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Abstract—In the Fenton reaction, degradation and dechlorination are directly affected by the concentrations of hy-
drogen peroxide and Fe*'. Although there is considerable research on the biodegradation of chlorinated compounds
combined with the Fenton reaction, the kinetics of degradation and dechlorination of the reaction, with various con-
centrations of hydrogen peroxide and Fe**, have been rarely investigated. Therefore, we investigated the degradation
and dechlorination of PCE with various concentrations of hydrogen peroxide and Fe*'. The initial concentration of PCE
(10 uM) decreased from a value of 8.9 uM (with 0.1 mM of hydrogen peroxide and 5 mM of Fe*') to 1.1 uM (with
10 mM of hydrogen peroxide and 5 mM of Fe™); the respective values for chloride ions produced were 0.9 and 21.6
UM. Also, the initial 10 uM of PCE decreased from 8.9 (with 0.1 mM of Fe** and 5 mM of hydrogen peroxide) to 2.2
UM (with 10 mM of Fe*" and 5 mM of hydrogen peroxide); the respective chloride ions produced were 0.7 and 14.5
WM. The logarithmic correlations between the degradation and dechlorination coefficients were 0.7682 and 0.7834
for concentrations of hydrogen peroxide and Fe*', respectively. Both coefficients were used, from all possible cases,
to derive six models which displayed both the ratio of degradation and dechlorination and the hydrogen peroxide and
Fe'* concentrations. The dechlorination of PCE could then be predicted with the model obtained by the coefficient with
the concentration of hydrogen peroxide and Fe**. The models could be applied to various Fenton reactions for optimization

of degradation or dechlorination, such as biodegradation of PCE which is scarcely degraded by aerobic bacteria.
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INTRODUCTION

Perchloroethylene (PCE) is a widely used chlorinated solvent and
a common contaminant in groundwater. Aquifers containing PCE-
contaminated water may be used as a source for municipal water
supplies [1]. PCE is also a suspected carcinogen; therefore, the fate
of PCE in the environment has become a fundamental health con-
cem [2].

Since the Fenton reaction is a well-known potent oxidative reac-
tion, many researchers have investigated the application of the Fen-
ton reaction for degradation of various organic compounds [3-6]. For
the treatment of these recalcitrant compounds, a number of chemi-
cal processes have been investigated, including oxidation by Fen-
ton’s reagent. The advantage of Fenton’s reaction, compound deg-
radation by Fenton’s reagent, may yield (i) partial mineralization
[7], (i1) lowered toxicity [8], and (iii) increased susceptibility to bio-
degradation [9]. Fenton’s reagent (a mixture of hydrogen peroxide
and ferrous salt) has gained a great amount of attention, due to its
strong oxidation capabilities and low environmental impacts [10].
A Fenton system requiring aqueous Fe(II) for the formation of OH™
has been properly operated at the pH range of 2-4 by avoiding the
formation of Fe(OH),, [11,12].

Several studies have also reported that PCE was dechlorinated
by a Fenton reaction [13,14]. Individual kinetic models and reac-
tion pathways of the Fenton reaction have also been proposed by
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many [15-18]. PCE, which has four chloride ions, is not easily de-
graded by aerobic bacteria [2]. For biodegradation of PCE in waste-
water, PCE has to be transformed to a more easily biodegradable
form by other treatments. Various chemical methods, which could
be used in conjunction with biological methods, have been studied
to degrade PCE [19]. Among these methods, the Fenton reaction
was one of the most frequently used for the dechlorination of PCE,
because this reaction converts recalcitrant toxic compounds into
biodegradable and less toxic [8,9].

In the Fenton reaction, degradation and dechlorination are directly
affected by the concentrations of hydrogen peroxide and Fe*'. There-
fore, the absolute and relative concentrations of hydrogen peroxide
and Fe’" are very important in the overall process, including the Fenton
reaction. Although there is considerable research on the biodegra-
dation of chlorinated compounds combined with the Fenton reac-
tion, the kinetics of degradation and dechlorination of the reaction,
with various concentrations of hydrogen peroxide and Fe’', have
been rarely investigated.

In this study, we investigated the conditions of the degradation
and dechlorination of PCE. Kinetic experiments were conducted to
investigate the effect of various concentrations of hydrogen perox-
ide and Fe* on the degradation and dechlorination of PCE and to
draw the optimal operation conditions. We analyzed the coefficients
of degradation and dechlorination, and expressed the correlations
with the slopes, which were the coefficients in the first-order degree
with degradation and dechlorination. Finally, we attempted to clas-
sify all possible examples into a series of models to show not only
the most important factors affecting dechlorination, but also the opti-



PCE degradation and dechlorination in Fenton reaction

mal concentrations of hydrogen peroxide and Fe™".
EXPERIMENTAL

1. Chemicals

PCE and Fe(NO;),-9H,0 were purchased from Sigma (Milwau-
kee, USA). Hydrogen peroxide was purchased from Wako (Tokyo,
Japan).
2. Degradation of PCE

In the Fenton reaction, deionized water (5 ml) containing Fe(NO;),:
9H,0 and PCE was dispensed into 60-ml headspace vials. PCE was
added with a syringe, as an aqueous stock solution, through the sep-
tum of each vial, resulting in a final concentration of 10 uM (=1.66
mg/L), which is similar to the PCE concentrations detected in the
contaminated sites in Switzerland and the USA [20]. The concen-
trations of hydrogen peroxide and iron were modified, based on
the previous study [19]. Hydrogen peroxide was added to the vials
to initiate the Fenton reaction.

pH was adjusted to 5.0, and the vials were incubated in a shaker
(120 rpm) for 90 min at 30 °C. PCE degradation was quantitatively
investigated, based on the reduction of PCE, using a gas chromato-
graph (Varian 3400 CX, Walnut Creek, CA, USA). The samples
(2 W) were injected with a 25-ul gas-tight syringe into a gas chro-
matograph equipped with a flame ionization detector and Supelco
SPB-5 (Supelco Dark, Bellefonte, PA, USA) on a 30 mx250 um
capillary column (column temperature: 70 °C; injector temperature:
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150 °C; detector temperature: 250 °C; 30 ml/min; N, as the carrier
2as).
3. Dechlorination of PCE

The dechlorination of PCE was investigated during the Fenton
reaction from the concentration of chloride ion, which was analyzed
by ion chromatography (IC). The IC system (Waters, Milford, MA,
USA) consisted of a pump (HP 526; Waters), a column heater (HP
530; Waters), and a conductivity detector (HP 550; Waters). The
recently developed autosuppressor (Eris 1000HP; Alltech, Nicho-
lasville, KY, USA) was used in suppressor analyses. The analytical
columns for anion separation were lon Pac AG 14 and AS 14
(Dionex, San Francisco, CA, USA).

RESULTS AND DISCUSSION

1. Degradation and Dechlorination of PCE by the Fenton Re-
action

The degradation of PCE by the Fenton reaction was investigated
at various concentrations of hydrogen peroxide. The initial concen-
tration (10 uM) of PCE decreased to 8.9, 7.45, 7.0, 4.8 and 1.1 uM
with 0.1, 0.5, 1.0, 5 and 10 mM of hydrogen peroxide and 5 mM
of Fe* after 90 min, respectively (Fig. 1(a)). The concentration of
chloride ions, which were produced from PCE by the Fenton reac-
tion, increased to 0.9, 3.1, 7.6, 15.2 and 21.6 uM after 90 min, with
the same concentrations of hydrogen peroxide and Fe™, respectively
(Fig. 1(b)). Furthermore, the initial concentration of PCE decreased
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Fig. 1. Effects of various concentrations of hydrogen peroxide and Fe** on the degradation and dechlorination of PCE in the Fenton reaction.
Hydrogen peroxide was added at a concentration of 0.1, 0.5, 1.0, 5.0 and 10 mM to a Fenton reagent containing 5 mM of Fe** ((a),
(b)). In a similar manner, Fe** was added to a Fenton reagent containing 5 mM of hydrogen peroxide ((c), (d)).
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t0 8.9, 8.2,7.3, 3.4 and 2.2 uM with 0.1, 0.5, 1.0, 5 and 10 mM of
Fe’* and 5 mM of hydrogen peroxide, respectively (Fig. 1(c)). The
concentration of chloride ions increased to 0.7, 1.5, 3.0, 11.4 and
14.5 uM, respectively (Fig. 1(d)). These results show that the con-
centration of PCE decreased with the increasing hydrogen perox-
ide and Fe’" concentrations. It seemed that the concentrations of
hydrogen peroxide and Fe* are important factors which could deter-
mine the efficiency of the Fenton reaction. According to Leung et
al. [16], an increase of hydrogen peroxide and Fe™ could increase
the degradation of PCE in the Fenton reaction. The Fenton reac-
tion is caused by an hydroxyl radical from hydrogen peroxide and
Fe*'. Therefore, the fact that PCE decreased with increasing hydro-
gen peroxide and Fe** was due to an increased concentration of hy-
droxyl radical.

While PCE is degraded by the Fenton reaction, chloride ions are
produced from PCE. When 8.9 uM of PCE was degraded by 10
mM of hydrogen peroxide and 5 mM of Fe**, 21.6 uM of chloride
ion was produced. While 14.5 uM of chloride ion was released from
7.8 uM of PCE by 10 mM of hydrogen peroxide and 5 mM of Fe*'.
Therefore, the concentration of chloride ion increased with increas-
ing hydrogen peroxide and Fe’*. It seems that the number of hydroxyl
radicals yielded by high concentrations of hydrogen peroxide is larger
than the number yielded by high concentration of Fe’*. Many re-
searchers have reported that the Fenton reaction yielded hydroxyl
radicals which were able to oxidize various organic compounds [10,
14,21-24].

The dechlorination value (D,,), calculated from ACI" mol/DPCE

Table 1. Effects of hydrogen peroxide and Fe** concentrations on

dechlorination of PCE
Concentration Dechlorination value (D)
(mM) H,0,’ Fe’**
0.1 0.8 0.6
0.5 1.2 0.8
1.0 1.7 1.1
5.0 1.9 1.7
10 2.5 1.9
“Based on DCI™ mol/DPCE mol
*Reacted with 5 mM of Fe**

‘Reacted with 5 mM of hydrogen peroxide

mol, elucidated the dechlorination of PCE. When PCE was degraded
by 10 mM of hydrogen peroxide and 10 mM of Fe™, the values were
2.5 and 1.9, respectively (Table 1). In other words, about 2.5 chlo-
ride ions per one molecule of PCE were released by 10 mM of hy-
drogen peroxide and 5 mM of Fe™; 1.9 chloride ions per one mole-
cule of PCE were released by 10 mM of hydrogen peroxide and
5mM of Fe¥. Therefore, hydrogen peroxide was more effective
for dechlorination in the Fenton reaction. Dec and Bollag [25] pre-
dicted the dechlorination of chlorinated phenols and anilines in cou-
pling reactions with the dechlorination number (DN), which was
calculated from DPCE mol per one CI" mol. DN is useful in finding
the reaction position, but is not suitable for PCE since all substitu-
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Fig. 2. Relationship between degradation coefficient (k,.;) and concentration of hydrogen peroxide (a) and Fe** (c). Relationship between
dechlorination coefficient (k) and concentration of hydrogen peroxide (b) and Fe'** (d).
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tion positions of PCE are occupied with chlorines in ethene. There-
fore, we obtain D,, to obtain the theoretical number of chlorine ions
released from one molecule of PCE.

2. Correlation between k., and k

The relationship between degradation coefficient (kp.,) and con-
centration of hydrogen peroxide and Fe* was investigated. Fig. 2
shows that the non-linear coefficient for the concentration of hydro-
gen peroxide was 0.4532. The Kpezp0, increased with increasing
hydrogen peroxide. The non-linear coefficient for the concentra-
tion of Fe* (Kpcyny) Was 0.2268. The Kpepyr, also increased with
increasing Fe*.

The relationship between dechlorination coefficient (k) on the
concentrations of concentration of hydrogen peroxide and Fe** was
investigated. Fig. 2(a) shows that the non-linear coefficient for the
concentration of hydrogen peroxide was 0.4211. The key0, in-
creased logarithmically with increasing hydrogen peroxide. The non-
linear coefficient for the concentration of Fe** (k) was 0.2355.
The ki, also increased with increasing Fe'™*. Weeks et al. [26] found
that the first-order model provided the best fit for change of concen-
trations of H,O, and TCE as a function of time in their experimen-
tal studies. They also noted that the actual processes involved in
the degradation of H,O, and TCE are more complex than first-order
model predictions. Degradation rate constants of TCE obtained in
the batch experiments depended on the experimental conditions,
such as the initial [H,O,}/[Fe*] ratio and the initial H,O, and Fe**
concentrations. Reactions in the later stages may have been cata-
lyzed by regenerated Fe** and possibly Fe*.

The coefficients (slope) in the linear equations were transformed
by natural log transformation from the degradation and dechlorina-
tion rate constants. The logarithmic equations, obtained by linear
regression, between degradation and concentrations of hydrogen
peroxide and Fe** were expressed as:

In Kpegyry=aptbp In Cp, oy
In Kpeppoy =20y In Cyppo, @

The equations between dechlorination and concentrations of hy-
drogen peroxide and Fe** were expressed as:

In Kgyr=my+n; In Cp, 3
In k(‘/[HZOZ/:mH+nH In G0 )

Eqgs. (1)-(4) were obtained by logarithmic transform of results in
Fig. 2. Substituting Eq. (1) in Eq. (3), we obtain:

In Kpeggrg=apb(In Keyrg-mp)/n=qptpp In keyry 6)
And substituting Eq. (2) in Eq. (4), we obtain:
In kPCE[HZOZ]:aH+bH(]n kCI[HJOJ]'mH)/ n,=q,+py In kCl[HZOZ] (6)

According to Egs. (5) and (6), the first-order equations versus
k., must constitute a straight line. In the equations, k., is expressed
by constants, coefficients and k,. The coefficients, p, and p,, pro-
vide a great deal of information. (i) If p, and p,, are higher than 1,
kpc will change more effectively rather than k, (Fig. 3(a)). In other
words, the mol number for PCE degradation was larger than that
for dechlorination. Therefore, the degradation of PCE could occur
in the Fenton reaction without dechlorination. (ii) If p, and p,, are
lower than 1, k, would change more effectively rather than k.,

(@) (b) (©)
O 3 -
= g Pr Or py =
= : -\:T ‘h% PF Or py
=) Pr O Py =] -
- Slope=1 ~ ~ |  Slope<l = Slope=1
In k(—'] In k(.‘l In k[']
(d) (e) ()
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Fig. 3. Slopes for six possible models in the kinetic correlation be-
tween degradation and dechlorination. p, and p, are coef-
ficients of the equations which expressed degradation and
dechlorination with various concentrations of hydrogen per-
oxide and Fe*.

(Fig. 3(b)). In other words, the degradation rate is lower than the
dechlorination rate. Therefore, over one chloride ion was released
during degradation of one molecule of PCE. (iii) If p, and p, are
equal to 1, k, is directly proportional to kp.,; (Fig. 3(c)). This means
that one chloride ion is released during degradation of one mole-
cule of PCE. (iv) If p, is higher than p,, the concentration of hy-
drogen peroxide will have more effect on dechlorination than Fe™*
(Fig. 3(d)). (v) If p,, is higher than p,;, the concentration of Fe** will
have more effect on dechlorination than the hydrogen peroxide (Fig.
3(e)). (vi) If p, is equal to p, the effect of hydrogen peroxide on
dechlorination will be the same as Fe’* (Fig. 3(f)).

Substituting values for the constants and coefficients in the equa-
tions, we obtain:

In Kpeggr=—2.9193+0.7734 In kg (7
In Kpcymon=—3-2637+0.7682 In Keynory ®

Table 2 shows the slopes of the logarithmic equations. The slopes
of Egs. (1) and (2), which expressed In k., for the concentration
of Fe’* and hydrogen peroxide, were 0.5307 and 0.5609, respec-
tively, while the slopes Egs. (3) and (4), which expressed In k, for
the concentration of Fe™ and hydrogen peroxide, were 0.6908 and
0.7252, respectively. The slopes (p, and p,) of Egs. (5) and (6) were

Table 2. Coefficients of dechlorination and degradation with con-
centrations of hydrogen peroxide and Fe' in the logarith-
mic equation

Coefficients Slope
Kecemoy 0.5307
Kpcepme 0.5609
Keymoz 0.6908
Keyre 0.7252
kCI[HZ(JZ] on kPCE[HZOZ]a 0.7682
keyre o0 kPCE[Fe]b 0.7734

“Coefficient (py;) of the next equation, In Kpezg0y=qutPr In Keyrnoy
"Coefficient (p;) of the next equation, In Kpcp=0r+pr In Keyry
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0.7682 and 0.7734, respectively. Fig. 3 shows the models of degra-
dation and dechlorination occurring in the Fenton reaction with vari-
ous concentrations of hydrogen peroxide and Fe*". Since both linear
regression coefficients (slope) were lower than 1 in Fig, 3(b), the
dechlorination reaction occurred more often than the degradation
reaction. In other words, over one chloride ion was produced by
the Fenton reaction during the degradation of one molecule of PCE.
Since p, was higher than p,, in Fig. 3(d), the concentration of hydro-
gen peroxide was more effective in dechlorination of PCE than Fe*".
De Laat and Gallard [22] reported that the production rate of hy-
droxyl radicals increased with the ratio of hydrogen peroxide to Fe**
(H,O,/Fe*"). They could not explain how the hydrogen peroxide/
Fe** ratio affected degradation and dechlorination. In our experi-
ments, however, the models show that the hydrogen peroxide/Fe™*
ratio could affect degradation and dechlorination.

CONCLUSIONS

In the equations, when both coefficients, expressed by degrada-
tion and dechlorination rate constants, were below 1 and the Fe**
coefficient was greater than that of hydrogen peroxide, the dechlo-
rination coefficient was higher than the degradation coefficient of
PCE, and hydrogen peroxide was a more effective dechlorination
factor than Fe** in the Fenton reaction. We formulated six possible
models for the correlation between degradation/dechlorination and
various factors in the Fenton reaction. The dechlorination of PCE
could then be predicted with the model obtained by the coefficient
with the concentration of hydrogen peroxide and Fe**. In the Fenton
reaction, dechlorination of PCE could be regulated by the model
coefficients. In addition, the optimum concentration of hydrogen
peroxide and Fe** could be obtained from the models. Therefore,
the models could be applied to various Fenton reactions for opti-
mization of degradation or dechlorination, such as biodegradation
of PCE which is scarcely degraded by aerobic bacteria.
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NOMENCLATURE
DN : dechlorination number

ks,  : dechlorination coefficient
kyc: : PCE degradation coefficient
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