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Photocatalytic degradation of 4-(tert-octyl)phenol (4-OP) has been investigated by recirculating the aque-
ous solution through a packed bed reactor with TiO2. The first-order rate constant k for the degradation of
4-OP was evaluated to be 5.40 × 10−3 min−1 and an activation energy of 18.6 kJ mol−1 was obtained. The
rate constant k was not dependent of the flowrate but a decrease in total organic carbon (TOC) became
smaller as the flowrate increased. Under the illumination for 6 h at the flowrate of 28.5 ml min−1, 83.2% of
4-OP was degraded but 60.7% of the initial TOC was remained. Measurements of LC/MS using electrospray
-Octylphenol
iO2

eroxydisulfate
hotocatalyst

ionization revealed the formation of byproducts having molecular weights of 136, 178, 192, 220 and 222.
Possible candidates for these byproducts were proposed. The degradation rate of 4-OP was remarkably
accelerated by addition of K2S2O8: 4-OP was completely disappeared under irradiation of 4 or 2 h, respec-
tively, in the presence of 4 × 10−3 or 2 × 10−2 mol dm−3 K2S2O8. In the latter case, the TOC decreased to
34.6% by continuing the irradiation even after 4-OP was disappeared. In the presence of S2O8

2−, 4-OP was
degraded without TiO2, which is attributable to the reaction by SO4

− radicals. We demonstrated that the
UV/TiO2/S2O8

2− system was more appropriate than the UV/S2O8
2− for decontamination of 4-OP in water.
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. Introduction

Alkylphenol ethoxylates (APE) are a group of nonionic surfac-
ants that have been used for many years as detergents, emulsifiers,
nd dispersing agents [1,2]. During the biodegradation of APE in
ewage treatment plants, alkylphenols are produced as metabo-
ites, which have been shown to have a higher toxicity, estrogenic
ctivity [3–5], persistence, and tendency toward bioaccumulation
han the parent substrate. Especially, nonylphenols and octylphe-
ols have been reported to bioaccumulate in the lipids of water
rganisms [6–8].

Several oxidative methods have been proposed for the reme-
iation of water and wastewater effluents contaminated with

lkylphenol. Degradation of 4-(tert-octyl)phenol (4-OP) under
ltrasonic irradiation [9], photocatalytic degradation of alkylphe-
ols on TiO2 [10], microbial degradation of nonylphenol [11] and
emoval of alkylphenols during ozonation [12,13] have been inves-

∗ Corresponding author. Tel.: +81 83 933 5763; fax: +81 83 933 5763.
E-mail address: yamazaki@yamaguchi-u.ac.jp (S. Yamazaki).
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igated. Among them, TiO2 photocatalysis has more advantages
ver other techniques because it is faster than biodegradation and
heaper than ozonation or sonication. Furthermore TiO2 can be
ctivated by solar energy.

It is well known that most organic compounds can be oxi-
ized to CO2 by TiO2 photocatalysis [14–17]. Previously, we have
eported that trichloroethylene in water was mineralized on porous
iO2 pellets prepared by sol–gel method [18] and 4-chlorophenol
as completely dechlorinated and partially mineralized in highly
ispersed TiO2 sols [19]. We have also reported that the addi-
ion of S2O8

2− remarkably accelerated the degradation rate of
CE because S2O8

2− acted as an electron acceptor to inhibit the
ecombination process between the photogenerated electrons and
oles [18]. Degradation of endocrine disrupting chemicals includ-

ng alkylphenols using TiO2 photocatalyst has been reported [10]
ut the experiments were performed at very low concentrations

uch as 100 �g L−1 and intermediates as well as degradation path-
ay have not been discussed in details. In this study, we examined

he photocatalytic degradation of 4-OP in order to clarify the
ntermediates and effect of S2O8

2− to accelerate the degradation
ate.

http://www.sciencedirect.com/science/journal/10106030
mailto:yamazaki@yamaguchi-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2008.06.017
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phenol over anatase TiO2 [20].

Fig. 3 indicated the effect of flowrate (28.5, 60.5, 88.0
and 115 ml min−1) on the rate constants k and TOC decreased
([TOC]decreased) during the irradiation for 4 h. The value of k was
not dependent on the flowrate but that of [TOC]decreased decreased
S. Yamazaki et al. / Journal of Photochemistry a

. Materials and methods

.1. Chemicals

4-OP for environment analysis grade was obtained from Wako
ure Chemical Industries (Osaka, Japan). TiO2 powder (Degussa
-25) was purchased from Japan Aerosil and TiO2 immobilized
eramic balls, ST-B21 (0.5 mm in diameter) and ST-B23 (3.0 mm
n diameter), were from Ishihara Sangyo (Tokyo, Japan). The TiO2
mount loaded on these balls was 23 wt% and their BET surface
rea was 70 m2 g−1 according to the data given by the supplier.
ther chemicals were of guaranteed reagent grade and used with-
ut further purification. Laboratory grade water was prepared with
Milli-Q pure water system.

.2. Experimental procedures

Aqueous solutions containing 5 × 10−5 mol dm−3 4-OP were
repared by dissolving the neat compound into water under
onication. Degradation experiments were performed by using a
irculation system where the TiO2 immobilized ceramic balls were
acked in spiral glass tubing (Pyrex, inner diameter: 6 mm, outer
iameter: 8 mm, total volumes: 28 cm3). A 6 W fluorescent black

ight bulb was located in the center of annulus of the spiral tub-
ng. A peristaltic pump was used for circulating 1 L of aqueous
-OP solution in a reservoir which was immersed in water ther-
ostated at 30 ◦C. Glass inlet and outlet in the reservoir were

onnected by fluoroelastomer tubing (Fluran F-5500-A, NORTON)
ith the pump and the photoreactor. After the sample solution
as circulated for 1 h, the lamp was ignited. Aliquot samples
ere withdrawn at appropriate times, filtrated by filter (0.45 �m)

nd analyzed by a high performance liquid chromatograph (HPLC,
himadzu) and total organic carbon analyzer (TOC 5000A, Shi-
adzu).
Analyses by liquid chromatography-mass spectrometry (LC/MS

010, Shimadzu) were performed with a C18 column (Waters,
Terra MS 2.1 mm i.d. × 150 mm) by using methanol as a mobile
hase at a flow rate of 0.2 ml min−1. The mass spectrometry was
perated in negative mode electrospray ionization (ESI). For ana-

yzing particles which were formed during the reaction, a GC/MS
nstrument (6890N/5973, Agilent Technologies) equipped with

capillary column (DB-5MS, 30 m × 0.25 mm i.d., film thickness
.25 �m) was used.

. Results and discussion

.1. Comparison of the photocatalytic activity of various TiO2

Photodegradation experiments were performed by packing 12 g
f ST-B21 or ST-B23 or circulating the 4-OP aqueous solution
uspended with 2 g of P-25 powders in the spiral photoreactor
ubing. Before irradiation, a decrease in the 4-OP concentration
ue to the adsorption on TiO2 surface was observed to be less
han 6% of the initial concentration (5 × 10−5 mol dm−3). 4-OP was
ffectively photodegraded in the following order: P-25 powder > ST-
21 > ST-B23. (The first rate constant k which was described in the

ollowing section was evaluated to be 1.80 × 10−2, 1.34 × 10−2 and
.40 × 10−3 min−1, respectively.) The P-25 powders are very fine
articles and the ST-B21 (0.5 mm in diameter) is smaller than ST-

23 (3 mm in diameter). Thus, the difference in the activity might
e due to the effective surface area exposed to light. Hereafter, ST-
23 was used in the experiments, since centrifugation is needed

or P-25 before HPLC measurements and packing the photoreactor
ightly with ST-B21 prevented the reaction solution from flowing.
ig. 1. Variations of the 4-OP concentration against irradiation time. Aqueous solu-
ions containing 4.6 (©), 3.8 (�), 3.3 (�), 1.7 (�) or 0.87 (�) × 10−5 mol dm−3 4-OP
ere circulated through 12 g of TiO2 at the flowrate of 100 ml min−1 and 30 ◦C.

.2. Kinetic aspects

Fig. 1 showed the time course of the photodegradation of 4-OP at
arious initial concentrations. Plots of ln[4-OP] vs. irradiation time
howed straight lines and thus the reaction follows the first-order
inetics.

ate = k[4 − OP] (1)

he first-order rate constant k was estimated to be
.40 × 10−3 min−1 from the slope of the plots of ln[4-OP] vs.

rradiation time. Fig. 2 depicted an Arrhenius plot where k values
ere obtained from the experiments under the reaction temper-

ture of 30, 40, 50 and 60 ◦C. The apparent activation energy was
alculated to be 18.6 kJ mol−1. Such a small value suggests that the
hotocatalytic degradation of 4-OP is not sensitive to temperature.
he charge separation by absorbing photon occurs at high speeds.
ince photocatalytic reaction occurs on the TiO2 surface, the
pparent activation energy is related to the activation energy
f the surface reaction and the enthalpy changes accompanying
he adsorption of reactants. Apparent activation energy as low as
0 kJ mol−1 was obtained for the photocatalytic degradation of
Fig. 2. Arrhenius plots.
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ig. 3. Effect of flowrate on the rate constant k (©) and TOC decreased (�) for 4 h.

s the flowrate increased. These findings indicate that 4-OP was
ffectively degraded on the TiO2 surface but mineralization of the
roduced intermediates required an enough time to contact the
iO2. Fig. 4 showed the time course of the concentration of 4-OP
nd TOC at the flowrate of 28.5 ml min−1. Under the illumination for
h, 83.2% of 4-OP was degraded but 4-OP mineralized to CO2 was
nly 39.3%. In order to identify byproducts, the reaction solution
fter the photocatalytic experiment was analyzed by LC/MS but no
eaks were detected. Thus, the LC/MS analysis was performed after
oncentrating the solution as follows: 100 ml of the reaction solu-
ion was extracted with 30 ml of dichloromethane and the obtained

xtract was dehydrated with anhydrous Na2SO4, concentrated and
ried. The resulting residue was dissolved into 1 ml of methanol
nd analyzed by LC/MS using methanol as a mobile phase. In total
on chromatogram in the range of m/z 50–500, three peaks were
etected. Mass spectra of three peaks were showed in Fig. 5. One of

p
s
s
g
a

ig. 5. Mass spectra of the three peaks (retention time: (a) 2.1 min, (b) 2.3 min, (c) 2.6 min
ig. 4. Variations of 4-OP concentration (©) and TOC (�) against irradiation time.
onditions were the same as in Fig. 3 except for the flowrate of 28.5 ml min−1.

hem was identified to be unreacted 4-OP because its mass spec-
rometry (Fig. 5(c)) coincided with that of the authentic sample
f 4-OP. Since electrospray is a soft ionization method, the nega-
ive mode scan for alkylphenols shows the deprotonated molecule
o be the most abundant [21,22]. In Fig. 5(C), most abundant ion
as observed at m/z 205, which is ascribed to the deprotonated
olecule of 4-OP (molecular weight, MW: 206). The intensity of

he peak was larger by a factor of 2.3 than the peak at m/z 237.
he latter peak was attributable to attachment of methanol as a
olvent (4-OP–H + CH3OH). If we assume that byproducts show

eaks at m/z of MW − 1 and MW − 1 + 32 and the ratio of inten-
ities at both peaks was the same as that obtained in the mass
pectrometry of 4-OP, the mass spectra in Fig. 5(a) and (b) sug-
est that the MWs of the byproducts were 136, 178, 192, 220
nd 222. The possible candidates for byproducts were listed in

) obtained in LC/MS chromatogram of the reaction solution after irradiation for 6 h.
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Table 1
Chemical structures of the byproducts

Chemical structures (MW)

I (222)

II (222)

III (220)

IV (220)

V (136)

VI (192)

VII (192)
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tion of 4-OP was remarkable accelerated by adding peroxydisulfate:
5 × 10−5 mol dm−3 4-OP was completely disappeared under the
irradiation of 4 or 2 h, respectively, in the presence of 4 × 10−3 or
2 × 10−2 mol dm−3 K2S2O8. The degradation of 4-OP in the presence
of S2O8

2− also followed the first-order kinetics. Fig. 6(b) depicted
III (178)

able 1. These compounds come from the oxidation on different
ites of 4-OP alkyl chain. 4-Tert-octylcatechol (product I in Table 1)
as identified as the product from photolysis of 4-OP by UV or
2O2/UV [23]. The compounds I–V in Table 1 were reported as
yproducts from the degradation of 4-OP photoinduced by Fe(III)
24].

These products retain phenol moiety which is the essential
unctional group to exhibit the estrogenic property. The phenol

oiety must be decomposed in order to weaken the estrogenic
ctivity. It is well known that most organic compounds including
henols can be oxidized to CO2 by TiO2 photocatalysis because
hotogenerated holes exhibit strong oxidizing power. As men-
ioned in Fig. 3, the mineralization of byproducts was accelerated as
he flowrate decreased although the degradation of 4-OP was not
ffected. This suggests that a longer the contact time of byprod-

cts with TiO2 is, more likely the complete mineralization occurs.

f we could accelerate the degradation of 4-OP, degradation of
yproducts would proceed more effectively after all of 4-OP is
isappeared. Thus, we tried to accelerate the degradation rate of
-OP.
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.3. Acceleration of the degradation rate

Photocatalytic oxidation on TiO2 occurs by photogenerated
oles. It is well known that oxidation rate increases when recom-
ination process between the photogenerated holes and electrons

s suppressed. Oxygen dissolved in the reaction solution acts as an
lectron acceptor. Peroxydisulfate has been shown to be a more
eliable and cheaper electron acceptor [25]. Effect of oxygen and
eroxydisulfate as the electron acceptor was examined as shown

n Fig. 6(a). The rate constant k under air bubbling was calcu-
ated to be 7.62 × 10−3 min−1 which is higher by a factor of 1.4
han that without air purging. On the other hand, the degrada-
ig. 6. (a) Effect of air-bubbling and addition of K2S2O8. Conditions were the same
s in Fig. 4 except for air-bubbling (�) and the K2S2O8 concentration was 0 (©), 4
�), 8 (�), 14 (�) and 20 (�) × 10−3 mol dm−3. (b) Effect of the K2S2O8 concentration
n the rate constant k. (c) TOC (%) remained in the solution after irradiation of 4 h
n the presence of 4 × 10−3 mol dm−3 K2S2O8 or 2, 2.5, and 4.5 h in the presence of
× 10−2 mol dm−3 K2S2O8.
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TiO2. However, more TOC was remained in the UV/S2O8 , suggest-
ing that mineralization was more difficult to occur. Furthermore, it
must be noted that fine white particles were formed as the reac-
tion proceeded in the UV/S2O8

2− system. Fig. 7(c) illustrated that
the TOC in the reaction solution decreased after filtration. This
34 S. Yamazaki et al. / Journal of Photochemistry a

he dependence of k on the concentration of S2O8
2−. The k value for

× 10−2 mol dm−3 K2S2O8 was evaluated to be 2.58 × 10−2 min−1

hich is higher than that for 4 × 10−3 mol dm−3 by a factor of 2.1.
ig. 6(c) indicated the TOC percent remained in the solution. Just
fter the peak of 4-OP in HPLC was completely disappeared (4
r 2 h, respectively, with 4 × 10−3 or 2 × 10−2 mol dm−3 K2S2O8),
3.4% or 51.5% of the initial TOC was remained. By continuing the
xperiments in the presence of 2 × 10−2 mol dm−3 K2S2O8, the TOC
ecreased to 34.6% at the irradiation of 4.5 h.

iO2 + h� → h+ + e− (2)

+ + e− → TiO2 (recombination) (3)

+ + 4-OP → (4-OP)+ (4)

− + S2O2−
8 → SO4

− + SO2−
4 (5)

f S2O8
2− acts only as the electron acceptor to suppress the recom-

ination process, the k value must be the same as that with
ir-purging, in which oxygen acted as the electron accepter. How-
ver, the k value even with 4 × 10−3 mol dm−3 K2S2O8 was higher
han that with air-purging by a factor of 1.61. Such a higher value
uggests that the degradation of 4-OP by SO4

− radicals occurred.
he SO4

− radical is a strong oxidant capable of mineralizing phe-
olic compounds such as butylated hydroxyanisole in water [26].
he produced SO4

2− ion is not considered to be a pollutant.

.4. Comparison with homogeneous photolysis or thermal
ecomposition

Thermal or photochemical activated decomposition of S2O8
2−

on to SO4
− radical has been reported. Usually, UV at 254 nm

as used to decompose S2O8
2− to SO4

− radical. Although the
lack light we used in this study emitted 365 nm, we examined
he degradation of 4-OP in the presence of S2O8

2− under illumi-
ation (UV/S2O8

2−). The degradation of 4-OP was performed by
ecirculation of the 4-OP aqueous solution containing 4, 8, 14 or
0 × 10−3 mol dm−3 K2S2O8 through the spiral tubing which was
ot packed with TiO2. Fig. 7(a) indicated that concentrations of 4-
P decreased linearly against the irradiation time. Fig. 7(b) showed

he dependence of the slopes obtained from Fig. 7(a) on the initial
oncentration of S2O8

2−. Reaction mechanism in the UV/S2O8
2−

ystem can be represented as follows:

2O2−
8 + h� → 2SO4

− (6)

O4
− + 4-OP → SO2−

4 + (4-OP)+ (7)

n a similar manner, phenols, cresols, or benzyl alcohols have been
hown to be oxidized by the SO4

− radicals [27,28]. If we assume a
teady state concentration for SO4

− radical, the degradation rate of
-OP was expressed as the following equation.

−d[4-OP]
dt

= k′[SO4
−][4-OP] = Iabsϕ (8)

here k′ is the rate constant for Eq. (7), Iabs denotes the light
ntensity absorbed by S2O8

2− and ϕ is the fraction of the forma-
ion of SO4

− radical from the photoexcited S2O8
2−. According to

ambert–Beer’s law, the Iabs value depends on the concentration of
2O8

2− as follows:

abs = Io(1 − 10−˛c) (9)
here Io, ˛ and c denote the incident light intensity, constant com-
rising of molar extinction coefficient and length of light pass and
oncentration of S2O8

2−, respectively. Eq. (8) means that the 4-OP
oncentration decreases linearly against the irradiation time and
he slope corresponds to Iabsϕ. Eq. (9) indicates that as the S2O8

2−

F
1
c
t
2
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oncentration increases, Iabs increases and approaches to a limiting
alue. This dependence was in good agreement with the result as
hown in Fig. 7(b).

When we compared Figs. 7(a) and 4, 4-OP was degraded more
ffectively by the UV/S2O8

2− system than the photocatalysis on
2−
ig. 7. (a) Homogeneous photodegradation of 4-OP in the presence of 4 (�), 8 (�),
4 (�) or 20 (�) × 10−3 mol dm−3 K2S2O8 without TiO2. (b) Effect of the K2S2O8 con-
entration on the slope obtained in (a). (c) TOC (%) remained in the solution at
he irradiation time of 4 h in the presence of 4 × 10−3 mol dm−3 K2S2O8 and 2 h of
× 10−2 mol dm−3 K2S2O8. Open bars showed the values obtained after filtration.
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[25] N. Romero, J. Blanco, B. Sanchez, A. Vidal, S. Malato, A.I. Cardona, E. Garcia, Solar
ig. 8. Comparison of photocatalysis (©), homogeneous photodegradation in
V/S2O8

2− (�) and thermal decomposition (�) at the irradiation time of 1 h.

uggested that the particles were organic compounds which were
nsoluble to water. The particles were collected on filter (0.45 �m)
nd extracted with 0.5 ml of hexane. The GC–MS analyses of the
xtracts showed some unidentified peaks as well as the peak which
as identified to 4-OP. The fact that ionic species in water decrease

he aqueous solubility of compounds has been known and is com-
only referred to as “salting out”. Zhou reported that salinity has
significant impact on the solubility and sediment/water inter-

ction of 4-OP and other similar compounds [29]. Thus, the fine
hite particles formed in the UV/S2O8

2− system was due to the
alting out of organic compounds by increasing the ionic species
uch as SO4

2−. Such white fine particles were not formed in the
V/TiO2/S2O8

2− system. The reason might be lower concentrations
f SO4

2− ions since photon was mainly absorbed by TiO2 rather than
y S2O8

2− or the formation of more water-soluble byproducts in the
V/TiO2/S2O8

2− system.
Fig. 8 showed the 4-OP conversion at the reaction time of

h in the UV/TiO2/S2O8
2− and the UV/S2O8

2− systems together
ith that in thermal decomposition of S2O8

2−. At 30 ◦C, 4-OP was
egraded by SO4

− radicals that were formed by thermal decompo-
ition of S2O8

2−. Conversion of 4-OP by the thermal decomposition
as about one-third of that in the UV/S2O8

2−system. At the
2O8

2− concentration of 4 × 10−3 mol dm−3, the 4-OP conver-
ion in the UV/TiO2/S2O8

2− was much higher than that in the
V/S2O8

2−. On the other hand, the 4-OP conversions in both sys-
ems were not so different at the S2O8

2− concentration more than
× 10−3 mol dm−3. However, the decrease in TOC was smaller and
ne particles precipitated in the UV/S2O8

2− system as mentioned
bove.
. Conclusion

We developed the recirculating system of aqueous 4-OP solu-
ions through the packed bed reactor with TiO2. The addition of

[
[
[
[
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2O8
2− improved the degradation rate by preventing the recom-

ination process of the photogenerated holes and electrons and
y producing SO4

− radicals that are capable of oxidizing 4-OP. At
he S2O8

2− concentration of 2 × 10−2 and 5 × 10−5 mol dm−3, 4-OP
as completely disappeared at the irradiation of 2 h and the TOC
ecreased to 34.6% at the irradiation of 4.5 h. In the presence of
2O8

2−, 4-OP was photodegraded without TiO2. However, miner-
lization was difficult to occur in the UV/S2O8

2− system and fine
articles precipitated. Although further research is needed to clar-

fy the difference between the byproducts in the UV/TiO2/S2O8
2−

nd UV/S2O8
2− systems, it is concluded that the UV/TiO2/S2O8

2−

ystem was more appropriate for decontamination of 4-OP in
ater.
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