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The central composite design (CCD) technique was
used to study the effect of photocatalytic oxidation
with silver-deposited TiO2 and periodate on the min-
eralization of acetaminophen in water. The effects of
three experimental parameters such as initial acet-
aminophen and periodate concentration, and reac-
tion time on mineralization have been investigated.
The significance of the independent variables and
their interactions were tested by the analysis of var-
iance (ANOVA). The highest TOC removal was esti-
mated as 100% at 0.26 mM acetaminophen concen-
tration, 9.14 mM periodate, and 6 min reaction time,
while silver-loaded TiO2 amount was set at 0.8 g/L
and initial pH was 3.0. The results show the effi-
ciency of photocatalytic oxidation process with silver
deposited TiO2 to remove acetaminophen at low con-
centrations from aqueous medium. � 2011 American

Institute of Chemical Engineers Environ Prog, 31: 296–305, 2012
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INTRODUCTION

Photodegradation and mineralization of organic
pollutants on semiconductor particles have been
extensively studied. When TiO2 is irradiated by UV-A
(k < 390 nm) it forms hVB

1 /eCB
2 pairs. The positive hole

is apparently able to oxidize a water molecule to a
hydroxyl radical [1, 2]. The rapid recombination of the
electron-hole pair limits the efficiency of TiO2. It is
well known that O2 is essential for the photocatalytic
oxidation of organic compounds. Its presence in the
liquid phase inhibits the recombination of electron/
hole pairs and increases the hydroxyl radical concen-
tration [3], as summarized in the following reactions:

TiO2 þ ht �����!k< 390nm
e�cb þ hþ

vb (1)

hþ
vb þ H2O ! OH: þ Hþ (2)

hþ
vb þOH ! OH: (3)

e� þO2 ! O�
2
:

(4)

Inorganic oxidants such as IO4
2, S2O8

22, BrO3
2,

ClO3
2, and H2O2 can also be used as additives

instead of oxygen to enhance the photodegradation
rates of organic substrates by quenching the conduc-
tion band electrons and forming reactive radical inter-� 2011 American Institute of Chemical Engineers
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mediates [4, 5]. Silver deposition on the TiO2 surface
has been demonstrated to enhance the photocatalytic
degradation of various organic compounds [6–10].
This enhanced photoactivity has been predominantly
credited as a function of silver deposits behaving as
electron traps during illumination, extending the light
absorption spectrum into the visible region, facilitat-
ing the separation of reduction and oxidation surface
sites, and lowering the extent of surface recombina-
tion [11, 12].

Pharmaceuticals such as antibiotics, analgesic/anti-
pyretics, antiepileptic, steroid hormones, and so on,
constitute a large group, which takes part in a low
amount, in the aquatic environment. As it has a
potential risk for aquatic and terrestrial organisms in
the long term, they are considered to be an emerging
environmental problem. In recent studies, many phar-
maceuticals have been identified and detected at ng/L
levels worldwide in ground and surface water, drink-
ing water, tap water, ocean water, sediments, and soil
[13–18]. They are very resistant to biological degrada-
tion and usually escape undegraded from conven-
tional treatment plants and also preserve their chemi-
cal structure long enough to accomplish serious toxic
and other effects on humans and animals in low con-
centrations. Acetaminophen, N-acetyl-p-aminophenol
or paracetamol, is a widely used antipyretic and anal-
gesic drug. It is an attractive, alternative drug for chil-
dren and people who are sensitive to aspirin [19].
Although acetaminophen is not a nonsteroidal, antiin-
flammatory drug (NSAID), it has properties (analgesic
and antipyretic) similar to those of NSAIDs. It is used
in the treatment of mild-to-moderate pain and fever.
It is also used as an intermediate for pharmaceuticals
(as a precursor in penicillin) and azo dyes, and as a
stabilizer for hydrogen peroxide and photographic
chemicals. This drug has been found with a concen-
tration of up to 6 lg/L in the European sewage efflu-
ents [20] and up to 10 lg/L in the natural waters of
USA [21]. The effectiveness of advanced oxidation
processes (AOPs) for the removal of pharmaceuticals
from various aqueous systems has been evaluated
and assessed in a review [22]. Some studies on the
degradation of acetaminophen have been performed
previously by different AOPs, such as, the UV, O3,
UV/O3, TiO2/UV, and advanced electrochemical oxi-
dation processes [20, 23–26].

The response surface methodology (RSM) com-
prises of a group of statistical techniques for empiri-
cal model building and model exploitation. RSM is a
collection of mathematical and statistical techniques
that are useful for the modeling and analysis of prob-
lems wherein a response of interest is influenced by
several variables, and the objective is to optimize this
response [27]. RSM has been applied to models to
optimize several wastewater treatment processes
including Fenton’s oxidation [28], electrochemical oxi-
dation [29], electro-Fenton [30], O3 oxidation [31], and
photocatalytic processes [32, 33].

In this study, RSM was used to investigate the
effect of independent experimental parameters such
as acetaminophen (APAP) concentration, oxidant con-
centration, and reaction time on the degradation of

APAP by the TiO2/UV/IO4
2 system, and determine the

optimal mineralization conditions.

EXPERIMENTAL METHODS

Materials
Acetaminophen (APAP) was obtained from Sigma

Chemical Co. The chemical structure of APAP was
shown in Figure 1. The titanium dioxide was an
Aldrich product (mainly anatase, with a surface area
of 8.9 m2/g). All other chemicals used were also pur-
chased from Merck and they were of reagent grade.
Silver (Ag)-deposited TiO2 containing 1% (w/w) silver
was prepared by using a method described elsewhere
[34]. Initially, 9.2 mL of AgNO3 solution (0.1 M) was
added to a 10 g TiO2 slurry containing 10 mL of 1%
(w/w) Na2CO3 solution. The aqueous suspension was
dried at room temperature and then baked for 6 h at
4008C.

The light source used was a mercury vapor UV
lamp (UVP-11SC-1l), which emitted a maximum radi-
ation at 365 nm.

Experiments and TOC Analyses
The photocatalytical degradation experiments were

carried out in a 200 mL cylindrical water jacketed py-
rex reactor charged with 120 mL of aqueous solution
of APAP. The pH was adjusted to 3.0 with 0.5 M
HClO4. The pH measurements were made using a
WTW pH 315i model pH meter. TiO2 powder (0.8 g/
L) and KIO4 as oxidants were added to the solution
before UV irradiation. The solution was sonicated for
10 min before illumination to disperse the TiO2 uni-
formly and dissolve periodate in the solution. The UV
lamp was settled in the center of the photoreactor.
The solution was magnetically stirred during the runs.
Aliquots of the samples were withdrawn from the re-
actor at the end of reaction time and were centri-
fuged at 4000 rpm to remove the TiO2.

Total organic carbon (TOC) contents of the aliquots
were analyzed by using the Merck TOC cell test (5.0–
80.0 mg/L TOC). In the TOC analysis, after one spoon
of persulfate was added to every sample in the test cell
and then they were closed with aluminum caps, stand-
ing on its head, and were heated at 1208C for 120 min,
for digestion. They were left to cool for 60 min. Next,
the TOC contents were measured by using the Merck
Spectroquant NOVA 30 model photometer.

An Shimadzu LC-10ADVP model ion chromatograph
equipped with a CDD-6A conductivity detector, a Sho-
dex I-524A anion, and Shimpack IC-CI cation exchange
columns were used to measure nitrate, nitrite, and am-
monium ions using 2.5 mM phthalic acid eluent at pH

Figure 1. Chemical structure acetaminophen (APAP).
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4, which adjusted with TNs and a total flow rate of 1.2
mL/min for anions, and 5 mM nitric acid at a total flow
rate of 1.5 mL/min for ammonium ion.

GC-MS analysis was performed with 5890A Agilent
model gas chromatograph, interfaced with ECD,
NPD and 5975C mass selective detector. Before the
analysis some samples was derivatized at 608C for
1 h by BSTFA. A 3-lL sample was analyzed on GC-
MS. The analytical column connected to the system
was an HP5-MS capillary column (30 m 3 0.25 mm
30.25 lm). The helium was used as the carrier gas
with flow rate of 2 mL/min. The GC injection port
temperature was 2508C (split mode 5 1/5), and the
column temperature was fixed at 808C for 1 min,
and then programmed from 80 to 150 8C at 78C/min,
and hold for 5 min, then from 1508C to 2008C with
the same rate, the final temperature maintained for 5
min. The MS detector was operated in the EI mode
(70 eV).

Experimental Design and Optimization
In this study, the photocatalytic degradation

experiments of APAP over silver-deposited TiO2 were
designed in accordance with the central composite
(CCD) design of Design-Expert 8.1 (Trial version)
program. A central composite design is easily built
from a standard first-order design by the addition of
axial points, and possibly some extra factorial and
center points. In the design, enough replication is
present, often at the center points, to obtain an esti-
mation of the experimental error. The axial points are
located at a distance a from the center of the design,
where the choice of a depends on the properties
required of the design. Second order composite
designs usually require five levels coded as 2a, 21,
0, 1, and a for each of the variables [27].

The factors (independent variables) of APAP con-
centration (X1), oxidant (IO4

2) concentration (X2), and
irradiation time (X3) were coded with low and high
levels (from 21 to 11) as shown in Table 1, while %
TOC removal of APAP was the response (dependent
variable). The second-order polynomial response
equation was used to correlate the dependent and in-
dependent variables:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X
2
1 þ b22X

2
2

þ b33X
2
3 þ b12X1X2 þ b13X1X3 þ b23X2X3 ð5Þ

In the optimization process, the experimental
response is represented by quadratic models, which
also include the linear model. In this equation, (Y) is

experimental response; (X1, X2, and X3) are variables;
(b0) is constant coefficient; (b1, b2, and b3) are linear
coefficients; (b12, b13, and b23) are interaction coeffi-
cient, and (b11, b22 and b33) are quadratic coefficient.
The main factors, the initial concentration of APAP,
oxidant concentration, and reaction time were
changed in the ranges 0.25–0.75 mM, 5212 mM, and
3–6 h, respectively (Table 1).

The transformation of main factors (Ui) into coded
corresponding variables (Xi) is made on the basis of
the following equation:

Xi ¼ Ui � ððUi;max þUi;min Þ=2ÞÞ
ðUi;max �Ui;min Þ=2 (6)

RESULTS AND DISCUSSION

Evaluation of Experimental Results with
Design Expert

The experimental design and results are repre-
sented in Table 2. In this study, for three variables
(k 5 3) and two levels (low and high), the total num-
ber of experiments was 20. The number of experi-
ments required (N) is given by the expression: 2k (23

5 8; factor points) 1 2 k (2 3 3 5 6; axial points) 1
6 (center points; 6 replications).

According to the results obtained, the coefficients
of the polynomial model were calculated using
Design Expert 8.1 Software by the following second-
order polynomial equation:

Y ¼ 68:43� 11:92X1 þ 11:81X2 þ 12:47X3 þ 6:07X2
1

� 8:73X2
2 � 1:36X2

3 þ 5:61X1X2 � 2:14X1X3

� 0:86X2X3 ð7Þ
In Eq. 7, Y is the TOC removal percent of APAP;

X1, X2, and X3 correspond to independent variables
of APAP concentration (mM), oxidant concentration
(mM), and reaction time (h), respectively. These
results show that the initial APAP concentration has
a negative effect (b1 5 211.92), whereas, oxidant
concentration and reaction time have positive effects
on the degradation efficiency of APAP. The most sig-
nificant positive effect of the first order (linear term)
is derived from the reaction time (X3). Table 3
summarizes the analysis of variance (ANOVA) in
the quadratic response surface model fitting this
experiment.

The quality of the fit of the polynomial model
was expressed by the coefficient of determination R2

Table 1. Main factors and their level settings considered in the photocatalytic degradation optimization process.

Coded
variables (Xi)

Main factor’s
name (Ui)

Coded levels

2a 21 0 1 1a

X1 U1:[APAP]0 (mM) 0.08 0.25 0.50 0.75 0.92
X2 U2:[IO4

2]0 (mM) 2.61 5.00 8.50 12.00 14.39
X3 U3:Time (h) 2.0 3.0 4.5 6.0 7.0
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and R2adj, and statistical significance was checked
by the F-test in the program. The Model F-value of
22.67 implies that the model is significant for APAP
mineralization. There is only a 0.01% chance that a
‘‘Model F-Value’’ this large can occur because of
noise. The P-values less than 0.0500 indicate that the
model terms are also significant. As can be seen in
Table 3, the coefficient of variance (CV) and
adequate precision values for the TOC removal per-
cent for APAP were found to be 9.58 and 18.375,
respectively. The CV value must be lesser than 10%,
otherwise this model cannot be considered repro-
ducible [35]. Adequate precision value and signal-to-

noise ratio were found to be greater than 4, which
are desirable for sound models [36]. The coefficient
of determination (R2) quantitatively evaluates the
correlation between the experimental data and the
predicted responses. It is known that, R2 always
increases on adding terms to the model, whereas,
the adjusted R2 does not. In fact, if unneccessary
terms are added, the value of R2adj often decreases
[37]. Here, the adjusted R2 value (0.9112) was smaller
than R2 (0.9533). In addition to the regression coeffi-
cient, the adequacy of the models was also eval-
uated by the residuals (difference between the
observed and predicted response value) [38]. The

Table 2. Central composite design experiments and experimental results.

Experiment
number

Experimental design Experimental plan

TOC removal (Y) %X1 X2 X3 U1 U2 U3

1 21 21 21 0.25 5.0 3.0 59.0
2 11 21 21 0.75 5.0 3.0 30.3
3 21 11 21 0.25 12.0 3.0 76.7
4 11 11 21 0.75 12.0 3.0 62.4
5 21 21 11 0.25 5.0 6.0 91.2
6 11 21 11 0.75 5.0 6.0 45.9
7 21 11 11 0.25 12.0 6.0 97.4
8 11 11 11 0.75 12.0 6.0 82.6
9 21.682 0 0 0.08 8.5 4.5 98.0
10 11.682 0 0 0.92 8.5 4.5 62.5
11 0 21.682 0 0.5 2.61 4.5 18.0
12 0 11.682 0 0.5 14.39 4.5 58.8
13 0 0 21.682 0.5 8.5 1.98 35.0
14 0 0 11.682 0.5 8.5 7.0 83.5
15 0 0 0 0.5 8.5 4.5 65.7
16 0 0 0 0.5 8.5 4.5 69.5
17 0 0 0 0.5 8.5 4.5 70.1
18 0 0 0 0.5 8.5 4.5 68.5
19 0 0 0 0.5 8.5 4.5 67.1
20 0 0 0 0.5 8.5 4.5 71.5

Table 3. ANOVA results of the quadratic model of photocatalytic degradation of APAP with Ag-loaded TiO2.

Source Sum of squares Degrees of freedom Mean square F-value P-value

Model 8079.70 9 897.74 22.67 <0.0001
X1: [APAP]0 1940.79 1 1940.79 49.01 <0.0001
X2: [IO4

2]0 1905.51 1 1905.51 48.12 <0.0001
X3: time 2122.80 1 2122.80 53.60 <0.0001
X1 3 X2 252.00 1 252.00 6.36 0.0303
X1 3 X3 36.55 1 36.55 0.92 0.3594
X2 3 X3 5.95 1 5.95 0.15 0.7064
X1

2 530.63 1 530.63 13.40 0.0044
X2

2 1097.88 1 1097.88 27.72 0.0004
X3

2 26.52 1 26.52 0.67 0.4322
Residual 396.03 10 39.60
Lack of fit 373.99 5 74.80 16.97 0.0037
Pure error 22.03 5 4.41

R2 5 0.9533, R2adj 5 0.9112, CV% 5 9.58, adequate precision 5 18.375.

Environmental Progress & Sustainable Energy (Vol.31, No.2) DOI 10.1002/ep July 2012 299



actual and the predicted %TOC removal value is
shown in Figure 2. It is observed that there are ten-
dencies in the linear regression fit, and the model
adequately explains the experimental range studied.
Figure 3 is the normal % probability plot of the resi-
dues and Figure 4 is the plot of the residuals versus
the predicted values. These plots show that the
model is satisfactory.

Response Surface (Contour Plots) and
Optimization Conditions

Using the method of experimental factorial design
and response surface analysis, the optimal conditions
to obtain a high TOC removal percent by photocata-
lytic oxidation over Ag-loaded TiO2 can be deter-
mined. The chemical yield of TOC removal is defined
as follows:

TOC Removal ð%Þ ¼ TOC0 � TOCt

TOC0
3 100 (8)

Three-dimensional (3D) and contour (2D) plots for
the predicted responses are shown in Figures 5–7. In
Figure 5, the effect of APAP initial concentration and
oxidant concentration on mineralization is shown,
whereas the reaction time is kept constant at 4.5 h.
The graphic analysis shows that initial concentration
of APAP has a detrimental effect on mineralization.
The two presumed reasons were that excess APAP
molecules occupied a greater number of TiO2 active
sites and absorbed more photons. These occurrences
resulted in decreasing hydroxyl radical production

[reactions (2) and (3)]. Consequently, this hindrance
in interaction between photons and TiO2 retarded the
mineralization of APAP. On the other hand, it is

Figure 2. The actual and predicted TOC removal % of
APAP (Ag-deposited TiO2 5 0.8 g/L, pH 5 3.0).

Figure 3. The studentized residual and normal %
probability plot of photocatalytic degradation of
APAP (Ag-deposited TiO2 5 0.8 g/L, pH 5 3.0).

Figure 4. The predicted TOC removal (%) of APAP
and studentized residual plot (Ag-deposited TiO2 5
0.8 g/L, pH 5 5.2).
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evident that TOC removal percent increases with
oxidant concentration especially in the range of
8–10 mM IO4

2.
Previous studies [39] have also shown that period-

ate increases the degradation efficiency of target com-
pounds in aqueous solutions when it is used as an
oxidant in the photocatalytic degradation process.
Periodate ions increase the mineralization of APAP by
capturing electrons according to reaction (9):

IO�
4 þ 8e�þ8Hþ ! 4H2Oþ I� (9)

Silver that loaded the TiO2 particles also traps the
electrons ejected from the TiO2 and prevents the
recombination of electron/hole pairs. When using
Ag-loaded TiO2 instead of bare TiO2, for example for
0.4 mM APAP solution the TOC removal is enhanced
from 58.74% to 82.44% at pH 5 5.2 by using 6 mM
oxidant after 7 h treatment.

Ag� TiO2 þ ht ! Ag� TiO2ðe�Þ (10)

The decrease of TOC removal efficiency by the
increase of oxidant concentration above 10 mM can
be explained by the presence of reaction (11), which
enters in competition, at higher oxidant concentra-
tion, with APAP degradation reaction:

IO��
4 þOH� ! IO�

4 þOH� (11)

APAPþOH� ! hydroxylated APAP (12)

Next, the effects of initial APAP and oxidant con-
centration versus time on mineralization are shown in
Figures 6 and 7 respectively. As shown in Figure 6,
the TOC removal percent increases with the increase

in time especially for lower initial concentrations
(0.25–0.45 mM) while keeping oxidant concentration
at 8.5 mM. For all initial APAP concentrations, the
TOC removal percents were reached over 60% value
after 4 h treatment. The combined effect of reaction
time and oxidant concentration on the removal of
TOC content at constant initial APAP concentration
(0.5 mM) is shown in Figure 7. TOC removal gener-

Figure 5. Surface and contour plots of TOC removal
versus initial concentration APAP (mM) and oxidant
concentration (mM) at a fixed reaction time t 5 4.5 h
(Ag-deposited TiO2 5 0.8 g/L, pH 5 3.0).

Figure 6. Surface and contour plots of TOC removal
versus initial concentration APAP (mM) and reaction
time (min) at a fixed oxidant concentration [IO4

2]0 5
8.5 mM (Ag-deposited TiO2 5 0.8 g/L, pH 5 3.0).

Figure 7. Surface and contour plots of TOC removal
versus concentration oxidant (mM) and reaction time
at a fixed [APAP]0 5 0.5 mM (Ag-deposited TiO2 5
0.8 g/L, pH 5 3.0).
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ally increased with the increase in both time and oxi-
dant concentration. A region of more than 70% TOC
removal was reached above 7 mM oxidant between
4.5 and 6 h min for 0.5 mM APAP solution.

Effect of pH
In the photocatalytic process, pH can also influ-

ence the degradation efficiency. To examine the
effect of the pH on the photocatalytic oxidation of
APAP aqueous solution by UV/TiO2/IO4

2 system, the
experiments were performed at pH 3.0, 5.2 (original),
and 10.2 by setting values. The TOC removal effi-
ciency of 0.4 mM APAP solution after 5 h treatment
has been observed as follows: pH 10.2 < pH 5.2 <
pH 3.0 (20%, 74%, 80%, respectively). When pH was
adjusted to 10.2 of the APAP solution, after 5 h treat-
ment the color of it turned brown. According to the
zero point of charge of TiO2, its surface is positively
charged in acidic media (pH < 6.3), whereas it is
negatively charged at alkaline media (pH > 6.3).
Thus, at higher pH the electrostatic repulsion
between TiO2 surface and APAP (pKa 5 9.5), which
is negatively charged at pH above 9.5 [40]. Other
adverse effect, IO4

2 at pH > 7 can be in the form
H3IO6

22 or H2IO6
32 [35].

Identification of Intermediates
A solution 0.75 mM of APAP was treated for 1 and

4 h, and the remaining organics were extracted and
analyzed by GC-MS. The MS spectrum after 1 h of
the photocatalytic treatment pointed out three peaks
related to stable aromatic products hydroquinone
(m/z 5 (254 (100, M1) at tR 5 12 min (siliylated),
1,2,4-tri hidroksi benzene (342 (100, M1) at tR 5 18
(siliylated) and p-benzoquinone (m/z 5 110 (53, M1)
at tR 5 3.7 min). p-Benzoquinone is the primary
product of the treated APAP solution after 1 h photo-
catalytic treatment. Hydroquinone can be generated
from direct attack of OH� on its ipso position with
breaking of the lateral acetamide chain bonded this
carbon atom. Then, p-benzoquinone can be formed
from OH� attack on hydroquinone, which is oxidized
in parallel to p-benzoquinone. The color of the APAP

aqueous solution within the first 2–3 h converted to
bright yellow which can be originated from p-benzo-
quinon, but this color disappeared after 3 h. The GC-
MS analysis of certain substances such as oxamic
acid, glycolic acid, glyoxylic acid, oxalic acid, maleic
acid, butenedionic acid, and succinic acid, which
identified by previous studies [24, 25], has been con-
firmed by comparison with their commercial stand-
ards. Therefore, degradation of APAP involves the
oxidative opening of the aromatic ring, leading to
small molecules and inorganic species after 3–4 h
photocatalytic treatments. Any aromatic compounds
and unsaturated intermediates have been encoun-
tered in analysis of 4 h treated sample. Ammonium
and nitrate ions were also detected in treated 0.5 mM
APAP aqueous solution at pH 3.0 in Figure 8. How-
ever, no nitrate ions were found. A stationary NO3

2

concentration was 0.03 mM, which was reached after
3 h. A NH4

1 concentration up to 0.30 mM was
detected after 5 h treatment. The formation nitrate
ions in solution occurred more slowly than ammo-
nium ions, the total N evaluation of initial organic
nitrogen of APAP reached 30% and 70% after 1 h and
5 h, respectively. The obtained results demonstrate
that the first attack of OH� occurred on ipso position
of APAP molecules and released asetamid molecules
that are exposed further oxidation.

In the optimization for TOC, removal percent was
maximized at 99% at 0.26 mM of initial APAP concen-
tration. The optimization resulted in 6 h treatment
time and 9.14 mM of oxidant concentration with the
desirability value of 1. The other desirability values to
maximize TOC removal percent (between 80% and
100%) of APAP solution are shown in Figure 9.

In literature there are a limited number of studies
for comparison, but they have been realized via UV/

Figure 8. Time course of inorganic ions produced
during mineralization of 0.5 mM APAP aqueous solu-
tion ([IO4

2]0 5 8 mM).

Figure 9. The desirability values to maximize of TOC
removal percent (between 80% and 100%) of APAP
solution.
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TiO2 systems, O3, and electrochemical oxidation, and
not by using the UV/Ag-loaded TiO2/periodate sys-
tem. Andreozzi et al. applied UV/H2O2 to 1022 mM
APAP in distilled water sample, and obtained 40%
mineralization in only 4 min at pH 5.5. In the same
studies, O3 (1025 M) treatment was also applied to 5
mM of APAP and 30% mineralization was obtained
regardless of pH (range in 2–7) within 120 min [20].
Skoumal et al. investigated the efficiencies of O3

alone, O3 catalyzed with Fe21, Cu21, and/or UVA on
mineralization of 157 mg/l (1 mM) of APAP at pH 3.
They observed that the oxidizing power of catalyzed
systems increases in the order O3/UVA < O3/Fe

21/
UVA < O3/Fe

21 1 Cu21/UVA. In all of them, TOC re-
moval values reached over 90% for 240 min [23]. Sirés
et al. applied the electro-Fenton treatment of 157 mg/
L (1 mM) of APAP at 358C using 100 mA. The cata-
lytic presence of 1 mM Fe21 under UVA, 1 mM Fe21

plus 0.25 mM Cu21, and 1 mM Fe21 plus 0.25 mM
Cu21 under UVA yields faster degradation rates,
reaching 76%, 72%, and 95% TOC removal values af-
ter 6 h, respectively [26]. Brillas et al. carried out an-
odic oxidation at 358C using 300 mA for mineraliza-
tion of 157 mg/L APAP solution. They obtained only
19% TOC removal using a Pt electrode, whereas, this
value reached >98% using a Boron-doped diamond
(BDD) electrode [41]. Yang et al. obtained TOC re-
moval efficiencies for 4 mM APAP as 60%, which
slightly changed in 300 min by UVC (254 nm)/TiO2

(pH 5 5.3) and UVA (365 nm)/TiO2 (pH 5 5.6), with
TiO2 loading of 0.4 g/L, respectively. And the inter-
mediates of APAP photodegradation were identified,
including aromatic compounds, carboxylic acids, and
acetamide [24]. Zhang et al. investigated the photoca-
talytic degradation of APAP in TiO2 suspension (1.0
g/L) under a 250 W metal halide lamp. After 100 min
irradiation, about 95% APAP (0.1 mM) was decom-
posed and main reaction intermediates and products
were also identified by GC/MS analysis [25].

When obtained results and literature data for oxi-
dation of APAP aqueous solutions were compared, it
shows that the photocatalytic oxidation by UV-A/
TiO2/IO4

2 system is suitable for contaminants such as
APAP at low concentration.

CONCLUSIONS

Photocatalytic oxidation of acetaminophen was
investigated in an aqueous solution by using the
TiO2/UV/periodate system. The central composite
design (CCD) was applied by considering the initial
APAP concentration, oxidant concentration, and reac-
tion time variables. The initial APAP concentration
was the most influent parameter on mineralization.
The optimum conditions were found at the initial
APAP concentration of 0.26 mM and 9.14 mM of peri-
odate as an oxidant, within 6 h of reaction time.
Under the optimal values of the experimental param-
eters, high TOC removal (99%) was obtained at pH
3.0. Analysis of variance showed a high coefficient of
determination (R2 5 95.33% and Adj-R2 5 91.12%).
According to these results, the photocatalytic degra-
dation method could be an alternative to the conven-

tional physicochemical methods for treatment of
wastewater that contains pharmaceuticals at low con-
centrations.
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