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Abstract

To well describe the Ti(IV)-catalyzed H,O,/O; reaction in aqueous solution, a kinetic model was established based on its mechanism.
This model was then validated by the experiments of acetic acid degradation in aqueous solution. It was found that the correlation
coeflicient of fittings was higher than 0.970. Three key operating factors affecting organic degradation in the Ti(IV)-catalyzed H,0,/O5
process were studied, including Ti(IV) concentration, dissolved ozone concentration and initial H,O, concentration. Furthermore, some
experiments were conducted to determine the rate constant for dissolved ozone decomposition initiated by Ti,Os>*. The rate constant
measured is almost in accord with the data analyzed by this kinetic model. The goodness of fittings demonstrated that this model could
well describe the kinetics of the Ti(IV)-catalyzed H,0,/O3 reaction mathematically and chemically. Therefore, this kinetic model can

provide some useful information to optimize the parameters in ozonation of water containing certain pollutants.
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Introduction

Ozonation has been demonstrated to be an effective
oxidation technology for oxidation of organic pollutants in
water (Cooper and Burch, 1999; Wang et al., 2003; Einaga
and Futamura, 2004). However, some organic compounds
are resistant to conventional ozonation treatment (Esplugas
et al.,, 2002; Nawrocki and Kasprzyk-Hordern, 2010).
To enhance degradation efficiencies of these compounds,
ozone-based advanced oxidation processes (AOPs-O3)
have been received increasing attention (Farré et al., 2005;
Rosenfeldt et al., 2006; Caidizares et al., 2007; Rosal
et al., 2009). The AOPs-O3 are the processes involving
hydroxyl radical, which reacts very quickly with many
organic species, displaying kinetic constants in the range
from 10% to 10'° L/(mol-sec) (Buxton et al., 1988; Haag
and Yao, 1992).

In recent years, hydrogen peroxide/ozone (H,0,/03) is
considered as an effective treatment process to achieve
high degradation efficiencies for different contaminants
(Ruppert et al., 1994; Gulyas et al., 1995; Hong et al.,
1996; Qiang et al., 2010). However, to the authors’ best
knowledge, H,O, can not effectively achieve the depro-
tonation reaction in acidic medium (especially when pH
is less than 4.0), thus the oxidative efficiency of the
H,0,/03 process is always very low under acid conditions
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(Kurniawan et al., 2006).

In our previous work, a Ti(IV)-catalyzed H,0,/O;
(TidV)/H,0,/03) process was developed to successfully
degrade acetic acid in acid solutions (Li et al., 2010).
The removal rate of total organic carbon (TOC) in the
process was nearly the same as that of acetic acid,
indicating that acetic acid was degraded completely to
carbon dioxide and water. The process of Ti(IV)/H,0,/0;
is a supplementary method to the H,O,/O3 process and
suitable for application in acid solutions, Combining the
generally accepted hydroxyl radical-type mechanism for
AOPs-0O3 and the results of our previous work (Gracia et
al., 1996; Piera et al., 2000; Sauleda and Brillas, 2001; Li
et al., 2010), it was considered to be the main cause for
high oxidative efficiency of Ti(IV)/H,0O,/O3 that a yellow
complex compound (Ti,O5>"), generated from the reaction
of Ti(IV) with H,0,;, could initiate the decomposition of
dissolved ozone to produce hydroxyl radicals (Cao et al.,
1994; Li et al., 2010) .

The objective of this research was to establish a kinetic
model for the Ti(IV)-catalyzed H,O,/O5 reaction in acid
solutions. Acetic acid was used as a model pollutant

because it is very stable to ozone and palways—a—finat
product of chemical oxidation. A series| of acetic acid
degradation experiments by the Ti(IV)-catjlyzed H,O,/O3
process were carried out to validate the estpblished model,
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1 Experimental section

1.1 Materials and reagents

All chemicals used (acetic acid, hydrogen peroxide and
titanium(I'V) oxysulfate) were of analytical grade and used
as received without further purification. All the glass wares
used were first washed by soaking them in chromic acid
and then rinsed with de-ionized water (II) before use.

1.2 Experiment setup

All experiments were performed in a semi-continuous
process. Ozonation contactor was a 1.5-L cylindrical glass
reactor (Fig. 1). Ozone was produced by a corona ozone
generator (CFS-1A, Ozonia, Switzerland). The oxygen gas
was dried and purified with silica gel prior to entering
the ozone generator. Ozone concentration was regulated
by varying the voltage and oxygen flow rate. The rate of
gas flow was monitored by a rotor flowmeter. The flow
rate of ozonized oxygen was always 0.86 L/min and the
rate of ozone input was 8.60 x 10~* mol/min without
special illumination. Excess ozone was passed into two gas
absorption bottles containing 2% KI solution.

In a typical experiment of acetic acid degradation, the
reactor was filled with a 500-mL acetic acid aqueous
solution and the temperature was kept at room temperature
(21 £ 0.5)°C in all cases. The required concentration of
titanium ion and hydrogen peroxide prepared in advance
were added to the reactor. The pH of the solution was
kept at 2.8 during the whole reaction time. The sample
was withdrawn for analysis at certain regular intervals, and
dissolved ozone was removed by immediately bubbling
nitrogen for 3 min after sampling to terminate oxidative
reaction.

1.3 Analytical method

An ion chromatography (Dionex DX1500, USA) was
used to determine the concentration of acetic acid (eluent:
3.5 mmol/L sodium carbonate and 1.0 mmol/L sodium
bicarbonate, the flow rate was 1.0 mL/min). The concen-
tration of ozone in gas was measured by the iodometric
titration method (Birdsall et al., 1952). The concentration
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Fig.1 Diagram of the experimental setup. (1) ozone generator; (2)
flowmeter; (3) ozonation reactor; (4) outlet of circulation water; (5) outlet
of solution; (6) inlet of circulation water; (7) sampling; (8) inlet of
solution; (9) ozone destructor.

of ozone dissolved in aqueous solution was determined by
a spectrophotometer using the indigo method (Bader and
Hoigné, 1981). The concentration of H,O, was determined
by the spectrophotometric method using the dipotassium
titanium oxide dioxalate method (Sellers, 1980). The com-
parison tests showed that the presence of H,O, did not
interfere with the determination of the concentrations of
ozone and acetic acid. The pH value of the solution was
recorded by a pH analyzer (PHS-3C, General Instrument
Co., Ltd., Shanghai, China), and was controlled by adding
1 mol/L H,SO4 or NaOH. It was found the pH of the so-
lution almost kept constant (2.8) during the whole reaction
time.

2 Results and discussion

2.1 Determination of the rate constant of ozone reaction
with Ti205 2+

In general, ozonation always follows an electrophilic
attack of electron rich sites of a target molecule (Gurol
and Nekounaini, 1984; Luca et al., 2009). On the basis
of the results of our previous work and the experiences of
ozonation (Li et al., 2010; Beltran et al., 2005), it can be
inferred that the interaction of O3 with Ti,Os>* leads to
the production of reactive radical (O3~) (Reaction (1)).

05 + Ti,0X* —— 05 + Ti,O )

To determine the rate constant for dissolved ozone
reaction with Ti,Os2*, the decomposition rate of ozone in
water was monitored under suitable conditions (Tomiyasu
et al., 1985; Ma et al., 2005; Benitez et al., 2007). At
first, the ozonized oxygen was bubbled into the reactor
continuously for 20 min to get an ozone-saturated solution.
The solution was poured into a 500-mL beaker and a
certain volume of solution containing Ti,Os>* was rapidly
added to the beaker. After then, the concentration of the
dissolved ozone was measured. Kinetics of a given com-
pound reacting with dissolved ozone is always assumed
to be second-order (first-order in the concentration of the
dissolved ozone and the given compound). Without loss of
generality, the rate law for dissolved ozone decomposition
in this process can be formulated as:

dCo,
dt

= k1 Co, Criyo2- )

where, k; is the second-order rate constant, ¢ represents
reaction time, Co, and Cr;,2+ represent dissolved ozone

concentration and Ti,Os2" concentration in water at any
time, respectively.

In this process, if the amount of H,O; is in large excess,
Ti,Os%* concentration can be considered tobe a constant

Then the decomposition rate of the dissolved ozone can be
assumed to be pseudo first-order (Eq. (3)).

dCo,
dr

= k| Co, 3
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where, kj = ki Cr;, 02+
This expression can be integrated as follows:
0
Co,
Co,

In

=kt @)

where, Cg3 represents the initial concentration of the
dissolved ozone.

The logarithmic plots of the concentration of the dis-
solved ozone exposure versus time at different Ti,Os>*
concentrations are shown in Fig. 2, which indicates that
the decomposition rate of the dissolved ozone follows a
pseudo first-order law. Furthermore, the slope of the corre-
sponding straight line was doubled when the concentration
of T12052+ increased one times, which confirms the reac-
tion order with respect to Ti,0s2* is one. Therefore, the
second-order rate constant (k;) could be calculated to be
1.10 x 10 L/(mol-sec) by k| divided by the corresponding
concentration of Ti,Os>*.

2.2 Kinetic model of the Ti(IV)-catalyzed Os;/H,0, pro-
cess

The Ti(IV)-catalyzed H,O,/O3 process should consist
of three crucial reactions: (a) the decomposition of dis-
solved ozone initiated by Ti, 052t (Reaction (1)), (b) the
generation of hydroxyl radicals (Reactions (5) and (6)),
(c) the degradation of organic by HO- (Reaction (10)).
Meanwhile, some other reactions (Reactions (7), (8) and
(9)) coexist along with the crucial reactions as summarized
below (Buxton et al., 1988; Cao et al., 1994; Haag and Yao,
1992; Li et al., 2010; Nothe et al.,2009; Pérez et al.,2002;
Staehelin and Hoigné, 1985; von Gunten, 2003):

ks,
05 + H* —— HO} 5)
ks
k
HO; ——— HO" + O, (6)
k
HO® + O3 ——— HO3 + 0, (7
k
H,0, + HO®* —— H,0 + HO; ®)
081w (00 =730%10 mol/L
0 Cripp = 1.46x10° mol/L
06 A Criox =2.92x10° mol/L

ki, =3.24x1072 sec™!
R?=0.977

ky, = 1.56x1072 sec”!

02}
ky, = 8.21x1073 sec™!
0.0 - R?=10.980
1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25
Time (sec)

Fig. 2 Linear fittings of ln(COO% /Co,) against time at different Tip 052+
concentrations at pH 2.8. '

Ti,0%* + HO® —~— OH™ + Ti,O )
organic + HO® e, products (10)

To set up a kinetic model for representing the Ti(IV)-
catalyzed H,0,/O3 process, it is assumed that organic
substance (S) is chiefly degraded by the hydroxyl radical
and its decay rate (dCs/dr) can be expressed by Eq. (11).

~E5 = koo Cs (an
where, Cs and Cyor represent the concentrations of organic
compound and hydroxyl radical at any reaction time,
respectively.

From the Reactions (6)—(10), the variation of HO- con-
centration (dCyo+ /df) depends on its generation rate from
HO; decomposition, and its consumption rates reacting
with O3, H,O», Ti;O52* and organic substance (Eq. (12)).

dCyoe
=4 =*sCrog ~ k1Cros Co; ~ksCity0, Criow ~koCr o Chos - k10CsCroe  (12)

where, Cho and Cp,o, represent the concentrations of
HO;j and H,0; at any reaction time, respectively.

In addition, the change of HO concentration in solution
relies on its generation rate (Forward Reaction (5)) and
consumption rate (Backward Reaction (5) and Reaction
(6)), which can be expressed by Eq. (13).

dCho
dr

= ks+Co; Cu+ — ks—Cro; — keCroy (13)

where, Co; and Cy+ represent O3 concentration and H*
concentration at any reaction time, and ks,= 5 x 10'°
L/(mol-sec), ks_= 3.3 x 10% sec”!, kg = 3.3 x 10° sec”!
(von Gunten, 2003). Since k¢ > ks—, Eq. (13) can be
simplified into Eq. (14).

dC HO?
o dr

= ks, Co- Cit- — keCiroy (14)

Furthermore, the O3~ concentration is determined by
those of its generation rate (Reaction (1)) and its decay rate
(Forward Reaction (5)) can be quantified by Eq. (15).

dCo;
dr

= k1C03CTi20§+ — ks+Co; Cu+ 15)

Since HO®, HOJ and O;~ are highly reactive free radi-
cals with extremely short lifetimes (Staehelin and Hoigné,

1985; Liu et al., 1999, 2007), according tosteady state ap-
proximation, their concentrations are genefally considered
to be constant but at very low levels (Eq. (]6)).

dCuo- _ dChoy _ dCo; o b

dr dr dr
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On the basis of above equations, the Cyo+ can be
expressed by the concentrations of Oz, Ti;Os**, S and
H,0; (Eq. (17)).

k] CO} CTizO?'

B ](7C03 + kgCHz()2 + k9CTiZO§* + k19Cs

Chor a7

Substituting Eq. (17) into Eq. (11), the rate of organic
degradation can be expressed as follows:

dCs k1k10C03 CSCTiZO?
dt B ](7C()3 + kgCHz()2 + k9CTi20§* + k10Cs

(18)

Since kg (2.7 x 107 L/(mol-sec)) (Popiel et al., 2008)
is two order smaller in magnitude than k7 (1.0 X 10°
L/(mol-sec)) (von Gunten, 2003) in acid solutions, it is
fair enough to remove the item of k3Cy,0, from Eq. (18)
to simplify the integration. According to the mechanism
of the Ti(IV)-catalyzed H,O,/O3 reaction, low Ti(IV) con-
centration (always less than 6.70 X 107> mol/L) is enough
to achieve high efficiency of organic (S) degradation.
Therefore, the concentration of Ti,Os2* is about one order
smaller in magnitude than the concentration of residual
ozone Co, (usually between 1.04 x 10~* mol/L and 2.50 x
10~* mol/L) in this reaction. In addition, owing to the steric
hindrance of Ti»Os>", ko is supposed to be smaller than k9
(7.5 x 10° L/(mol-sec), HOj -quenching reaction) (Beltran,
2003). Thus, it is also appropriate to remove the item of
kgCTizo? from Eq. (18) (this assumption was approved by
the results of acetic acid degradation). Finally, we get Eq.
(20).

HO® + HO; —~— HOS + OH" (19)

dCs klk10C03CSCTiZO§*
_W a k7Co3 + k10Cs

(20)

After integration, the organic concentration Cg reduces
from its original concentration C g at initiation time (¢ = 0)
gradually as depicted in Eq. (21):

CO k klklOCTi 02+
In(=3) + —2—(CY - Cs) = ——— - 21
H(CS) k7C03( s —Cs) % (21

If weleta = k[o/k7C03, b= klklOCTizog* / k7, Eq. 21)
can be re-arranged in a simplified form as shown below
(Eq. (22)).

N
n(Z>) +a(Cg - Cs) = bt (22)
S

In conclusion, Eq. (22) has been established as the prime
kinetic model for the Ti(IV)-catalyzed H, O,/O3 reaction in
acid solutions.

2.3 Validation of the kinetic model

To validate this kinetic model for the Ti(IV)-catalyzed
H,0,/03 process, three sets of experiments were carried
out by varying three key factors of Ti(IV) concentration
Criqv)y, dissolved ozone concentration Co, and initial H,O,
concentration ngoz, respectively. In each experiment, the
initial concentration of acetic acid CngOOH was 1.67 x
1073 mol/L and the pH of the solution was 2.8. Figure 3
presents the experimental results of acetic acid degradation
at different concentrations of Ti(IV), which are also fitted
by the model of [In(CY/Cs) + a(C3 — Cs)] versus reaction
time (f). It can be seen that the correlation coefficients
at different concentrations of Ti(IV) are very high (>
0.970), which validate that this kinetic model can well
explain the mechanism of the Ti(IV)-catalyzed H,0,/O;
process. Furthermore, according to Eq. (21) and the slope
value of the fitting line, the second-order rate constant of
Reaction (1) (k;) could be calculated to be 1.40 x 10°
L/(mol-sec), which well agrees with the former data (1.10
x 10 L/(mol-sec)) obtained from the decomposition rate
of the dissolved ozone.

The experimental data from the second set of experi-
ments at different concentrations of dissolved ozone were
fitted using this kinetic model (Fig. 4). It can be seen
that the results of acetic acid degradation at different
concentrations of dissolved ozone have high fitness with
the stimulated curves (R* > 0.990). The results also showed
that the efficiency of acetic acid degradation was found
to significantly increase with the increase of dissolved
ozone concentration for a given reaction time at first,
and then a further increase of ozone concentration caused
the decrease of acetic acid degradation. Consequently,
higher ozone doses is an impetus to the reaction of the
Ti(IV)-catalyzed H,0,/O3 process, but excessive ozone
would quench the hydroxyl radicals, thus lowering the
degradation efficiency of organic.

In this Ti(IV)-catalyzed H,0,/O3 reaction model, we
omit the factor of initial H,O, concentration to simplify
the integration. In fact, the concentration of H,O, plays

o Criayy= 1.46x10- mol/L
O Crigy,=2.92% 1075 mol/L
08F A Cppy=5.86x10" mol/L
<
Y ot by=547<10%sec” 7 3 595104560
+ R*=0.998
S
>, 04f
<
E
0.2}
0.0}
1 N 1 N 1 N | N L X | ) |
0 300 600 900 1200 ——+500—1206
Time (sec)

Fig. 3 Linear relationship of acetic acid degradatiop at different Ti(IV)
concentrations fitted by the kinetic model. CIO{207: .73 x 1073 mol/L,

C?IH;,COOH = 1.66 x 1073 mol/L, flow rate of ozopized oxygen: 0.86
L/min, rate of ozone input: 8.60 x 10~* mol/min and pH 2.8.
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Fig. 4 Acetic acid degradation at different concentrations of dissolved ozone fitted by the kinetic model. ngozz 2.73 x 1073 mol/L, Criav)= 5.86 X

-5 0
107 mol/L, Cey. coon

=1.66 x 1073 mol/L and pH 2.8.

an important role in this process. On one hand, suitable
concentration of HyO, can assure the effective generation
of Ti,Os>" (Cao et al., 1994); on the other hand, too
high concentration of H,O, will quench hydroxyl radicals
generated in the solution (Reaction (8)). The effect of
different initial concentrations of H,O, on the oxidative
efficiency of the Ti(IV)-catalyzed H,0,/O3; process for
acetic acid degradation is shown in Fig. 5. It is found that
too high H,O, concentration was disadvantage to acetic
acid degradation because H,O, could partly quench the
generated hydroxyl radicals. However, when initial H,O,
concentration was too low, the initiator of T12052+ could
not be produced effectively, thus leading to low efficiency
of acetic acid degradation. Therefore, there must exist a
proper initial H,O, concentration range, in which Ti(IV)-
catalyzed H,0,/O3 process has high oxidation efficiency.
After optimization, it was found that the Ti(IV)-catalyzed

141

1.2+

1.0

Ccr,coon (x 10°mol/L)

—0— Cyo,= 1.36x107 mol/L
—o— Cy0,=2.73%10% mol/L
08 _A— Cyo =3.40x10° mol/L
—v— Cyo, = 3.40x102 mol/L
0.6

L Il L Il L Il L Il L L Il L
0 300 600 900 1200 1500 1800

Time (sec)
Fig.5 Acetic acid degradation at different initial concentrations of
H20;. Crigv) = 5.86 X 107> mol/L, C2y oop= 166 X 10~ mol/L, flow

rate of ozonized oxygen: 0.86 L/min, rate of ozone input: 8.60 x 107*
mol/min and pH 2.8.

H,0,/O3 process had an excellent oxidation performance
when the ratio of H,O, concentration to Ti(IV) con-
centration was in the range of 30 to 50, in which the
concentration of H,O, well satisfy the requirement for
simplifying Eq. (18). Thus in spite of omitting the concen-
tration of H,O,, this kinetic model still can well describe
the mechanism of Ti(IV)-catalyzed H,O,/O3 process un-
der the optimum conditions.

It is obvious that our new model can coincide quite
well with the kinetic description of such a Ti(IV)-catalyzed
0O3/H,0, reaction in both mathematical and chemical
ways.

3 Conclusions

In this study, a kinetic model for the Ti(IV)-catalyzed
H,0,/03 reaction in aqueous solution was established
mathematically. During the degradation of acetic acid by
the Ti(IV)-catalyzed H,O,/O3 process, it was found that
the results of acetic acid degradation fitted well with the
kinetic model. In addition, the effects of three key factors
of initial H,O, concentration, Ti(IV) concentration and
dissolved ozone concentration, on the efficiency of the
process were explored. The rate constant for the reaction
of ozone with Ti,Os2* obtained by this kinetic model (1.40
x 103 L/(mol-sec)) agreed well with the data (1.10 x 103
L/(mol-sec)) analyzed by monitoring the decomposition
rate of dissolved ozone. However, this kinetic model was
only validated by the experiments of acetic acid degrada-
tion so far. Further studies to apply this kinetic model in

degradation of other organics become necgssaty-
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