UV range.

The IBP decay was found to depend slightly on the UV
source in the PCF process (Fig. 6(a)), where the performance
under UVC and UVB irradiation was superior to that under
UVA, that is, a 2.4% and 1.7% improvement in 30 min under
UVC and UVB, respectively. The differences in PCF should
mainly be ascribed to the use of Fenton’s reagents (i.e, H202
and Fe?+) since the UV source shows an insignificant influence
on the PC sub-process. The lower frequency of UV with higher
irradiation energy might benefit the generation of -OH radicals
through the photo-reduction of ferric ions as depicted in Eq. 2
[18]. However, when the H202 reagent is exposed to UV light in
the PCF process, the direct photolysis of H202 generates -OH
radicals and subsequently benefits the IBP degradation. It was
observed in Fig. 1(a) that the direct H202 photolysis at 350 nm
induced an insignificant IBP decay, because H20: has an ex-
tremely low absorption at 350 nm. The molar adsorptions of
H202 at 300 and 254 nm have been reported to be higher than
that at 350 nm [33], which induced the H202 photolysis for
generating more -OH radicals and slightly improved the IBP
decay. In the natural environment, UVA is the dominating spe-
cies among the three UV sources since both UVB and UVC are
absorbed by the ozone layer in the atmosphere before they can
reach the surface. This means that the use of UVA is the rea-
sonable choice for outdoor treatment in a wastewater treat-
ment plant despite the UVB and UVC showing a slight superior-
ity. Therefore, lamps with an irradiation wavelength of 350 nm
were selected in this study.

The effect of [TiOz]o was investigated in terms of IBP decay
under UVA irradiation at neutral pH. Fig. 6(b) shows the varia-
tion of IBP decay at six different [TiOz]oof 0.02, 0.1, 0.5, 1.0, 2.0
and 5.0 g/L. The IBP decay was found to basically increase with

-3.0
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the increment of TiO2 dosage, but the reaction was retarded as
[TiOz]o became higher than 1.0 g/L. The increase in the decay
rate was proposed to arise from the increase in the total sur-
face area (or number of active sites) available for the photo-
catalytic reaction as the dosage of TiO: increased. However,
when TiOz was in excess, the intensity of the incident UV light
was attenuated because of the decreased light penetration and
light scattering, which impaired the positive effect arising from
the dosage increment and therefore the overall performance
was reduced [32].

The efficiency of PCF as a function of the initial IBP concen-
tration was investigated by varying [IBP]o from 0.05 to 0.15
mmol/L, and the results are presented in Fig. 6(c). It can be
observed that a lower initial concentration leads to a higher
removal efficiency of IBP, that is, when the [IBP]o was increased
from 0.05 to 0.15 mmol/L, the IBP degradation at 5 min de-
creased from 88% to 70%. This observation suggested that the
PCF process may be a good choice for the removal of low level
contaminants like IBP (ranging from ng/L to pg/L) in
wastewater in real-life applications.

3.5.  Development of kinetic model

From a design point of view, the selection of reasonable
dosages of TiOz and Fenton’s reagents at certain pH levels for
the PCF process is necessary to ensure a cost-effective process.
Mathematical models were therefore derived for the prediction
of IBP decay. Different dosages of TiO2 and Fenton’s reagents
were used at different IBP concentrations under UVA irradia-
tion. The Ink: and Inkz were found to be linearly correlated to
1/pHo, [IBP]o, [H202]o, [H202]0/[Fe2+]o and In[TiOz]o, as shown
in Fig. 9(a)—(e), respectively, and the linear equations are

-3.0 -3.0
@ - ®) ©
250 = Ik 250 o nk, . 25—
e Ink; '\'\‘\.\. o >
20} 20 . 20
» = Ink;
£ 5] . £-15¢ £ 150 o Ink
. =
10) D 10) 10} \
n
05} 05+ 051
0.0 | | L L | 0.0 L L L 0.0 ! ! L L
0.00 005 010 015 020 025 0.30 0.00 0.05 0.10 0.15 0.20 0.0 05 1.0 15 2.0 25
1pHo [1BP], (mmol/L) [H202]o (mmol/L)
-3.0 35
d
-2.5 \ N 30| * @
L]
20k 25y
[ = Ink;
15 . Ik, L 20r o Ink,
o Ink, = 15101
a0l /‘
10
051 r
05+
0.0 NS IS I T AN IS I NN S B 0.07‘ , | , | L L L L L
0 5 10 15 20 25 30 35 40 45 50 0 1 2 3 4 5

[H.0]o/[Fe*"]o

n[TiOz]o

Fig. 9. Linear relation between Ink and (a) 1/pHo, (b) [IBP]o, (c) [H202]o, (d) [H202]o/[Fe?*]o and (e) In[TiOz]o.
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Table 2
The linear equations of Ink: and Ink..
1/pHo [IBP]o [H202]0  [H202]o/[Fe*]o In[TiOz]o
a 5710 -7.890 0.417 0.020 0.053
Inki b -2387 -0388 -1.547 —-1.547 -1.290
rz 0954 0.956 0.999 0.999 0.959
c 1.386 -7.021 0.263 0.014 0.184
Ink, d -2.656 -1.432 -2.561 -2.594 -2.373
rz  0.932 0.938 0.998 0.974 0.865

Note: Inki1= ar? + b, Inkz= cr? + d, and r2 refers to 1/pHo, [IBP]o, [H202]o,
[H202]0/[Fe2*]o and In[TiOz]o in the linear relation of Fig. 9(a), (b), (c),
(d) and (e), respectively.

summarized in Table 2. A multiple linear regression was
adopted to merge the above five parameters into one simple
equation. The general forms of Ink: and Inkz are expressed as
the following equations:

lnk1 = my p% + m, [IBP]O + ms [HZOZ]O +
0

[H202]0
* [Fe2+]

+ msln[TiOZ]o + mg (4)

1
lnkz =Ny — + n, [IBP]O + ns [H202]0 +
pHo

[HZOZ]O
* [Fe2t],

where m1, my, ..., me and n, nz, ..., ne are the process coefficients

+ nsln[TiOZ]O + Ng (5)

relevant to the reaction parameters. After regression analysis,
the process coefficients were determined based on the initial
parameters selected as shown in Egs. 6-7.

Ink, = 4.413—— — 7.016[IBP], + 1.928[H,0 0.0741202)0
nky = 4. pH, [IBP]o + 1.928[H,0,]o — 0. [Fe?H],
0.022In[Ti0,], — 1.27 (6)
1 [H202]
Inky = 1275 - — 7.220[1BP], — 0.148[H,0,], + 0.020 [Fizj];’ +
0.199In[Ti0,], — 1.608 ™

It was described in Fig. 2 that the IBP decay follows
two-stage pseudo-first-order kinetics in this process. The reac-
tion kinetics in each stage could be expressed as:

d[IBP]
w —k [IBP]" (8)
where [IBP] is the concentration of IBP (mmol/L), t is the reac-
tion time (min), n stands for the kinetics order that is 1 in this
process, and k is the rate constant (min-1).
Eg. 8 can be reformulated as:

oBP] _
T k-t (C)]

n

Thus, a two-stage model which includes a rapid phase I and
aretarded phase II can be described as below:
Phase I:
[IBP] = [IBP]ge 1t (0 <t < &) (10)
Phase II:

[IBP] = [IBP]ge ¥ 1toek2(t=th) (¢ > ) (11)
where tb is the break time to separate the two phases, since
there is no significant difference of t» under different reaction
conditions owing to the very fast process, a constant t» at 5 min
was used in this study to simplify the model.
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Fig. 10. Comparison between the experimental data and theoretical
results.

Table 3
The experimental (EXP) conditions in Fig. 10.
IBP Fez+ H202 TiO

EXP pHo (m[mol]/oL) (rr[lmol]/oL) (rElmol}(i) [(g/LZ%O
EXP1 7.13 0.134 0.05 0.5 0.501
EXP2 7.14 0.138 0.05 2 0.508
EXP3 7.14 0.138 0.05 0.5 1.998
EXP4 7.06 0.150 0.5 0.05 0.507

Fig. 10 incorporates the experimental data and the modeled
data curves. The experimental (EXP) conditions are summa-
rized in Table 3. It was found that the modeled data curves fit
well to the experimental data, suggesting that the proposed
models provide competent approaches for predicting the IBP
decay in the PCF process.

4. Conclusions

The synergistic process of UV/TiOz/Fenton process was in-
vestigated in this study for the degradation of IBP. The IBP de-
cay in the PCF process is far superior to the solely UV, UV/Hz0>,
Fenton, photo-Fenton, and photocatalysis processes at neutral
pH. In addition, both the degradation and mineralization of IBP
by the PCF process at neutral pH are much better than those by
the PF process at an acidic pH. The kinetics analysis shows that
the IBP decay followed two-stage pseudo-first-order Kinetics.
The effect of various parameters was evaluated and optimized.
The PCF process is capable for the treatment of wastewater at
circumneutral pH levels between 5.17 and 9.06. In general, the
higher the [H202]o, the faster the IBP decay. The IBP decay ac-
celerated with the increment of [Fe2*]o until the best dosage of
0.20 mmol/L was reached. An optimum [Fe2+]o/[H202]o molar
ratio at 1:40 was identified owing to the better cost-effective-
ness of the selected ferrous iron dosage. The IBP decay was
slightly dependent on the UV source. As a result, the application
of UVA is the better choice for real-life applications. The opti-
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mum [TiOz]o was determined to be 1.0 g/L in the PCF process,
and a lower [IBP]o led to higher decay rate. The Ink: and Ink2
were found to be linearly correlated to 1/pHo, [IBP]o, [H202]o,
[H202]0/[Fe2*]o and In[TiOz]o. Mathematical models were
therefore derived and proposed for predicting the IBP decay in
terms of 1/pHo, [IBP]o, [H202]o, [H202]o/[FeZ*]o and In[TiOz]o.
The proposed models were found to successfully predict the
IBP decay in the PCF process under various reaction conditions.
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Y E ARBTG5 E SR E, %% 710061
CHEMFREBEIFER LT HFALEE WL RE X E S LB E(SKLLQG), [k 7 7 4710061
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