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Abstract

Heterogeneous photocatalysis has proved to be a useful tool for the degradation of water pollutants over the past 30 years. Despite notable
achievements in this domain, a more satisfactory and accurate kinetic model has to be developed further. In this work, to clarify the dependence
of the apparent rate constant k,y,, of the first-order kinetics on the initial organic content, light intensity and TiO, content of TiO,/AC (TiO,-coated
activated carbon, TA), the photocatalytic treatment of thodamine B (RhB) as a model compound has been studied by using TA in suspension
as a photocatalyst. The photocatalytic degradation kinetic characteristics were experimentally investigated under different reaction conditions
(light intensity, initial organic content and TiO, content of TA). To account for the experimental results, a new kinetic model is proposed on the
basis of intrinsic element reactions, which takes into account the effect of light intensity, reaction intermediates, and the absorption performance
on h* forming, organic compound combining with *OH and degradation rate, respectively. The new kinetic model fairly resembles the classic
Langmuir-Hinshelwood equation from its expression. However, it does predict that both k! and Ky are linearly proportional to the reciprocal of
the square root of the light intensity in a rather large intensity range. The model fits quite well with the experimental data and elucidates phenomena

about the effects of the TiO, content of TA on the degradation rate.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been great interest in the use
of advanced oxidation processes (AOPs) for the destruction
of hazardous and refractory organic compounds, due to the
high oxidation potential of active oxygen species such as *OH
and O, ~* which are generated from irradiated semiconductor
catalyst particles [1-5]. As one such AOP, the photocatalytic
oxidation of toxic organic compounds through the use of a TiO,
semiconductor is an emerging technology. The use of the TiO;
photocatalyst in environmental clean-up operations has been of
great interest due to its non-toxic nature, photochemical stability
and low cost, particularly when sunlight is used as the source
of irradiation [6,7]. However, the shortcomings of conventional
powder catalysts lie in the low efficiency in making use of light

* Corresponding author. Tel.: +86 7438563911; fax: +86 7438563911.
E-mail address: beclyj@163.com (Y. Li).

1385-8947/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2008.01.009

irradiation, and the difficulty in separation after photocatalysis
[8]. These disadvantages of TiO, result in a low efficiency of
the photocatalytic activity in practical applications. To achieve
rapid and efficient decomposition of organic pollutants and easy
manipulation in a total photocatalytic process, it may be effective
to load photocatalysts onto suitably fine adsorbents to concen-
trate the pollutants around the photocatalysts. Therefore, much
recent work has focused on the preparation, as well as modifi-
cation of TiO», and as such, some composites like SiO,/TiO3,
Zr0,/TiO; and TiO,-coated polystyrene spheres were proposed
[9-12]. In addition, composites such as TiOs/carbon [13-15]
have also been prepared. It has been reported that the combined
roles of the activated carbon and TiO, show a synergistic effect
on the efficient degradation of some organic compounds in the
photocatalytic process [16]. Although the basic principles of
photocatalysis over illuminated TiO, are well established, the
model of a photocatalytic process can be quite a complicated
matter, as it introduces light intensity to the classical aspects of
the heterogeneous catalytic systems [17-20]. Therefore, several
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Nomenclature

Co initial organic content

1 light intensity

[1;1 the concentration of the various intermediate
products of RhB degradation.

kapp the apparent first-order rate constant

ke the reaction rate constant in a modified
Langmuir—Hinshelwood model

ki reaction rate constant in the equation of TiO, irra-
diated to produce electron—hole pairs

ko reaction rate constant in the equation of
electron—hole recombination to produce heat

k3 reaction rate constant in the equation between
hole and hydroxyl groups

ks reaction rate constant in the equation between
hole and water molecules

ks reaction rate constant in the equation between free
radical and organic molecules

K’ the reaction rate constant in equation of decom-
position of the RhB by *OH

k) product of k4 and water molecule concentration

Kc adsorption rate constants for RhB molecules

K; adsorption rate constants for the various interme-
diate products of RhB degradation

Ko adsorption rate constants of the *OH radicals

Ks the adsorption rate constant in a modified

Langmuir—Hinshelwood model
RhB rhodamine B

TA TiO;-coated activated carbon

®on  fractional site coverage by *OH radicals

[O» fractional site coverage by the total organic
molecules

Ornp  fractional site coverage by RhB dyestuff

photocatalytic studies are currently focused on the usual issues
of normal catalysis without light: degradation of pollutants,
simple kinetics and mechanism reactions, and enhancement of
the conditions of operation (catalyst immobilization and doped,
optimal pH, etc.) [21-25]. There is another particular group,
the main goal of which is the study of radiation phenomena:
an intrinsic study of the functioning of the catalyst, radiation
models, reactors designs taking into account the radiation path,
etc. [26-34]. Most authors have studied both fields separately,
and as such, little effort has been done to interconnect the two
of them. Therefore, a new model is proposed by considering
the influence of the reaction intermediates and light intensity
on the degradation rate obtained from element reactions and
photocatalytic kinetics, respectively.

The first-order kinetic expression has often been used due
to its simplicity [35] with good agreement for a certain initial
organic content in photocatalytic process.

dc
r=—- =kipC (1

in which kypp is the apparent first-order rate constant (with the
same restriction of C= Cy at =0, with C being the initial con-
tent in the bulk solution after dark adsorption and # the reaction
time). The kinetic behavior in which kypp, of the first-order kinet-
ics is affected by the initial organic content, could be commonly
described in terms of a modified Langmuir—Hinshelwood model,
which has been successfully used for heterogeneous photocat-
alytic degradation to determine the relationship between the
apparent first-order rate constant and the initial content of the
organic substrate [2,36], which is commonly expressed as Eq.

(2):

dc k:KsC
=—— = kappC
dt 14+ KsC app
1 1 C
+2 2)

kapp  keKs = ke

where Cy is the initial organic content, k; is the reaction rate
constant and Kg is the adsorption rate constant.

Obviously, the reaction rate is dependent on the light intensity
and absorption performance of the catalyst. Some researchers
[37,38] reported a similar finding in which the light intensity
affected both constants (k;, Ks) in the L-H model. However, the
rate constant k; and adsorption constant Kg in the L-H model are
independent of both factors. Although Kg reflects the adsorptive
affinity of a substrate on the catalyst surface, it should not vary
with the light intensity, so the virtual meanings of the parameters
(k¢, Ks) in the L-H model have not been clarified [39,40]. Thus,
a new model is related to these points, that is, containing ini-
tial organic content, light intensity and some parameters, which
correlate with the absorbing performance of the TA catalyst (i.e.
TiO, content of TA, due to both showing pertinency). In this
way, if these points are included into the kinetic model, a novel
kinetic constant independent from the light intensity and initial
organic content, is realized. Meanwhile, the effect of the TiO,
content in the TA catalyst on the degradation rate is explained by
its kinetic parameters. We first investigated the kinetic charac-
teristics of the photocatalytic degradation of (RhB) at different
initial contents of RhB, light intensity and TA catalyst with dif-
ferent TiO, content in order to establish a kinetic model and
insight into the relationship between the degradation rate and
the TiO, content of TA and light intensity. Meanwhile, the fol-
lowing work aims to test a new kinetic model and elucidate from
the data obtained that the TiO, content in the TA catalyst affected
the photocatalytic process.

In summary, this work is focused on the behavior of a photo-
catalytic system operating with a TA suspension, establishing the
kinetic model equations and using the data obtained to test them
that concern the effect of initial organic content, light intensity
and TiO; content of TA.

2. Materials and methods
2.1. Composite photocatalyst preparation

Commercially available activated carbon grains were used,
which were produced by the vapor activation of coconut shell
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and had the grain size of about 0.12 cm. Precursor solutions
for TiO2/AC, namely TA, were prepared by the following
method. Tetrabutylorthotitanate (Aldrich, 99.9%, 17.02 ml) and
diethanolamine (4.8 ml) were dissolved in ethanol. The solution
was stirred vigorously for 2h at 20°C followed by the addi-
tion of a mixture of distilled water (0.9 ml) and ethanol (10 ml)
on stirring. The resulted alkoxide solution was left at 20 °C to
hydrolyze to a TiO, sol. Then, a desired amount of activated
carbon grains used as the substrate, was added into the TiO; sol
with a certain viscosity. After this, the sol is ultrasonicated to
produce the corresponding gel. This TiO, gel-coated activated
carbon was then heat treated at 250 °C for 2h in air and then
annealed at 500 °C for 2 h in a flow of high purity nitrogen. The
amount of coated TiO, was adjusted by repeating the cycle of
dipping and annealing.

2.2. Experimental system

The experimental system used in the study is shown in Fig. 1.
A pyrex reactor cell of 28 cm height and effective volume of
280 ml is equipped with some faucets. A high-pressure air steel
vase provides air to stir the reaction liquor to achieve symmet-
rical mixing between the catalyst and reactant. A high-pressure
mercury ultraviolet lamp, fixed in the middle of the quartz cell,
is used as a light source. To keep the temperature of the mixed
liquor in the reactor constant, cooling water is recirculated to
absorb the infrared radiation by pumping.

2.3. Experimental conditions analytical methods

RhB solution was added into the reactor cell, followed by
dosing with a TA catalyst of 3.5g1~" and subsequent aeration
mixing for about 30 min in dark condition in order to eliminate
the effect of TA absorption on the photocatalytic rate. Then,
the illumination was turned on to start the photocatalytic reac-
tion. The suspension was sampled from the reactor cell using
a glass syringe at timed intervals during degradation and cen-
trifuged immediately for separation of the suspended solids. The
clean transparent solution was analyzed by UV—-vis spectroscopy
(JASCOV-560UV-vis spectrophotometer) after filtration. The
RhB content was measured from the absorbance at the wave-
length of 556nm by using a calibration curve. For kinetic
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Fig. 1. Experimental system of the photocatalytic reaction.

analysis proposes, each sample taken from the reactor was
divided into three different vials and the final absorption was
given by the arithmetic average over the three measurements.
Repetition tests were made to achieve arithmetic average results
of the photocatalytic degradation rate.

To probe the dependence of the kinetic characteristics of the
photocatalytic degradation upon light intensity, initial organic
content and absorption performance of the catalyst (i.e. differ-
ent TiOy content of TA), a series of experiments were carried
out at different photocatalytic conditions: the initial content of
RhB was varied from 1 x 1073 to 10 x 1073 mol1~!. The light
intensity of UV lamp, applied in the work, was 10, 15,25, 40 and
60 mW cm ™2, respectively. The aerating rate of air and reacting
temperature were controlled at 56mls~! and 25°C, respec-
tively. For each group of experiments at certain light intensity,
five different RhB contents were applied.

3. Results and discussion
3.1. The characteristics of samples

The content of TiO; in the TiO,-coated samples per doped
cycle, the BET surface area and the total pore volume, includ-
ing the original activated carbon, are summarized in Table 1,
together with the doped cycle times. The surface area of the
hybridization catalyst increases due to the doping of the surface
of the activated carbon with nano-TiO, particles because of their
high surface area, and decreases due to their blocking of the pore
entrances on the surface of the activated carbon substrate. For
the 1-doped cycle TA, because the former effect on the surface
area is stronger than the latter effect, its surface area is more
than the original activated carbon and increased. However, for
the TA catalyst with 2- or 3-doped cycles, its surface area was
decreased markedly and was decreased gradually with increas-
ing doping cycles or TiO, content, so the absorbing performance
(surface area) of TA is logically expressed by its TiO; content.
The decrease of the surface area is reasonably supposed to be
the fact that the effect of nanometer TiO; particles on enhancing
surface area is fewer than that of their blocking. The total pore
volume of the original activated carbon was 0.08768 cm® g~!.
The total pore volume of TA is smaller than that of the origi-
nal activated carbon and decreases with increasing TiO; content,
which could indicate that the TiO; particles take part in blocking
the pore entrances. So this change in tendency of the surface area
is the same as that of the total pore volume with increasing dop-
ing cycle times for the catalyst annealed at 500 °C, as shown in

Table 1
Characteristics of TiO,-coated activated carbon (TA)

Samples Doped cycle Contentof  BET surface Total pore volume
(times) TiO; (Wt.%) area (m? g_‘) (cm? g_')

AC - 0 435 0.08768

TA1 1 5.1 456 0.08231

TA2 2 18.3 373 0.074874

TA3 3 46.8 279 0.06458

TA4 4 62.6 271 0.05364
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Table 1. Previously, the XRD patterns of TA samples, annealed
at 500 °C show that the approximate ratio of the anatase to rutile
phase was 2.3, and TiO; crystalline phase were nearly invariable
with changes of TiO, content.

3.2. The effects of initial content of RhB, light intensity and
TiO; content in the catalyst on photocatalytic rate

Experiments on the photocatalytic oxidation of RhB were
conducted for solutions with various RhB contents: 1, 2.5, 5,
8 and 10 x 1073 mol1~!. The degradation curves of the RhB
dyestuff induced by the TA photocatalyst are well fitted by a
mono-exponential curve, suggesting that the degradation exper-
iments by UV irradiation of RhB aqueous solutions containing
TA follow first-order kinetics. According to Eq. (2), a plot of
In(Co/C) versus t for all the experiments with different initial
bulk concentration of RhB is shown in Fig. 2. The values of
kapp can be obtained directly from the regression analysis of the
linear curve in the plot. However, in the photocatalytic reaction
system, because the reactant in solution absorbs UV light, this
lowers its intensity, resulting in a decrease of the photoactivity
of the hybridization catalyst. So the initial concentration of the
dyestuff has a fundamental effect on the degradation rate, i.e.
the kinetic rate constant decreases with increasing concentra-
tion [41]. From a practical standpoint, at the same illumination
time the relative amount of RhB dyestuff decomposed is less
for the much darker solutions. It is apparent from the results in
Fig. 2 that the apparent rate constant decreased with increas-
ing RhB concentration. This can be explained by the following
causes: for a certain TA, the amount of active centers on the
photocatalyst is finite, and the molecules of RhB are excessive
in comparison with the amount of active centers on the photo-
catalyst thereby reducing the UV light adsorption capability of
the catalyst. Thus, the photocatalytic process is influenced by
the initial concentration of RhB.

Additionally, light intensity is a major factor in photocat-
alytic reactions, because electron—hole pairs are produced by
light energy [19]. Fig. 3 shows an increase in the degradation
rate constant k,pp of RhB with increasing light intensity for a
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Fig. 2. The effect of initial concentration of rhodamine B on its photocat-
alytic degradation. 1, 2, 3, 4 and 5 represent Cp =1, 2.5, 5, 8 and 10 mmol -1
Ip=25mWem™!, [TA]=3.5g17!, T/TA=5.1%.
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Fig. 3. The effect of light intensity on the apparent rate constant kypp of rho-
damine B photodegradation. 1, 2, 3, 4 and 5 represent Cp=1, 2.5, 5, 8 and
10mol 171,

certain initial organic content. For example, the decomposition
rate at 60 mW cm 2 is faster than at 40, 25, 15 and 10 mW cm ™2,
This is because higher light intensity provides higher energy for
more TiO, in TA to produce electron-hole pairs. Additionally,
it is evidently observed that ky,, increases by increasing light
intensity and decreasing organic content, respectively. There-
fore, it is reasonably deduced that the effect of organic content
on kypp is ascribed to the absorbing light performance of the
reactant solution.

Besides the initial content of RhB solution and light inten-
sity, the amount of TiO, deposited on the activated carbon
support also affected the photocatalytic degradation rate of
RhB. Fig. 4 shows the dependence of the apparent rate con-
stant k,pp, determined in this way, on the TiO, content of
TA. By comparing the dependence of kp, on the TiO con-
tent in this figure, the apparent rate constant first increases
with increasing content of TiO;, then decreases. The relation
between the RhB degradation rate and TiO; content follows
the sequence: 46.8% > 62.6% > 18.3% >5.1%, which means that
the large quantity of photons generated by excitation of the
TiO, species can easily contact with a sufficient amount of RhB
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Fig. 4. The effect of TiO; content of TA photocatalysts on the photocatalytic
degradation of rhodamine B. 1, 2, 3 and 4 represent T/TA =46.8, 62.6, 18.3 and
5.1%, Co=2.5mmol 17!, [y=25mWcem~!, [TA]=3.5g1" L.
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molecules, giving a high yield of photocatalyst activity. A TA
catalyst showing high photoactivity should generate a sufficient
amount of TiO, particles to produce photons. Meanwhile, the
surface area of the activated carbon support should be suffi-
ciently high to absorb the greatest number of RhB molecules for
degradation. Because the TiO, content of TA increased with a
concomitant decrease in surface area, as shown in Table 1, the
TiO, content and surface area of the TA catalyst have optimum
values for its high photoactivity.

3.3. Photocatalytic degradation kinetics model

Under the experimental conditions, it can be assumed that
the first step in reaction is able to adsorb RhB molecules and
their degradation products on the surface of TA photocatalyst,
and the second step is all substrates adsorbed to be decomposed.
Considering the above processes, the assumptions were followed
as:

(1) Photocatalytic oxidation is mainly completed via the
hydroxyl groups absorbed on the surface of the TA catalyst,
which attack the organic compounds and related intermedi-
ates on the catalyst surface, which is the rate limiting step
for photocatalytic degradation.

(2) The combination of HyO/OH™ with the photo-induced holes
h* to form hydroxyl groups, and the HO® radicals should
be mainly formed from the adsorbed H>O molecules.

(3) The combination rate of h*/e™ is much more than the
hydroxyl forming rate of the reaction between h*, H,O and
OH™.

(4) The concentration of hydroxyl radicals is constant at a
steady state (Bodenstein steady state assumption).

(5) The concentration of h* is constant at a steady state (Boden-
stein steady state assumption).

Acknowledging the four reaction steps for photocatalysis, the
elementary reaction equations are expressed as the following
equations:

hy—5ht 4 e~ Heat 3)
+ - K,

h™ + OH™—°*OH 4

ht + Hy0~ =% *0OH + H* 5)

*OH + total organic moleculesgproduct 6)

Eq. (3) refers to the photonic activation step and depicts
the recombination step, while Eqs. (4) and (5) represent the
formation of the hydroxyl product, and Eq. (6) shows the trans-
formation of the total organic molecules that contain RhB and
its various intermediate degrading products to the product P.
According to assumption 1, the photocatalytic degradation rate
for the surface decomposition of RhB on TA, r, is represented
as Eq. (7): the reaction rate

r = k"©®onOrnp @)

where k" is the rate constant, and ®poy and Orpg are the
fractional site coverages by *OH radicals and RhB dyestuff,
respectively. When the light intensity and catalyst are invariable,
®op is considered as a constant, so that Eq. (7) is a first-order
kinetic model, as shown in Figs. 2 and 4. Additionally, the
fractional site coverage by the RhB dyestuff is given by
KcC

ORI = TR eC + 3, KL ®
in which K¢ and K;j are the adsorption rate constants for RhB
molecules and “T” refers to the various intermediate products of
RhB degradation. If it is assumed that the adsorption coefficients
for all organic molecules present in the reaction mixture are
effectively equal, the following assumption can be made:

KcC+ ) Killil = KcCo )
i
Oryp = — € (10)
RhB = 1+ KeCo

where Cj is the initial concentration of RhB.
On the other hand, the fractional site coverage by the *OH
radicals is given by

Ko[*OH]

~ 1+ Ko[*OH] (b

®oH
where Ko represents the adsorption rate constants of the *OH
radicals.

Considering the Bodenstein steady state assumption
(assumption IV) that the concentration of hydroxyl groups,
[*OH], is constant, then

d[*OH]

pram k3[h"J[OH™] + k4[h"][H20] — ks[*OH]Or

= [h*](k3[OH™ J4+ks[H20])—ksOT[*OH] ~ 0 (12)

According to assumption 2, k4[H,O][h*] > k3[OH~][h*].
Owing to the fact that water is the solvent (i.e. H>O is in large
excess) and [H,O] is also constant. Consequently, [*OH] can be
obtained as the following equation:

kj[h*]

*OH] =
[*OH] ks O

13)

where kjt = k4[H20]. According to the ®ryp assumption, the
fractional site coverage by the total organic molecules is given
by
= KcC+) . Killil  KcCo
14+ KcC+ > ,Kill;i1 14 KcCo
The concentration of photo-induced holes, [h*], can be
obtained by applying assumption 5 to the following equation:

d[h™]
dr

I — k3[hJ[OH™] — ky[h* ][H20] ~ 0

(14)

= kil — kp[h™
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Fig. 5. Kinetics of rhodamine B photodegradation (linear transform In(Cyp/C) vs. t) in photocatalytic experiments using TA for different concentrations of rhodamine
B (1: Co=1mmol1~!; 2: Cp=2.5mmol17!; 3: Co=5mmol1~!; 3: Co=8 mmol1~!; 4: Cy=10mmol1~1). (a): I0mW cm~!, (b): 15mW em™!, (c): 40mW cm™!,

(d): 60mWem™!, [TA]=3.5g17!, T/TA=5.1%.

Rothenberger has applied laser pulse photolysis to determine
the recombination rate coefficient of the separated e~ and h*, in
which k; is much higher than k3 [42]. According to assumption
3, ky [h*]%>> k3[h*][OH™] + k4[H,O][h*]. Consequently, [h*]
has the form

K\ 172
[h*] = <1> (15)
ko

Now, substitution of Egs. (15) and (13) into Eq. (11) results
in the expression in the following equation:

Ko(Ky/ksOr)[h"]
1+ Ko(k,/ks©1)[h ]

Ko(ky/ ksO1)(ki/ k)2 12
1+ Ko(k,/ ksOr)(k1/ ko) /2 11/2

Oon =

(16)

By substituting Egs. (16) and (10) into Eq. (7), the reaction
rate, r, can be ultimately presented as shown in the following
equation:

Ko(ky/ksO1)(ki / k) *1'> KcC
1+ KoK,/ ksO1)(k1/k2)'/*1'/2 1+ KcCo

o

K'(Kok,/ ks)(ki/k2)'IY((1 + KcCo)/KcCo)  KcC
1+ (Kokj/ ks)(k / k) 1V/2((1 + KcCo)/KcCo) 1 + KcCo

K'(Kokj/ ks)(ki/k2)' 12 KcC
(Kokl/ ks)(k1/ k)2 11/2 + (1 4 (Kokl / ks)(ki / k)" /2 T1'/2) K Co
k:KsC

= 17
1+ KsCy an

where
_ K'(Kokl/ks)(ky / k)21
© L4 (Koky/ks)(ki/ ko) /21112
The reciprocal of Eq. (17) will lead to the expected relation

1 1 1 1 o
L SLI N 18
k Kok ko ki 212 T = tE U9

where
1 1
o= , =
K" (Kokl/ ks)(ki/k2)'/? k"

(14 (Kokj/ks)(ki / k)" 21" K¢
T (Kok/ks)(ki/ ko) /211/2
Kc

n
B Tip T Ke= g to 19
(Kokly/ ks)(ky [ ka)!/? 11/ C= T (19)
where
Kc
= , o= K
17 Kokl ks)(ki /) 7 ¢

The new kinetics model above fairly resembles the classic
Langmuir—Hinshelwood equation from its expression; however,
kr and Kg appear to be dependent on light intensity and reflect the
adsorbing performance of TA due to certain absorbing param-
eters such as Ko and K¢ in the model. Therefore, this kinetic
model could explain the experimental phenomena of & and Kg



Y. Li et al. / Chemical Engineering Journal 142 (2008) 147-155 153

200 5
1: y = 10.474x + 83.392, R* = 0.9869
b2y =0.6504x + 89.538, R* =0.9956 3
160 4
— L 5
£
£
=201
&
o L
sob 3:y = 8.2005x + 83.518, R?=0.8922
4y =6.9921x + 85.432, R®=0.9705
r 51y =5.3426x + 81.442, R°= 0.9836
40 L 1 1 1 1 L I 1 L 1
0 2 4 6 8 10 12
Cy (mmol ]’l)
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varying with light intensity and elucidate the observed exper-
imental results in which the initial content of RhB and TiO;
content of TA affected the photocatalytic process.

3.4. Model fitting to the experimental data

A plot of In(Cp/C) versus ¢ for all the experiments with dif-
ferent light intensity is shown in Fig. 5. The values of k,p,p can
be obtained directly from the regression analysis of the linear
curve in the plot. Fig. 6 shows a plot of 1/kapp versus Co for
different light intensity. The values of the adsorption constant,
Ks, and the rate constant, k., are obtained by linear regression
of the points calculated by Eq. (17). Granted, in Eqgs. (18) and
(19), the model parameters k; and Ks both show a dependence
on the square root of light intensity 1. That is, 1/k; =a/I'? + 8,
Ks=n/I"? + w, where «, B, n and w are all equation coefficients
determined by elementary reactions rather than light intensity,
while the additional «, n and w parameters are related to the
adsorbing properties of the catalyst. Based on the assumption
that the kinetic model is valid, 1/k; and Kg are plotted versus
I~ based on the experimental data, as shown in Figs. 7 and 8.
Both 1/k; and K5 are almost well correlated to 7~ !/2, which sup-
ports the validity of Eq. (17). Consequently, the parameters, k;
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Fig. 7. Dependence of 1/, on the reciprocal of the square root of light intensity.
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Fig. 8. Dependence of Ks on the reciprocal of the square root of light intensity.

and Kg in the present study are regressed as follows:

1 26.366

Pl +2.5255 (20
0.2996

Kg = i + 0.0965 21

Based on the model, 1/k; and Kg are made up of two parts,
one constant and the other intensity-dependent. Meanwhile, both
1/k; and Ks increase with increasing 1/7/2. Chiefly, compared
to the classic L-H mode, our kinetic model shows that k. and
Kg are dependent on light intensity. This new kinetic model
suggests that the dependence of, not only the reciprocal of the
rate constant, 1/k;, but also the apparent adsorption constant Kg,
on the reciprocal of the intensity results in a square root curve
over a wider intensity range. Since the correlation coefficients
for Egs. (18) and (19) are high and reach 0.9509 and 0.9641,
respectively, these equations for the results in Figs. 7 and 8 fit
quite well with the experimental data. Furthermore, we show that
some predictions coincide well with the experimental results
and indicate the effects of light intensity on the rate constant
and adsorbing constant by using both equations for the present
investigation.

3.5. The relationship between TiO; content, adsorbing
property of photocatalyst and its photoactivity

Under the same experimental conditions, Egs. (20) and (21)
with different constants were obtained for the TA catalyst with
different TiO, contents, as shown in Table 2. The dependence of
the rate constant k; and adsorption constant Kg of TA was deter-
mined based on the TiO; content of TA when the light intensity
was invariable. By comparison, at the same light intensity in
this table, it is obvious that the rate constant k; first increases
with increasing TiO, content, but then decreases, and the rela-
tion between the rate constant k, and the catalyst follows the
sequence: TA3 >TA4>TA2>TAl, while the adsorption con-
stant Kg decreases with increasing TiO» content with respect
to the following sequence: TA1>TA2>TA3>TA4. It can be
assumed that the RhB decomposition rate for the TA catalyst is
mostly determined by the TiO; particles. This may be caused by
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Table 2

The rate constant k; equation and the adsorption constant Ks equation of rhodamine B photodegradation with different TA catalysts, and corresponding parameter

values and correlation coefficient (R?) in both equations

Kokl (ki \'/? Kokl (ki \'/?
Samples k equation 14 O%4 (—l) R2(ky) Ks equation Kc 0% (—l) R%(Ks)
ks \k2 ks \k2
1 26.366 0.2996
TA1 — = + 2.5255 0.396 0.10 0.9509 Ks = + 0.0321 0.032 0.11 0.9641
k 7172 7172
1 24.813 0.2462
TA2 =T 42107 0475 0.8 09486 Ks= - +00185 0019 0.7 0.9731
T
19.427 0.1959
TA3 — = + 1.3856 0.722 0.07 0.9838 Ks = +0.0126 0.013 0.06 0.9914
ke I1/2 11/2
22.185 0.1627
TA4 T = 7172 + 1.7389 0.695 0.06 0.9673 Ks = 7172 + 0.0087 0.009 0.05 0.9753
T

the fact that the RhB molecules have to be first adsorbed into the
activated carbon layer and then allowed to migrate to the surface
of the TiO; particles. For the TA catalyst, the degradation rate
mainly depends on the TiO; content, but the surface area of the
catalyst is also an important factor affecting the photoactivity of
the catalyst. For the TA1 catalyst with 5.1% TiO; content, the
exceptionally high adsorption constant showed a lowered degra-
dation rate presumably due to the low TiO; content. The highest
rate constant was observed for the sample TA3, which contained
46.8% TiO,. The rate constant was found to increase gradually
for catalysts with a TiO, content below 46.8%, which is rea-
sonably supposed to be due to the increased amount of TiO;
particles. After passing a maximum, the rate constant decreased
with increasing TiO; content, which may be due to the decreas-
ing amount of adsorbed RhB, which drastically decreased as a
result of the reduced surface area.

According to Eq. (18), ¥’ and (Kokj/ks)(ki/ka)'/?
equate to 1/8 and PBla, respectively. Meanwhile, Kc and
(Kok/ks)(k1/k2)!/? equate to w and w/n from Eq. (19),
respectively. The coefficient values are listed in Table 2 for dif-
ferent TA catalysts. The rate constant k” first increases with
increasing TiO, content in TA, but then decreases, which is
consistent with the relation between k; and the TiO; content
of TA. Meanwhile, both K¢ and Kg showed the same chang-
ing trends with increasing TiO; content in TA. Furthermore, the
(Kokly/ks)(k1/ k2)'/% values respectively calculated using Egs.
(18) and (19), are nearly equal and decrease with increasing
TiO, content in TA. These prove that the models fit quite well
with the experimental data and it is fairly rational for the above
assumptions.

4. Conclusions

The kinetic characteristics of the photocatalytic degrada-
tion of rhodamine B (RhB) by a TiO;-coated activated carbon
(TA) catalyst were experimentally investigated with respect to
the initial RhB content, different light intensities, and differ-
ent TiO; contents in the TA catalyst. The kinetic characteristics
were ascertained to follow a first-order model, however, the
dependence of the apparent rate constant k,p, on the light inten-
sity, initial content of RhB and the TiO, content in the TA
catalyst was observed. To account for the experimental find-

ings, a new kinetic model, which fairly resembles the classic
Langmuir—Hinshelwood equation from its expression, was pro-
posed on the basis of intrinsic element reactions. This correlates
the light intensity as a function of the parameters in the new
model and further predicts that both 1/k; and K are linear with
respect to the reciprocal of the square root of the intensity over a
wide intensity range. The validity of the model was partly proved
by fitting it to experimental data obtained under various incident
light intensities, initial organic contents, and TA catalysts with
different TiO, content. This indicates that the kinetic model is
rationally deduced on the basis of some valid assumptions.
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