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Abstract

Langmuir-Hinshelwood (L-H) kinetic expression was used to develop a basic mathematical model, which could
describe the inhibition of intermediates in the photocatalysis of 2-chlorophenol (2-CP) in a suspended TiO, system.
Results showed that the photocatalytic oxidation of 2-chlorophenol followed the L-H type behavior and the reaction
by-products displayed an inhibiting effect on the degradation rate. The inhibition was estimated by comparing to
observed and estimated half-lives. The higher the initial concentration of 2-chlorophenol, the higher the inhibition of
photocatalytic reaction. The L-H kinetic has been modified slightly in this study to rationalize the contrast of inhibited
behavior and to improve in favor of a surface reaction. The concentrations of 2-chlorophenol were investigated ranging
from 7.78 x 107 to 7.78 x 10~* mol 17'. The degradation of 2-chlorophenol in this reaction condition approximates a
first-order kinetics to near-complete degradation. Calculated kinetic profiles are in an excellent agreement with the
experimental observation. The results of the theoretical analysis can be used to estimate reaction rates in different initial
concentrations of target compound. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction superoxide anion radical O, (Butler and Davis, 1993).

Brezova et al. (1995) has shown that the corresponding

The general presence of persistent organic chemicals
as pollutants in wastewater effluents from industries and
households is a serious environmental problem. Most of
these compounds are toxic and difficult to treat using
traditional wastewater facilities. In recent years, photo-
catalytic processes were applied for the removal of or-
ganic and inorganic harmful substrates from water or
wastewater (Serpone and Pelizzetti, 1989; Fox and Du-
lay, 1993). The most important reaction in the oxygen-
ated aqueous suspensions is the oxidation of surface
water by hydroxyl groups generating reactive hydroxyl
radicals, and the electron capture by oxygen generated
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photogenerated charge is involved in the reaction and
oxidation processes on the TiO, surface. These radicals
are widely believed to be the most important oxidizing
species in semiconductor photocatalysis system. If the
semiconductor electrode is the photoanode, the libera-
tion of holes (h™) oxidizes one of the redox partners.

TiO, 2% h' +e” (1)
h* + H,0(ads) — .OH+H" (2)
h* +20H (ads) — .OH -+ OH" (3)
O:(g) +e= — O, (ads) (4)

Several reports have been published recently, describing
the principal mechanism of photocatalysis and present-
ing various examples for its applications. It was found
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that the dissolved oxygen would influence the reduction
of organics in the photocatalysis system.

Interest is now focused on the degradation of phenols
and phenol derivatives by irradiation of aqueous TiO,
suspensions (Cheng et al., 1995; Marci et al., 1995;
Brezova et al., 1997, Winterbottom et al., 1997). The
photocatalytic mineralization of chlorinated hydrocar-
bon and other organic contaminants in water with illu-
minated TiO, was demonstrated. TiO, dispersions and
conventional near-UV radiation were used in most of
these studies.

It has been demonstrated that various parameters
influence the degradation rate of organic compounds
(Al-Sayyed et al., 1991; Augugliaro et al., 1993; Inel and
Oket, 1996). Mills and Hunte (1997) have shown that a
few degradation kinetic expressions with different com-
pounds have been reported. Unfortunately, almost all
these studies investigated the effects of various parame-
ters on the initial degradation rate rather than the whole
degradation rate during the photocatalysis process. The
mineralization kinetic rate expressions have focused on
the initial disappearance rate of organic compounds or
the initial formation rate of CO, (Inel and Oket, 1996).
However, initial rate data are (exhausted to obtain) and
inclined to variation, reducing the reliability of the re-
sults (Chen and Ray, 1998). For the design of a reactor,
these kinetic expressions are not always useful. In this
study, 2-chlorophenol (2-CP) was chosen as the model
compound and the effects of initial 2-chlorophenol in
aerated aqueous media on TiO, suspension. The Lang-
muir-Hinshelwood (L-H) kinetics, which has been
adapted here with some modifications to meet the con-
ditions inherent in solid-liquid reactions, could well
explain the decrease of reaction constant with increasing
the 2-chlorophenol concentrations. Many reports have
used L-H model to describe the degradation character-
istic (Lu et al., 1993; Kumar and Davis, 1997; Peill and
Hoffmann, 1998; Wang et al., 1998; Zhang et al., 1998).
The results of this study may assist in explaining how the
intermediates influence the photocatalytic reaction. De-
rived kinetic expressions are applicable over a range of
different initial concentrations.

In order to describe the actual reaction rates and the
adsorption constants in photocatalysis system, an L-H
model for describing the degradation of 2-chlorophenol
in the suspended TiO, system was used. It is assumed
that the reaction is not mass-transport limited for both
parent compound and its reaction intermediates in
which oxidation occurred on the TiO, surface.

This research describing the interference of interme-
diates as a function of adsorption constant and L-H
constant are derived. The adsorption rate of intermedi-
ates is used as the modified parameter, which is modeled
as a function of the interrupting inhibition intensity. The
model is tested with the experimental data generated in
the suspended TiO, system for the photocatalytic oxi-

dation of 2-chlorophenol, and the estimated values are
compared to the experimental ones.

2. Experimental

All chemicals were of reagent grade and were used
without further treatment. The water employed was
purified by the Milli-Q/RO system (Millipore) resulting
in a resistivity greater than 18 MQ cm~!. Titanium di-
oxide P25 (Degussa, Germany), which is predominantly
anatase (80% anatase, 20% rutile) with a surface area of
50 £ 15 m? g=', was used in all the photocatalytic ex-
periments. The prepared aqueous suspensions of TiO,
were stirred for 2 h in the ionic strength of 0.05 mol !
NaClO,4 and aerated in the oxygen flow rate of 60 ml
min~'. The initial titanium dioxide concentration was 2 g
I"! in all experiments. The concentration of 2-chloro-
phenol varies in the range from 7.78 x 1075 to
7.78 x 104 mol 17",

Photochemical experiments were performed in a
thermostatically controlled reactor of 500 ml capacity.
This reactor was made of Pyrex glass with a plain quartz
bottom (on which the light beam is focused) equipped
with a mechanical stirring bar and gas supplier.

A 1000 W high pressure Xenon lamp (Oriel, USA)
was employed as irradiation source, and operated at a
power intensity of 800 W. During irradiation, the reac-
tion mixtures were bubbled by oxygen with a flow rate
of 60 ml min~" and stirred by a stirrer.

The solution pH was adjusted initially, and then was
not kept constant during the reaction. However, it was
monitored at intervals in the experimental runs. Dis-
solved oxygen was detected using a WTW oxygen meter
(model OXI 196) with oxygen probe (EO 96). The
samples taken from the reactor were filtered on a
membrane with 0.2 um pore size (AFS, USA, cellulose
acetate) to separate the catalyst and liquid. The pH was
measured using a SUNTEX digital pH-meter (model SP-
2200). The 2-chlorophenol was analyzed by an HPLC
(LC module I, Waters, USA) with an UV detector ad-
justed at 284 nm. A reverse-phase column, 15 cm long
and 3.9 mm internal diameter packed with RP-18, was
used for analysis. The mobile phase was a mixture of
acetonitrile (30%) and acetic acid 5% in water (70%);
flow rate was 0.7 ml min~'. Comparing the UV spectrum
to those of commercial compounds with an UV detector
made identification of the eluting compounds.

3. Results and discussion

3.1. Dissolved oxygen and pH

Since Salvador and Gutierrez (1982) have shown that
there is a strong dependence on the pH value for the
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photocatalytic reaction since the number of basic OH"
sites on the TiO, surface is a controlling factor for the
generation of .OH. In this research, the pH was below
pH 3 during reaction time and between 3.0 and 2.8 (Fig.
1). Since it was very close, the pH effect could be sup-
posed to have no influence on this experiment. The av-
erage oxygen concentration during reaction was 32 mg
I7'. The concentration of oxygen values during reaction
times and different organic concentrations were all very
close, indicating that the initial rate of 2-chlorophenol
removal was not limited by oxygen availability over the
range of reaction conditions.

3.2. Kinetic analysis

It is important to establish initially whether the de-
gradation reaction takes place in the adsorbed state or
the TiO, semiconductor surface merely provides active
species, which desorbs into solution and subsequently
react with the organic compound. In the following, we
discriminated between the two possibilities invoking the
L-H kinetic treatment. The L-H kinetic treatment is
known to be a good model for the description of solid—
gas reactions. Extrapolation of this model to solid-lig-
uid reactions requires some modifications, especially
when the surface is that of TiO, particles in aqueous
solutions, because the TiO, is known to be covered with
hydroxyl groups and molecular water (Zhang et al.,
1998). The degradation of 2-chlorophenol in aerated
aqueous solutions was carried out in reactor in a recir-
culation mode. The natural logarithm of normalized
concentrations of solute versus irradiated time shows a
good linearity under the conditions of experiments. The
reactions followed a first-order kinetics during the re-
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Fig. 1. Variation of pH valued during reaction time, where (O),
), (A), (V), and () were the observed pH values during
reaction time in the initial concentration of 2-chlorophenol on
7.78 x 107, 5.83 x 107, 3.88 x 107#, 1.94 x 10~* and 7.78 x
10-% mol 17",

action time (>75% of 2-chlorophenol). This behavior is
rationalized in terms of modified form of the L-H ki-
netic treatment, which has been used successfully as a
qualitative model to describe solid-liquid reactions.

We assume two extreme situations in defining the
surface coverage, 6, of the semiconductor particle: (i)
both the reactant and solvent compete for the same
active sites; (ii) both the reactant and solvent are ad-
sorbed on the surface without competing for the same
active sites. However, the initial rate of organic removal
in TiO, photocatalytic systems has been observed by a
number of investigators that the reaction follows an L—
H rate form (Butler and Davis, 1993; Mills and Hoftf-
mann, 1993; Brezova et al., 1995),

dc kKCo
- k0=
P 1+ KG,

(5)
where r is the reaction rate for the oxidation of 2-
chlorophenol (mol 17! min"), t the reaction time, C the
concentration of organic compound (mol 17'), 0 the
fraction of surface covered, &, the specific reaction rate
constant for the oxidation of organic compound ob-
served from L-H kinetics (mol ! min_l), K the equi-
librium adsorption constant of organic compound and
C) is the initial concentration of organic compound.

According to the L-H model, the rate of the uni-
molecular surface reaction, r, is proportional to 6 and
follows Eq. (5), when the parent reactant is more
strongly adsorbed on the surface than the products
(Serpone and Pelizzetti, 1989). Lu et al. (1993) used the
L-H expression to analyze the heterogeneous kinetics of
photocatalytic oxidation. They found that the reaction
by-products displayed an inhibiting effect on degrada-
tion rate. The inhibition was also observed by Kumar
and Davis (1997) that the electron-withdrawing char-
acteristics of the nitro group had explained the decrease
of reaction rates with increasing organic concentration.
Photocatalytic degradation of organic reactant has been
reported based on the .OH attack (Turchi and Ollis,
1989). The rate equations are shown to produce ex-
pressions similar to L-H expressions without regard to
the assumptions of reaction that happened on the
catalyst surface, in the fluid, or by way of a radical
mechanism. The derived kinetic parameters by the
investigators’ approaches represented fundamentally
different reaction and properties to the traditional L-H
constants. That is, the conventional L-H kinetics can
avoid a complicated mathematical formulation and
simply model photocatalytic reaction (Turchi and Ollis,
1989). On the assumption of no competition with reac-
tion, Eq. (5) can express the simplest represent for the
rates of the disappearance of 2-chlorophenol.

Eq. (5) can demonstrate linearity of the data when
plotted as the inverse initial rate versus initial concen-
tration.
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In this study, photocatalysis using the formula of linear
least squares to fit Eq. (6), gives k& =9.48 x
109 mol 1! min™' and K =7.95x 103 molI"! (r=
0.975).

3.3. Competition of intermediates

The hydrated TiO, surface is covered with hydroxyl
groups and water molecules. Since both 2-chlorophenol
(Co, concentration of organic) and water molecular (Cy,
concentration of water) could, in principle, be adsorbed
on this surface via hydrogen bonds, their competition
for the same active sites cannot be ignored (Serpone and
Pelizzetti, 1989). Moreover, to the extent that C,, > C,
and that C, remains essentially constant, the part of
TiO, surface covered by the solvent is approximately
unchanged in all the reactant concentrations used. That
is, C,, is a constant. In this work, all conditions such as
photointensity, pH, dissolved oxygen, ionic strength and
system turbulence were in the same condition. There-
fore, Cy will be the only variable in the initial reactions.

Integrating Eq. (6) during reaction time gives

1 c 1

In———(Cy— C), (7)

=
kK Cy ke

where ¢ is the reaction time during degradation of 2-
chlorophenol from concentration Cy to C. At the half-
life time of reaction C = 0.5 C,, the reaction time of ¢ is
ti,- Thus, Eq. (7) becomes

_0.5C,  In2

="t ik 3)

where f; , is the half-life time of reactions estimated from
theory. Eq. (8) indicates that a plot of 7]/, versus the
initial concentration of 2-chlorophenol would be linear.
By substituting & = 9.48 x 107 mol I"! min™' and
K =7.95 x 103 mol I"! obtained form Eq. (6) into Eq.
(8), the estimated half-lives are obtained. Since half-lives
for first-order reaction could also be calculated by

=, o)
where ), is the half-life time of reactions in different
concentrations calculated from k, and k& is the observed
reaction rate constant for the oxidation of 2-chlor-
ophenol in different 1initial concentrations (mol
1! minfl). When Eq. (8) is true, the estimated values
from Eq. (8) would be the same as those obtained from
observation. Fig. 2 shows the dependence of 11/, and £},
on the initial concentration of 2-chlorophenol. The dif-
ference between ¢, and £}, becomes larger with an in-
crease in the initial 2-chlorophenol. It was suggested that

the reaction by-products might compete with 2-chlor-
ophenol inducing the delay of the half-lives. Thus, the
effect of by-products on the reaction rate should be
considered. In such a case, Eq. (7) may be modified to
give the following equation:

_ —dc kKC

= 1
dt 1+KC+ >, KC’ (10)

where K; is the equilibrium adsorption constants of the
reaction product i and C; is the concentration of the
reaction product i.

Integration of equation yields the reaction time

;L3 KG
o kK

K(Cy—C)

— 11
1+, KGC | (11)

Go
In=2
n C +
where ¢ is the experimental reaction time.

For C = 1/2C,, integrating Eq. (11) yields Eq. (12)

[/ o OSC() In2 In2 Z:‘:l K,‘Ci
27 ko kK kK ’

(12)

where 7}, are the experimental half-lives of 2-chlor-
ophenol destruction. Theoretically, the quantity of
modified with the effect of competition should be ap-
proximated to those of f, observed in the reactions.
Comparing Eqgs. (8) and (12), the difference,
(In23"K;C;)/k:K, between ) and t/l/z is found. By as-
suming that the rate of by-product formation is directly
proportional to the initial concentration of parent
compound, it can be realized that there shows nearly no
evidence of significant difference between 7} , and 7], at
lower initial concentration but an obvious variation at
high initial concentration. The induction prompts us to
tentatively rationalize the deviation seen in Fig. 2.
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Fig. 2. Half-life profiles of observed and estimated on the dif-
ferent initial concentrations of 2-chlorophenol, where (CJ) were
the estimated half-life and () were the observed half-life in
initial concentration of 2-chlorophenol on 7.78 x 1073,
1.94 % 1074 3.88 x 1074, 5.83 x 10* and 7.78 x 10~* mol 17';
(—) was the line of estimate half-life program (--) was the line
of observed half-life in the last squire regulation.
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3.4. Generation of intermediates

TiO, is an excellent catalyst in the aqueous photo-
oxidation of a variety of aromatic substrates, such as
phenol and its derivatives. In the oxidation of phenol by
photoactivated TiO, in aqueous medium, hydroquinone
and chatechol are the major products, together with
smaller quantities of pyrogallol, 1,2-trihydroxybenzene,
hydroxylbenquinone, and some organic acids. Similar
hydroxylated species have been identified in the photo-
oxidation (Mills and Hoffmann, 1993). The photocata-
lytic degradation of 2-chlorophenol can be described by
the following overall reaction in stoichiometry:

1
CIC(H,OH + ?302

Q [intermediates]
[Ti0,]
Y 6C0O, + HCl + 2H,0 (13)

[TiO,]

As shown in other publications, the initial concentration
of 2-chlorophenol is a function of the rate and photo-
catalytic efficiency of the degradation process (Chen and
Ray, 1998). When in a certain concentration range, the
other parameters, such as the concentration of molecu-
lar oxygen, the ionic strength, solution pH, and the light
intensity, were kept constant. The reaction rate would be
a constant. Therefore, the intermediates were generated
from the parent organic (2-chlorophenol in this experi-
ment) and will decompose to the second degree, third
degree, and finally decompose to COs.
2-cPihpEps b Mp (14)
From Eq. (14) the primary decomposition rate constant
is k; and the next step reaction rate constant from parent
compound is

k2 = kk, (15a)

therefore, decomposition step S will have the rate con-
stant from the parent compound

Although there are many parrot reactions for different
intermediates in each step, each series of reactions can be

Table 1

isolated to obtain the relation of Eq. (15b). As the effect
of pollutant concentration is of importance in any pro-
cess of water treatment, it is necessary to investigate its
dependence. Many reports showed the different degra-
dation rates at the different initial reaction concentra-
tions (Turchi and Ollis, 1989; Lu et al., 1993; Kumar and
Davis, 1997). This is quite different from ordinary
thermal reaction. However, all the concentration profiles
could be correlated by the following exponential func-
tion with good agreement:

Cs = Cpe™™ (16)

where kS is the reaction constant of step S. Therefore,
the constant &, (I min~') should be a constant with in-
creases in the initial concentration of organic when other
parameters are kept constant. The results summarized in
Table 1 show that the photocatalytic degradation of 2-
chlorophenol proceeds faster at higher 2-chlorophenol
concentration. Because the L-H mode reaction was
composed with the surface reaction and the adsorption,
in this research the observed rate increased with the
concentrations but the rate constant decreased slightly
when the initial concentrations increased. That means
the effect of adsorption was more than surface reaction
in this study.

3.5. Modification of half-life calculation from L—H kinetic

The intermediate concentrations were proportional
to the initial concentration of parent compound. It was
related with degradation rate because the parent com-
pound, 2-chlorophenol, decomposed into the interme-
diates. The concentration of intermediates could be
expressed as

C=Co(1 —e™), (17)

where C; is the concentration of intermediate in the
primary degradation. Therefore, the primary interme-
diates decomposed into the secondary and tertiary in-
termediates until complete mineralization. In this work,
we assume that the decomposition reaction proceeds for
S steps from primary organic to mineralization. The
concentration of these intermediates in each step could
be demonstrated in the theoretical equation.

Values of rate, rate constant and correlation coefficient for fit of experimental data to pseudo-first-order equation in different initial

concentrations

Initial concentrations (mol 17!

7.77 x 1074 5.83 x 104 3.88 x 10~ 1.94 x 10~ 7.77 x 1073
Reaction constant, k (min~") 1.17 x 1072 1.32 x 1072 1.92 x 1072 2.60 x 1072 4.79 x 1072
Reaction rate, R 9.10 x 10~° 7.71 x 10° 7.47 x 10-° 5.04 x 10-° 3.72 x 10°°
(mol 17" min™")
Correlation coefficient, 2 0.993 0.983 0.980 0.998 0.895
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Csi = Cgi19(1 — e_k”) (18)

where Cg; are the concentrations of intermediates in step
S, and the C,;_;o shows the initial intermediate concen-
tration before decomposition step S. Since calculation of
total intermediates will be a very complex and difficult
work, and all steps of degradation will relate with the
previous intermediate concentration. It is clear that all
of the intermediates in each step are related with the
initial concentration of target organic (2-chlorophenol).
The difference between Eq. (8) and (12) will become

23" KC Cy(In2 < G
Eq. (12)-Eq. (8) =——==1""2 2 == K= 1.
0.02)-5q. (9 - MERC G (W25 0 )

(19a)

Since K is the adsorption constant of 2-chlorophenol in
TiO, that must be a constant in the same condition.
From Eq. (17) the C;/C, is equal to the (1 —e¥) that
definition as B,. Then Eq. (19a) becomes

Co[In2 & C; Cy “ Co
L2V kL) =2 KB | =21, (19b
kr(K ; co> e (“Z > Rl 19

where 7 is the summation of adsorption constant mul-

tiple exportation of reaction rate for individual inter-

mediates, @ is the (In2/K) and B; is the exportation of

reaction constant for intermediate i. Therefore, Eq. (12)

can be rewritten into the following equation:
Cy In2

(20)

Since the kinds of intermediate were assumed to be
kinds of initial organic, and suppose the reaction
mechanism is the same in the same organic compound,
therefore, I will be a constant when the initial organic is
the same. The constant was also isolated with initial
concentration. From Eq. (20), the interference of inter-
mediates can be obtained from the slope. The observed
half-lives could have a good linear relationship with
initial concentrations as shown in Fig. 2. In consider-
ation of the reaction rate of surface, £;, it was supposed
that no interference induced by the intermediates occurs.
Therefore, the real adsorption constant (K) in the reac-
tion could be recalculated in Eq. (20), which is regulated
from the observed half-life and initial constant substi-
tuted in k;, obtained from the primary L-H mode (Eq.
(8)). Then the true value of K (6.11 x 10° mol I'") is
achieved. Compared with Egs. (8) and (20), where &, and
K are the constants, then variation C, is meaning the
increased rate of slope from the estimated to the ob-
served and could be written as Eq. (21). The interference
constant / can be quantified in the following equation:

Therefore, increase of slope was twice the interference
constant /. Since the increasing rate of slope was a rel-
atively value, then influence of intermediate (/) could
simply define half of the increasing rate of slope.

4. Conclusions

This modified L-H model could be used in estimated
observed reaction rate in different initial concentrations.
It is a very important fact for operation in wastewater
treatment. By the correction of adsorption constant,
actually the reaction of suspended TiO, will be observed
more clearly and compared. This could help to differ-
entiate the decomposed mechanism of reaction and ad-
sorption. Inferences of intermediates could quality and
quantify by the fact 7, which got from the variation of
slope.

The modification model was assumed based on the
condition of pseudo-first-order reaction and L-H model.
There will be some limitations of the applications. If the
decomposition rates do not obey the first-order rate
mode, then the inference of intermediate will not obey
the presumption. Inference of the intermediate may not
interfere with reaction rate in the zero-order mode, and
a variable in higher order reaction mode. If the ad-
sorptions do not obey the Langmuir mode, the diffusion
and multi-site model should be considered. This treat-
ment is subject to the assumptions that sorption of both
the oxidant and the reluctant are rapid equilibrium
processes in both species present in a monolayer at the
solid-liquid interface. Therefore, if the intermediate or
the organic species do not follow the assumptions, the
model becomes invalid.
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