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The competitive kinetics technique is shown to be a useful and reliable tool for determining rate constants.
Regardless of the conditions of the reaction and the operation mode, the intrinsic second-order rate con-
stants of 2,6-dimethyl-aniline and hydroxyl radicals were 1.65 x 101°,1.60 x 10'%,and 1.71 x 101 M~1s1
in the absence of SiO, under complete-mix conditions, in the presence of SiO, under complete-mix con-
ditions, and in a fluidized-bed Fenton reactor with SiO, as the media, respectively, demonstrating that
the rates are comparable under a variety of reaction conditions. The average intrinsic second-order rate
constant of o-toluidine and hydroxyl radicals obtained in a homogeneous system under various con-
ditions was 7.36 x 10° M~! s, indicating that o-toluidine is less susceptible to hydroxyl radicals than
2,6-dimethyl-anilne. Hydroxyl radicals primarily attacked the amine group rather than the methyl group
of the o-toluidine to form o-cresol and 2-nitrotoluene, which sequentially transformed to carboxylic acids
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including acetic, oxalic, lactic, and maleic acids after the collapse of the benzene ring.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

o-Toluidine (OT) is used in many factories to produce products
such as dyestuffs, pharmaceuticals, pesticides, and antioxidants
[1]. This chemical is considered to possibly be carcinogenic to
humans according to the International Agency for Research on Can-
cer [2]. Therefore, it must be removed from wastewater before
discharge into the environment. Ordinary biological processes
are neither suitable nor effective for removing OT [3,4]. Other
advanced treatment alternatives, including chemical and physic-
ochemical processes, must be considered. Advanced oxidation
processes (AOPs) represent one chemical approach that has been
found to very effectively remove refractory organic pollutants in
water and air. AOPs generate a sufficient amount of the hydroxyl
radical (OH*), which is a very powerful and non-selective oxi-
dant that can effectively oxidize and/or mineralize a wide range
of organic compounds including recalcitrant pollutants [5]. The
Fenton process is a type of AOP that does not require sophisti-
cated or expensive equipment but stillvery effectively generates
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OHe*. However, the intrinsic rate constant between OT and OH* has
not been reported [6] and deserves investigation. OH® is a tran-
sient species, and direct assessment of its trace concentration is
possible but impractical. As a result, the ordinary approach for
determining a rate constant is not feasible in this case. To over-
come this burden, the competitive kinetics technique in which
a reference compound with a known rate constant coexists in
the homogeneous solution during the reaction period was used
to determine the rate constant of the target compound and OH*®
[7,8]. It was the aim of this study to determine the accuracy of this
competitive kinetics technique under various conditions, particu-
larly homogeneous versus heterogeneous and complete mix versus
fluidized-bed conditions. Thus, the first objective of this study was
to determine the rate constant of 2,6-dimethyl-aniline (2,6-DMA),
another hazardous compound [9], in OH* oxidation under hetero-
geneous conditions and compare the result to the rate constant
obtained under homogeneous conditions. The second objective was
to apply the competitive kinetic technique to determine the intrin-
sic rate constant and mechanism of the reaction between OT and
OHe* in the Fenton process which have not been previously reported.
Aniline (AN) was selected as a reference compound in this study
because its molecular structure is quite similar to OT and 2,6-DMA
and can accurately quantified under the same gas chromatography
conditions.
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Fig. 1. Effect of SiO, on organic oxidation and rate constant in the experiment with 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2*, 20 mM of H,0,, 37.04 g/l of SiO; at pH 3

and 25°C: (a) profile of AN and OT oxidation and (b) plot of Eq. (3).
2. Materials and methods
2.1. Materials and reagents

o-Toluidine, 2,6-DMA, AN, ferrous sulfate (FeSO4-7H,0), hydro-
gen peroxide (H,0;), sulfuric acid (H,SO4), and sodium hydroxide
(NaOH) were reagent-grade. Demineralized water from the Milli-
pore System with a resistivity of 18.2 M2 cm~! was used to prepare
all solutions. Silica dioxide (SiO, ) particles with sizes between 0.42
and 0.59 mm (passing sieve #30 and retained on sieve #40) were
used as the suspended/fluidized media in the heterogeneous Fen-
ton study. The SiO, was soaked in HCI solution at pH 1 for 24h,
rinsed with deionized water until the pH of the rinse water was 7,
and then oven-dried at 103 °C before use.

2.2. Experimental setup

To verify the competitive kinetics technique, the Fenton reaction
was carried out under two sets of conditions, i.e., the homo-
geneous and heterogeneous modes. In the heterogeneous study,
SiO, was used as a media under two sets of working conditions:
complete-mix and fluidized-bed configurations. In the complete-
mix experiment, the synthetic wastewater was prepared in a
0.5-liter Pyrex beaker by dissolving appropriate amounts of 2,6-
DMA with AN and FeSO4.-7H,0. SiO, was also added to the
solution in the heterogeneous study. The solution/mixture was
then adjusted to pH 3 by adding either H,SO,4 or NaOH. Finally, the
H,0, was added and the Fenton reaction began. The fluidized-bed
Fenton experiment employed a glass cylinder 5.23 cm in diame-
ter and 133 cm in height with internal recirculation similar to that
used in the study of Anotai et al. [10]. The SiO, bed was constantly
expanded at 50% of its original volume by adjusting the internal
recirculation rate. For the OT kinetics study, the experimental setup
was similar to the setups of the 2,6-DMA kinetics studies in the
completely mixed reactor, except OT was used instead of 2,6-DMA
and SiO, was not present. All experiments were conducted in batch

1B O AN
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T
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mode. The reactor was controlled at pH 3.0+ 0.05 and 25+0.5°C
throughout the experimental period. Samples were taken at prede-
termined times, filtered through 0.22 wm filter paper, and injected
into a sodium hydroxide solution to prevent any further Fenton
reaction. The mixture was filtered again to remove precipitated
iron before beginning the analysis for organic compounds and oxi-
dation intermediates. Fe%* and H,0, were monitored throughout
the experiment to ensure the continuity of the Fenton reaction.
A filtered sample without alkaline treatment was used to deter-
mine the residual Fe2* and H,0,, and the analyses were performed
immediately after sampling.

2.3. Analytical methods

Residual organic compounds were analyzed by a Shimadzu
GC-17A gas chromatograph (Japan) equipped with a flame ion-
ization detector and a Hewlett-Packard HP-5 capillary column
(USA) 0.53 mm in diameter and 15 m in length. 1 L of each sam-
ple was injected into the injection port. The temperature of the
column was initially set to 85°C and equilibrated for 3 min. The
column temperature was then raised to 200°C at a ramp rate
of 65°Cmin~! and maintained at 200°C for 5min. The injector
and detector temperatures were set to 250°C. The ferrous con-
tent was determined using the phenanthroline method detailed
in Standard Methods [11]. The residual H,O, content was ana-
lyzed by iodometric titration with Na,;S;03 solution [12]. The
solution pH was measured by a Bantex Portable pH-1000 Meter
(Taiwan). For identification of aromatic intermediates, 1.0 pL of
the extracted solvent was injected into an Agilent Technologies
6890N Network GC System (USA) equipped with a J&W DB-
5MS capillary column (USA) 0.25mm in diameter and 30m in
length and connected to a 5973 Network Mass Selective Detec-
tor (USA). The GC temperature was initially set to 40°C for 2 min,
ramped to 280°C at 15°Cmin~!, then held at 280°C for 5min.
The carboxylic acid content was determined by a Shimadzu lon
Chromatograph System (Japan) equipped with a SCL-10AVP system
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Fig. 2. Organic oxidation and rate constant determination in the fluidized-bed Fenton reactor with 1 mM of AN, 1 mM of 2,6-DMA, 1 mM of Fe2*, 20 mM of H,0,, 230.77 g/
of SiO,, pH 3 and 25°C: (a) profile of AN and OT oxidation and (b) plot of Eq. (3) (solid line is run #1 and dotted line is run #2).
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Fig. 3. Effect of H,0, on the oxidation of AN and OT under the following conditions: 1 mM of AN, 1 mM of OT, 1 mM of Fe* at pH 3 and 25°C.

controller, DGU-20A3 degasser, LC-20ADVP liquid chromato-
graph, CTO-20A column oven, CDD-20ASP conductivity detector,
SIL-10Ai auto injector, Shim-pack IC-GA3 guard column, and
Shim-pack IC-A3 analytical column (4.6 mm x 15 cm). The mobile
phase was 3.2 mM bis(2-hydroxyethyl)iminotris(hydroxymethyl)-
methane and 8.0 mM p-hydroxybenzoic acid. The flow rate and
temperature were set to 1.2mLmin~! and 40 °C, respectively. The
injected sample volume was 10 L.

3. Results and discussion
3.1. Control experiments

The effects of direct H,0, oxidation, ferric coagulation (after
alkali termination of Fenton reaction), and volatilization on the OT,
2,6-DMA, and AN concentrations in aqueous phase must be deter-
mined. The results showed that none of these organic compounds
could be significantly removed without the Fenton reaction, i.e.,
H,0, oxidation, volatilization, and adsorption onto ferric hydrox-
ide precipitates provided less than 5% reduction in all cases. As a
result, the disappearance of these compounds during the experi-
ment should come only from OH* oxidation.

3.2. Verification of the competitive-rate technique

This portion of the experiment was conducted to determine the
effect of the presence of solid particles during the reaction on the
accuracy of the competitive kinetics technique. Oxidation of OH®
with any pollutant can be described as a second-order reaction with
respect to the OH* and pollutant concentrations. For a batch reactor
such as the one used in this study, the competitive rate equations
for OH* oxidation in the presence of two organic pollutants (P; and
P, ) can be written as shown in Egs. (1) and (2) and can be further
manipulated to obtain a final relationship that does not include the
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where [Pq]g, [P1]:, and [P ]o, [P2]¢ are the concentrations of P; and
P, at the time 0 and time “t”, respectively; [OH*] is the concentra-
tion of OH*; kp, and kp, are the reaction rate constants of OH* with
P; and P, respectively. Since [P1]g, [P1]s [P2]o and [P2]¢ can be mea-
sured and kp, of the reference compound is known, the kp, of the
target compound can be determined.

In the first test, SiO, was suspended in a batch Fenton reactor
under complete-mix conditions to simulate a heterogeneous envi-
ronment. The rate constant of 2,6-DMA with OH*® was investigated
and compared to the values obtained from the homogeneous sys-
tem in the absence of SiO,. It was found that the presence of SiO,
deteriorated the overall oxidation rate of 2,6-DMA, as shown in
Fig. 1(a). This may be due to limitation of Fe%* in the presence of
the SiO, suspension resulting from surface complexation. A cer-
tain fraction of the added Fe2* was adsorbed onto SiO, surfaces,
reducing the amount of free Fe2* available to catalyze the decom-
position of H,O, and generate the powerful OH®. As a result, the
disappearance rates of aniline and 2,6-DMA decelerated. Nonethe-
less, the results showed that the ratio between the rate constants
of 2,6-DMA and AN with OH®, which are represented by the slopes
in the plot of Eq. (3) in Fig. 1(b), were comparable in the absence
and presence of the SiO, suspension (3.4142 versus 3.3364). From
the known rate constant between AN and OH® (4.8 x 109 M~1s-!
from Buxton et al. [6]), the rate constants between 2,6-DMA and
OH* were found to be 1.64 x 101% and 1.60 x 101°M~'s-! in the
absence and presence of SiO-, respectively. These values were very
close to the value 0f 1.71 x 101 M~1 s~ reported by Boonrattanakij
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Fig. 4. Rate constant determination for the experiments with 1 mM of AN, 1 mM of OT, 1 mM of Fe?*, 20 mM of H,0; at pH 3 and 25 °C: (a) profile of AN and OT oxidation,

dotted lines represent the upper and lower bounds and (b) plot of Eq. (3).
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Fig. 5. Proposed reaction pathway for o-toluidine oxidation by hydroxyl radicals.

et al. [8] who used a homogeneous Fenton reactor. Thus, the com-
petitive kinetics technique is shown to be effective and accurate.
To confirm this result, two other experiments were conducted in a
fluidized-bed Fenton reactor operated in batch mode using SiO,
as the fluidized media. It can be seen in Fig. 2(a) that the data
obtained in two different runs with similar conditions were nearly
the same, verifying the consistency of the experimental setup and
procedure. The average slope was 3.5614 (Fig. 2(b)), which corre-
sponds to a rate constant of 1.71 x 1019 M~1 s=1, This value is in the
proximity of the values obtained in the complete-mix study and
the value reported by Boonrattanakij et al. [8]. As a result, it can be
firmly concluded that the competitive kinetics technique is a useful
and reliable tool for rate constant determination regardless of the
system configuration and the conditions of the reaction.

3.3. Kinetics characterization of o-toluidine oxidation by
hydroxyl radicals

3.3.1. Effect of Fe*-H,0, ratio

It is well documented that Fenton’s reagent, Fe2* and H,0,,
not only produces OH® but also scavenges the generated OH®
if it is present in an excessive amount. As a result, too much
Fenton’s reagent can deteriorate the performance of the Fen-
ton reaction. This part of the experiment aimed to determine
the Fe*:H,0, molar ratio that optimizes the organic degrada-
tion under the studied conditions. The optimum ratio was found
to be around 1:20, as shown in Fig. 3, i.e., the organic oxidation
performance decreased when the amount of H,0, was higher or
lower than the noted optimum concentration. Nonetheless, it is
important to note that the Fe?*:H,0, molar ratio will not inter-
fere with the accuracy of determining the rate constant using the
competitive kinetics technique, as the target and reference com-

pounds are both exposed to the same OH® concentration at all
times.

3.3.2. Intrinsic rate constant determination

Fig.4is an example plot of the determination of the rate constant
between OT and OH*® under homogeneous conditions. This experi-
ment was performed in triplicate, and the data from each repetition
were very similar, assuring the repeatability and accuracy of the
experimental procedure. The slopes in Fig. 4(b) represents the ratio
of the rate constants between OT and AN, indicating that OT reacts
with OH® 1.55-1.63 times more rapidly than AN, which is still
slower than 2,6-DMA. This is reasonable as the oxidation state of
carbon atoms in 2,6-DMA is lower than that in either OT or AN.
Hence, the OH* favorably attacks 2,6-DMA, followed by OT and
finally AN. Table 1 summarizes all of the rate constants obtained

Table 1
Intrinsic 2nd-order rate constants between o-toluidine and hydroxyl radicals.
Runno. AN(mM) OT(mM) Fe*(mM) H,0,(mM) k(M 's1)
1 1 1 1.0 15 7.70 x 10°
2 1 1 1.0 20 7.44 x 10°
3 1 1 1.0 20 7.45 x 10°
4 1 1 1.0 20 7.83 x 10°
5 1 1 1.0 25 7.32x10°
6 2 2 1.0 20 7.58 x 10°
7 2 2 1.0 20 7.54 x 10°
8 2 2 1.5 15 6.99 x 10°
9 2 2 1.5 25 6.95 x 10°
10 2 2 2.0 15 6.79 x 10°
11 2 2 2.0 15 6.92 x 10°
12 2 1 1.0 20 7.65 x 10°
13 2 1 1.5 15 7.49 x 10°
Average 7.36 x 10°
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Fig. 6. Carboxylic acids formed during the oxidation of OT by the homogeneous
Fenton reaction with 5mM Fe?* and 200mM H;0, at pH 3 and 25°C in a batch
reactor.

from the homogeneous Fenton reactor under various conditions,
which ranged from 6.79 x 10° to 7.83 x 10° M~1s~1 with an aver-
age of 7.36 x 10° M~1s71,

3.3.3. Oxidation mechanism determination

To raise the intermediate concentrations to a detectable level,
the concentrations of OT, Fe2*, and H,0, were increased to 10, 5,
and 200 mM, respectively, and the experiment was conducted in
batch mode without AN or solid media. The identified aromatic
intermediates were o-cresol and 2-nitrotoluene, which had reten-
tion times of 4.68 and 5.36 min, respectively, under the selected
operating conditions of the gas chromatograph. The match qual-
ity was 91% or better in all cases. These results are very similar to
OH* oxidation of 2,6-DMA, in which the methyl group on the ben-
zene ring was more difficult to remove than the amine group [8].
As a result, OH* reacts preferentially at the amine group through
mechanisms similar to those of aniline, as proposed by Brillas
et al. [13], Sauleda and Brillas [14], and Oliviero et al. [15]. Sev-
eral carboxylic acids including acetic, oxalic, lactic, and maleic
acids were also identified using the ion chromatograph. The pro-
posed pathway of OT oxidation by OH* is shown in Fig. 5. The
concentration profiles are shown in Fig. 6 and indicate that the
aromatic intermediates are rapidly disrupted to form volatile fatty
acids while oxalic acid accumulated in the solution. Thus, com-
plete mineralization of OT could not be achieved under the studied
conditions.

4. Conclusions

The presence of SiO, particles in the complete-mix heteroge-
neous system did not interfere with the accuracy of the competitive
kinetics technique, i.e., the rate constants between OH® and
2,6-DMA were comparable regardless of the presence of SiO,. Addi-
tionally, the operating mode (complete-mix versus fluidized-bed)

did not have any significant effect on the rate constant determi-
nation. Under varying conditions in a complete-mix homogeneous
system, the intrinsic second-order rate constants of OT with OH*
were found to range from 6.79 x 10° to 7.83 x 10° M~1s~! with an
average 0f 7.36 x 10° M~1 s~1, The amine group on the benzene ring
was more susceptible to OH* attack than the methyl group, and so
o-cresol and 2-nitrotoluene formed and were sequentially trans-
formed into several carboxylic acids including acetic, oxalic, lactic,
and maleic acids.
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