
A

p
e
r
t
o
c
s
©

K

1

l
e
i
o
d
o
c
o
s
d
p
o

t
L

0
d

Journal of Hazardous Materials 141 (2007) 86–91

The effect of solution pH and peroxide in the TiO2-induced
photocatalysis of chlorinated aniline

W. Chu ∗, W.K. Choy, T.Y. So
Department of Civil and Structural Engineering, Research Centre for Environmental Technology and Management,

The Hong Kong Polytechnic University, Hung Hom, Hong Kong, China

Received 5 January 2006; received in revised form 12 June 2006; accepted 26 June 2006
Available online 28 June 2006

bstract

Chlorinated anilines are frequently used in the industry as starting materials for chemical synthesis. This type of compounds can end up as
ollutants in wastewater. 2-Chloroaniline (2-ClA) was selected irradiating under monochromatic UV light at 300 nm. The reaction rate could be
nhanced by introducing low level of H2O2 into the UV/TiO2 system. Excess H2O2 could not increase the HO• generation but retarded the reaction
ate. The pH effect was also investigated in UV/TiO2 and UV/TiO2/H2O2 systems. All the experimental results show that pH is a sensitive parameter
o the rate of degradation. Low reaction rate at acidic pH could be accounted by the dark adsorption test which has also proven the photocatalysis

f TiO2 may contribute to a two-step process: (1) 2-ClA pre-adsorbed onto TiO2 and (2) photoexcitation of TiO2. At high pH, rate enhancement
ould be observed at UV/TiO2 system because of the increase generation of HO•. However, the introduction of H2O2 slowdown the decay rate at
uch alkaline medium.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Titanium dioxide, TiO2, being one of the popular photocata-
ysts, has extensively applied in the contamination treatments in
ither groundwater or water/wastewater engineering. Its benefits
nclude low cost, chemically stable, and the generation of highly
xidizing electron holes [1] leading to the wide applications in
egrading many organic contaminants [2]. However, the dosage
f TiO2 could not unlimitedly be increased to improve the effi-
iency of photodecay. Researchers have reported that beyond the
ptimal TiO2 dosage, the photodecay rates would be retarded or
lowdown due to the light scattering effect by the excess TiO2
ispersion and the fast recombination process [3]. As a result, the
hotooxidation of TiO2 may not be efficient when the loading
f contaminant is high.
Further rate enhancement is possible via surface modifica-
ion of the catalyst or by additional sensitizers. For examples,
u et al. [4] have suggested various approaches to improve

∗ Corresponding author. Tel.: +852 2776 6075; fax: +852 2334 6389.
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he TiO2 catalyzed photoreaction performance including sur-
ace modification of TiO2 by increasing surface area of TiO2,
ifferent UV irradiation sources selection and introducing addi-
ional external electron acceptor. Among those methods, Dillert
t al. [5] have showed that the addition of hydrogen peroxide,
s an additional oxidant, could assist photocatalytic degrada-
ion in TiO2 suspensions. Wang [6] has discovered that H2O2
eacts to most of the organic contaminants with the hydroxyl
adicals (HO•), which are considered to be a major oxidiz-
ng intermediate for in aqueous solutions. However, Lu et al.
7] has reported some organic contaminants such as trinitro-
oluene, dichlorvos and trinitrobenzene have shown negative
ffects on the use hydrogen peroxide assisted photocatalytic
egradation.

The probe in this study, 2-chloroaniline (2-ClA), belongs to
he anilines family, which is frequently used as starting sub-
tances for chemical synthesis in polymer, rubber, pharmaceu-
ical and dye industries [8,9]. USEPA [10] reported that it could

etain in the environment as degradation products of various
esticides and it would undergo a more persistence chemical
onding with humic materials when released to soil. According
o IAWR [11], it was reported that industrial processes gener-
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ted 6.1 tonnes of chloroanilines in 1985 were estimated to be
eleased to the river Rhine. Long-term exposure of ClA may
ause damage of spleen, liver and kidney [12]. Owing to its
oxicity, it is included in the List II of European Union (EU)
13]. Since it is a suspected carcinogen and is highly toxic to
quatic life [14], developing strategies for pollution prevention
nd minimization is necessary. The possibility of 2-ClA decayed
y UV has been proposed by USEPA [10] on both soil and water
urfaces.

In this study, the UV-induced photodecomposition of 2-
hloroaniline in H2O2-assisted TiO2 suspensions was investi-
ated. A wide range of H2O2 dosage in UV/TiO2 system was
tudied, while the solution pH was investigated as well due to its
ariable nature in the industrial effluent. The pH effects in both
V/TiO2 and UV/TiO2/H2O2 were therefore discussed and the
ark adsorption test was found to be useful for the understanding
f the process.

. Materials and methods

.1. Chemical used

2-Chloroaniline (2-ClA) is used as the target pollutant and
as purchased from Fluka AG (+99.5%). The physical proper-

ies of 2-ClA was listed in Table 1. The initial concentration of
-ClA in all the experiments was fixed at 95 mmol/L. Titanium
ioxide TiO2-P25 obtained from Degussa was used in this study
hich contains about 80% anatase and 20% rutile with an aver-

ge particle size of 30 nm and BET surface areas of 50 m2/g [16].
ydrogen peroxide H2O2 (30%; AR Grade) was purchased from
PS Chemicals Ltd and used as received. Acetonitrile in HPLC
rade (Lab-scan) was used for the preparation of the mobile
hase in the 2-ClA analysis without further purification. Solu-

ions of 0.05 mol/L H2SO4 and 0.1 mol/L NaOH were used to
djust the initial pH level of mixed liquid to the predetermined
evels.

able 1
hysical properties of 2-ClA [15]

ormula C6H6ClN

olecular mass 127.57
hysical state Clear amber liquid
elting point (◦C) −1.94
oiling point (◦C) 208.84
ensity d22

4 1.2114
apor pressure 0.17 mmHg
ater solubility Insoluble

olvent solubility Soluble in most organic
solvents also in acids

Ka 2.66
axima of absorption spectrum 232 and 285 nm
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.2. Experimental procedures

.2.1. Dark adsorption test of TiO2

The adsorption isotherm of 2-ClA was determined in the dark
nvironment. Exact 75 mL of solution at different 2-ClA concen-
rations were stirred in the presence of 0.1 g/L TiO2. Magnetic
tirring was maintained for 20 h to establish the equilibrium of
-ClA between TiO2 particles and the aqueous phase. Each set
f test was repeated by different solution pH at a temperature
ept at 24 ◦C throughout the experiments. The remaining 2-ClA
n the aqueous phase was passed through a 0.45 �m-pore filter

embrane before LC quantification.

.2.2. Photochemical reaction
The photocatalytic experiments were conducted in an RPR-

00 Rayonet photochemical reactor purchased from the South
ew England Ultraviolet Company. Samples were irradiated
y eight 300 nm phosphor-coated mercury lamps (240 W) with
total photon-intensity at 5.6 × 10−6 Einstein L−1 s−1 accord-

ng to the manufacturer’s specifications. Different TiO2 dosages
ere added to a quartz cylinder containing 150 mL of 2-ClA

olution. A magnetic stirrer was located at the base of reactor in
rder to maintain a consistent TiO2 suspension throughout the
eaction. A cooling fan was also installed at the reactor base such
hat the constant experimental temperature can be kept. Sam-
les containing TiO2 particles were collected by glass droppers
t predetermined time and were filtered through the 0.45 �m
embrane to ensure the TiO2 particles did not enter the HPLC.
arious initial pH levels of the solution were also studied to

nvestigate the optimum condition on UV/TiO2 system. For the
tudy of H2O2 effect, known volume of sample was collected by
ipette and transferred to the vial containing known amount of
ethanol to quench subsequent oxidation of H2O2 that remained

n the samples.

.3. Analytical methods

All the remaining 2-ClA after the reaction were analyzed
y HPLC which comprises of a high pressure pump, a 20 �L-
oop injector port, a Restek pinnacle octyl amine column in a
imension of 5 �m, 0.46 cm × 25 cm and UV–vis (Waters 486)
etector. The selective absorbance of 2-ClA were set at 289 nm
ccording to the strongest signal from UV–vis spectrophotome-
er. The mobile phase was a mixture of 60% acetonitrile and
0% distilled-deionized water and was delivered at a flow rate
f 1.0 mL/min. The amount of 2-ClA in sample was quantified
y comparing to its known standards correlated to the peak area.

Pseudo first-order reaction has been widely and successfully
sed for the description of organic decay in photoreaction [17].
he initial decay rates of the 2-ClA is therefore expressed as:

d[C] = −k[C] or [Ct] = [C0] exp−kt (1)

dt

here [C0] is the initial concentration of 2-ClA, [Ct] the concen-
ration at time t, and k (min−1) is the pseudo-first-order decay
ate constant.
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Table 2
Adsorption parameters of 2-ClA onto TiO2 at different initial pH

Initial pH Slope Intercept r2 Qmax (mmol/g) K (L/mmol)

2 2.690 1.374 0.9955 0.728 0.511

1

p
2
a

p
p
o
d
c
a
W
P
6
o
n

p
t
r

3.2. Effect of H2O2 in UV/TiO2 system

The effect of hydrogen peroxide assisted photocatalytic
degradation of 2-ClA in 1.33 g/L TiO2 suspension was inves-
Fig. 1. Langmuir isotherm transformation (1/Qads vs. 1/Ceq).

. Results and discussion

.1. Dark adsorption of TiO2

The adsorption behavior was characterized by the empirical
angmuir equation which has been used by various researchers

or the sorption of variety of compounds. The model assumes
niform energies of adsorption onto the surface, no transmigra-
ion of adsorbate in the plane of the surface, and no interaction
etween the adsorption sites [18].

The Langmuir adsorption isotherm is given by Eq. (2):

= Qads

Qmax
= KCeq

1 + KCeq
(2)

here Qads (mmol/g) is the number of adsorbed molecules
t the adsorption equilibrium, Qmax (mmol/g) the maximum
dsorbable quantity, K (L/mmol) the Langmuir adsorption con-
tant of 2-ClA on TiO2 and Ceq is the concentration of 2-ClA at
he adsorption equilibrium.

Eq. (2) could be further transformed into linear form as in
q. (3) for data analysis:

1

Qads
= 1

Qmax
+ 1

QmaxKCeq
(3)

Fig. 1 shows a set of isotherm at different initial pH val-
es. In this plot, the ordinate at the y-intercept is equal to the
eciprocal of Qmax, whereas K can be calculated from the slope
slope = 1/QmaxK). The figure presents a good correlation of the
odel with r2 above 0.99 for all the tested pH. The adsorption

ehaviors were quite similar from neutral to basic pH levels
xcept at extremely low pH level of 2, where a distinctive trend
as observed. Judging from the calculated Qmax in Table 2, in
eneral, the Qmax decreased from high to low pH suggesting the
aximum active adsorption sites of TiO2 are reduced as solution
H decreased. Therefore, 2-ClA molecules have lower affinity
o be adsorbed by TiO2 in strong acidic condition.

The ionization state of 2-ClA is another factor that should
e involved in the discussion of adsorption characteristics. The

F
a

4 1.041 1.067 0.9995 0.937 1.026
7 0.944 1.168 0.9996 0.856 1.237
1 0.929 0.593 0.9989 1.076 1.566

roperties of 2-ClA as showed in Table 1 indicated that cationic
-ClA could dissociate one proton into its molecular form in the
cidic medium as shown in Eq. (4).

(4)

It can be noticed that the cationic species is dominant when
H is below 2. Under these circumstances, the physicochemical
roperties of 2-ClA has significantly altered. The measurement
f UV absorbance at 300 nm (the working wavelength) under
ifferent solution pHs (see Fig. 2) reveals that the domination of
ationic species significantly reduced the absorbance of 2-ClA
t low pH conditions which justifies our assumption. In addition,
ang [6] has reported that the point of zero surface charge of

25 TiO2 is at pH level of 6.25. When the solution pH is below
.25, the surface of TiO2 particles is positively charged; on the
ther hand, when the pH is above 6.25, the TiO2 surface carries
egative charge.

By combining the TiO2 surface charge and 2-ClA cationic
roperties in the acidic medium. The repulsive force between
he two positively charged species (TiO2 and 2-ClA) is the main
eason to cause the low adsorption at low pH levels.
ig. 2. The absorbance of 2-ClA at different pH ([2-ClA] = 94.85 mmol/L;
bsorbance was measured at 300 nm).



W. Chu et al. / Journal of Hazardous Materials 141 (2007) 86–91 89

Fig. 3. First-order decay curve at different [H2O2] in UV/TiO2 system
(
e

t
t
f
U
a
r
d

f
n
m
m
i
r
c
r
d
c
T
t
w
p
h
a

o
s
i
b
r
1
2
c
U

F
1

3

t
T
f
b
c
t
W
s
e
a
t
t
r
n
w
h
o
u

3

0
t
s
d
h
s
t
I
t

[TiO2] = 1.33 g/L; [2-ClA]0 = 94.85 mmol/L; pH0 were kept at 3.5 for all the
xperiment runs).

igated in the wavelength of 300 nm. Fig. 3 compares the pho-
odecay of 2-ClA at different H2O2 dosage, where the decay
ollows pseudo first-order kinetics. Comparing to the original
V/TiO2 process, rate improvement was observed by simply

dding 0.01 mmol/L H2O2 to the reaction, while about 26% rate
etardation was observed when the addition of H2O2 was over-
osed at 100 mmol/L.

Although the use of pseudo first-order kinetics can success-
ully describe the process without obvious error, it should be
oted that the photodegradation rate was slightly increased as
ore 2-ClA was degraded in the solution, as revealed in the
ild downward trend of curves in Fig. 3. The faster decay rate

s possibly contributed by the relatively low 2-ClA concentration
emaining in the reactor. It is reported that the amount of organic
ompounds is usually inversely related to the photodegradation
ate [19]. The remaining portion of 2-ClA would undergo a faster
egradation along with the reaction time. When using a high con-
entration of 2-ClA to undergo the process, the active sites on the
iO2 particles were saturated by the excess of 2-ClA molecules

herefore the interactions of UV photons with these active sites
as inhibited. In addition, the intermediates must not so com-
etitive to the activate reagent in the solution such as UV, H2O2,
ydroxyl radical (generated from either UV/H2O2 or UV/TiO2)
nd TiO2 surface site.

Because the rate improvement and retardation were both
bserved in the UV/TiO2/H2O2 process, a more comprehen-
ive investigation by varying the H2O2 dosages was shown
n Fig. 4. The optimum concentration of H2O2 was found to
e 0.01 mmol/L in the UV/TiO2/H2O2 process with a decay
ate of 0.178 min−1. Further addition of H2O2 from 10 to

00 mmol/L will lower the system efficiency in degradation of
-ClA these elevated H2O2 concentrations, the photodecay effi-
iencies were worser than the original photocatalysis process of
V/TiO2.

(
s

H

ig. 4. Variation of reaction rate in the range of [H2O2] dose from 0 to
00 mmol/L ([TiO2] = 1.33 g/L; [2-ClA]0 = 94.85 mmol/L).

.2.1. Low H2O2 dosage
When TiO2 under the excitation of 300 nm UV light, pho-

oinduced electrons (e−) and positive holes (h+) are generated.
he photoinduced electrons (e−) and positive holes (h+) can

urther produce reactive radicals. The photooxidation of OH−
y highly oxidizing positive hole generates free hydroxyl radi-
al (HO•), which is the dominant oxidizing species contributing
o the mineralization process due to TiO2 photocatalyst [20].

hen small amount of H2O2 is introduced into the UV/TiO2
ystem, rate enhancement is likely due to the increased gen-
ration of hydroxyl radicals by UV/H2O2. Also, H2O2, being
stronger electron acceptor then oxygen, reacts with the elec-

rons which are emitted from valence band of the photocatalyst
o generate HO• and OH− (instead of generating a weaker •O2

−
adical). If these reactive species, such as oxygen and H2O2, are
ot present nearby the surface of the TiO2, the electron hole pair
ill recombine and the energy absorbed will be dissipated as
eat. Therefore, at low dosage of H2O2, the H2O2 is capable
f suppressing the electron hole pair from recombination—an
ndesirable process in the photocatalytic process [21,22].

.2.2. Excess H2O2 dosage
However, when H2O2 dosage is overdosed (higher than

.01 mmol/L in this study), the photodecay rate retarded due
o the presence of excess H2O2. The excess H2O2 molecules
cavenge the valuable HO• that are generated by either the
irect photolysis of H2O2 or the photooxidation of OH− by
+ and generate a much weaker hyperoxyl radical, HO2

•. As
hown in Eq. (5), the hyperoxyl radical can further react with
he remaining strong HO• to form ineffective oxygen and water.
n addition, the photocatalytic oxidation could be inhibited when
he excess H2O2 reacts with oxidative h+ on catalyst surface (Eq.

6)), where the overall oxidation capabilities of the system are
ignificantly reduced by generating oxygen [17].

O2
• + HO• → H2O + O2 (5)
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generally increased from low to high pH. It was interesting
to note that this pattern has been changed after incorporating
H2O2 to the UV/TiO2. From Fig. 7, the highest decay rate was
observed at pH 3.76, while increase of pH further lower the
ig. 5. Comparison of first-ordered kinetic at different initial pH levels
[TiO2] = 1.33 g/L; [2-ClA]0 = 94.85 mol/L; sampling time = 25 min).

2O2 + 2hVB
+ → O2 + 2H+ (6)

.3. Solution pH

.3.1. UV + TiO2

The effect of initial pH level to the photocatalytic degrade of
-ClA in the UV/TiO2 process was investigated by the adjust-
ent the solution with NaOH and H2SO4. The results were

hown in Fig. 5, where the photocatalytic degradations rates
ere found to be dependent on the initial pH. At relatively
igher and lower pH levels of 9.02 and 2.98, the degradation
ate of 2-ClA was highest and lowest at 0.169 and 0.128 min−1,
espectively. The difference of the two extreme rate constants
as about 31%. In alkaline medium, high level of hydroxide

ons (OH−) induced the generation of hydroxyl free radicals
HO•), which came from the photooxidation of OH− by holes
orming on the TiO2 surface. Since hydroxyl free radical is the
ominant oxidizing species in the photocatalytic process, the
hotodecay of 2-ClA is therefore accelerated at higher solution
H. This observation has been justified by Ollis [22] and Wong
nd Chu [17].

The charge effect of 2-ClA and TiO2 can partly cause the
ower degradation rate at lower solution pH. As discussed previ-
usly, the TiO2 particle surface was positively charged at acidic
olution (below 6.25). The collision of the charged 2-ClA cation
nd TiO2 will be significantly reduced when the solution pH
pproaches to 2.66 or lower. The electrostatic repulsion occur-
ing between the TiO2 surface and 2-ClA cation tends to inhibit
he coupling effect and therefore reduce the reaction rate in the
cidic condition.

The anion Cl− was identified as one of the end products
uring the photodecay process of 2-ClA [8]. When the pH level
f the aqueous media was lower than 6.25, the generated Cl−

ay decrease the photodecay rate of the TiO2. It is because

he accumulation of anions nearby the positively charged TiO2
articles may hinder the access of other target compounds to the
urface. Therefore, the adsorption of chloride on the positive-

F
(
t

Fig. 6. Variation of pH throughout the photodecay of 2-ClA in TiO2.

harged TiO2 surface could be another reason resulting the lower
ecay rate.

The solution pH during the reaction was monitored and
ecorded in Fig. 6. Generally, a drop of pH was observed for
ll the pre-selected pH level. The drop of pH is likely due to
he generation of low molecular-weight organic acids in the oxi-
ation process such as formic acid as the end-products during
-ClA degradation [23].

.3.2. UV + TiO2 + H2O2

The pH effect in UV/TiO2/H2O2 system was also studied.
he dosage of TiO2 and H2O2 were fixed at 1.33 g/L and
.01 mmol/L, respectively. In UV/TiO2 process, photodecay rate
ig. 7. Comparison of first-ordered kinetics on the UV/TiO2/H2O2 system
[TiO2] = 1.33 g/L; [2-ClA]0 = 94.85 mmol/L; [H2O2] = 0.01 mmol/L; sampling
ime = 20 min).
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egradation rates. The lowest photodecay rate in UV/TiO2/H2O2
rocess was found again at extremely low pH level around 2
ue to the same reasons as discussed beforehand. The reason for
ower performance of the UV/TiO2/H2O2 at higher pH levels is
ikely because the special property of H2O2. In alkaline medium,
he H2O2 becomes highly unstable and self-decomposition of

2O2 occurs, which is strongly dependent on pH [24]. The self-
ecomposition will rapidly break down the H2O2 molecules into
ater and oxygen (see Eq. (7)) and makes the molecule losses

ts characteristics as oxidant and most importantly the source of
ydroxyl radicals.

H2O2 → H2O + O2 (7)

The reaction rate of 2-ClA in UV/TiO2/H2O2 process was
herefore reduced significantly at higher pH levels.

. Conclusion

The photodecay of 2-ClA is a feasible clean-up method by
he use of TiO2 and H2O2. Care should be taken when it is
ut into practice as the working system depends very much on
he dosage of oxidant and the solution pH. Little amount of

2O2 (mmol/L) is good enough to speed up the reaction rate
hile over-dosage would lead to the formation of less reac-

ive hyperoxyl radical and retarded the degradation. Also, the
harge distribution of TiO2 and 2-ClA governs the degradabil-
ty in various solution pH. UV/TiO2 system is poorly functioned
t low pH environment, it is mainly due to the strong repulsive
orce between the charged TiO2 surface and the 2-ClA cation
s justified in the dark absorption test. However, slower decay
f 2-ClA was discovered at high pH in the UV/TiO2/H2O2 sys-
em. It is because H2O2 could undergo self-decomposition and
educe the generation of HO• at this pH range. Therefore, the
lkali working environment should be avoided when H2O2 is
sed.
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