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Abstract. This study compared treatment methods that utilised a liquid carrier of hydrogen peroxide and a solid
carrier, percarbonate, for p-dichlorobenzene, p-chloro-m-cresol and p-chlorothymol degradation in the soil. The
targeted chlorinated aromatic contaminants in the soil degraded to a certain level when treated with the liquid
hydrogen peroxide, but the removal efficacy was not dependent on the dosage. In contrast, an increase in the
percarbonate dosage enhanced the contaminant removal. Supplementary ferrous iron was more effective for the
treatment that employed the liquid carrier of hydrogen peroxide than the treatment employing the solid carrier.
Although acidic pH conditions (initial pH of 2.5) favoured contaminant degradation using liquid hydrogen peroxide,
the treatment involving percarbonate resulted in more effective contaminant removal without any soil pH pre-
adjustment. Therefore, the solid carrier of hydrogen peroxide, percarbonate, was concluded to be an effective
alternative to the liquid carrier, resulting in greater contaminant removal at natural soil pH values.
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Introduction refers to the iron-mediated hydroxyl radical production
from H,O, decomposition, most soil transition metals
and ion metals containing minerals (Watts ez al. 1992)
can also activate the hydrogen peroxide oxidation.

The application of sodium percarbonate, Na,CO5 «
1.5H,0, (hereafter referred to as percarbonate), is
another way to modify the Fenton system. Cravotto
et al. (2007) and Rivas et al. (2010) have reported that
percarbonate is a solid carrier of hydrogen peroxide with
the same features as the liquid carrier, but having safer
handling and environmentally friendly procedures.
Percarbonate is a crystalline chemical compound that
readily dissolves in water, yielding hydrogen peroxide
and sodium carbonate (Eq. 1) and creating an alkaline,
oxidative environment as a result (McKillop, Sanderson
1995). The actual name of this chemical compound,
which reflects the structure of this chemical, is carbo-
nate perhydrate (McKillop, Sanderson 1995).

Hydrogen peroxide is one of the most popular
chemicals used for contaminated soil treatment by
chemical oxidation (Watts, Teel 2006). Oxidation with
hydrogen peroxide occurs mostly through the genera-
tion of free hydroxyl radicals, and the most widespread
activator used for the radical pathway is ferrous iron.
Hydrogen peroxide activated by ferrous iron is known
(Barb et al. 1951) as a classical Fenton’s reagent, while
any deviation from the classical mixture is known as a
modified Fenton system. The modified Fenton system
has been used to overcome apparent disadvantages in
the use of the classical system, including the costly
acidic range needed to maintain the radical reactions
and the hydroxyl radicals’ non-productive consump-
tion, and it is based on the fundamental principles of
Fenton chemistry. However, this system may utilise the
application of different concentrations of H,O,
(2-20%) (Watts et al. 1999; Zukauskaite et al. 2012)

2(Na,CO, e 1.5H,0,) — 2Na,CO;+3H,0,. (1)
and carriers of hydrogen peroxide such as CaO,

(Arienzo 2000; Northup, Cassidy 2008; Goi et al.
2011), and it may use chelating agents such as EDTA
in addition to transition metals (Sun, Pignatello 1992;
Vicente et al 2011). While Fenton’s reagent system

Itis believed (Rivas et al. 2010; McKillop, Sanderson
1995) that the dominant chemistry of the percarbonate
oxidation system is that of hydrogen peroxide. Released
hydrogen peroxide can oxidise contaminants through the
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formation of hydroxyl radicals or any other oxidative
species and is also decomposed to water and oxygen (Eq.
2). Due to the oxygen formation, percarbonate is also
used (Vesper et al. 1994) to support the aerobic biode-
gradation of contaminants.

2H,0, — 2H,0 + 0,. )

The sodium carbonate formed in Eq. 1 gives a basic
reaction of the carbonate ion hydrolysis in water:

CO; +H,0 — HCO, +OH; 3)
HCO, « CO; +H". 4

Rivas et al (2010) have stated that the only
potential drawback of Na,CO; « 1.5H,O, could be
the scavenging of hydroxyl radicals (Eqs 5—7) exerted
by the release of (bi)carbonate anions (Eqgs 3 and 4).
Due to this scavenging, it is believed (Ku et al. 1996;
Glaze et al. 1995) that (bi)carbonate anions have an
overall negative impact on the treatment efficacy.

HCO, + OH® — HCO," + OH; (5)
HCO,* <« H" + CO, *; (6)
CO; + OH® — CO,*+ OH . (7)

However, the carbonate radical anions (CO;)
generated by reactions 6 and 7 (Umschlag, Hermann
1999) have been reported to yield a reduction potential
(CO{', H"/HCO;") of 1.63 V at pH 8.4 (Zuo et al.
1999) and have been found (Umschlag, Hermann 1999)
to be effective for the degradation of various aromatic
compounds, such as benzene, p-xylene, toluene, chlor-
obenzene, nitrobenzene and benzonitrile. In addition,
it has been found (Flangan et al. 1986) that bicarbo-
nate anions can also react with hydrogen peroxide to
generate peroxymonocarbonate ions (HCO, ) (Eq. 8)
with an estimated redox potential of 1.8 V (Yao,
Richardson 2000) and several other active oxygen
species, such as superoxide ions (O,) and singlet
oxygen ('0,).

HCO; + H,0, — HCO, + H,0. ®)

A bicarbonate-activated hydrogen peroxide sys-
tem has been found (Flangan er al 1986; Yao,
Richardson 2000; Regino, Richardson 2007) to be
capable of oxidising of a variety of organic com-
pounds in the liquid phase. Moreover, the reactivity of
HCO, towards organic sulphides has been found
(Regino, Richardson 2007) to be higher than that of
H,O, by a factor of 100-500 depending on the
specific substrates. Thus, the chemistry of the percar-
bonate oxidation system is more complicated than
previously suggested and may allow for the destruc-
tion of a wide range of resistant contaminants in soil
and water.

There has been only one published study (Cra-
votto et al. 2007) on the application of percarbonate to

contaminated soil treatment. This study combined
sodium percarbonate and microwaves, resulting in the
complete degradation of the aromatic compounds
(4-chloronaphtol and 2,4-dichlorophenoxyacetic acid)
in the soil. However, unaccompanied applications of
microwaves and ultrasound (Duong et al 2010) also
had the potential to degrade chlororganic contami-
nants in soil. As a result, there are no significant
studies comparing the efficacy of contaminated soil
treatment methods that utilise an unaccompanied solid
hydrogen peroxide carrier (percarbonate) and a liquid
carrier (hydrogen peroxide).

Chlorobenzenes (CBs) are used in engine-block
cleaners, solvents, pesticides, pharmaceutical inter-
mediates and for the synthesis of chlorophenols and
disinfectants. Chlorothymols (CTh) are applied as
effective fungicide components and chlorocresols
(CCr) can be found in metalworking fluids, pharma-
ceutical products and agricultural pesticides. The
extensive use of these compounds has led to their
substantial release into the environment (Gomez-
Belinchon et al. 1991; Jan et al 1994; Kot-Wasik
et al. 2003; Feidieker ez al. 1994), necessitating effective
treatment methods. The application of liquid hydrogen
peroxide has been found (Watts ez al. 1997, 2008) to be
effective for CB-contaminated soil treatment, indicat-
ing the need to test the solid hydrogen peroxide carrier,
percarbonate, as a potential alternative to the liquid
carrier. Although it is known that CBs can degrade in
the presence of hydrogen peroxide in soil (Watts et al.
2008), the degradation efficacy of CBs, CCr and CTh
when utilising hydrogen peroxide in the presence of
carbonates/bicarbonates has not been studied.

Therefore, this study performed a compara-
tive assessment of the treatment methods utilising
percarbonate and liquid hydrogen peroxide for p-
dichlorobenzene (p-DCB), p-chloro-m-cresol (p-C-m-
Cr) and p-chlorothymol (p-CTh) removal in soil. The
testing of certain activation aids was executed (pH pre-
adjustment and supplemental ferrous iron addition)
because the activator efficiency depends not only on
the target contaminant but also on the remedial
chemical used. The influence of chemical dosage on
the degradation of selected chlorinated aromatic con-
taminants was also studied.

1. Methods
1.1. Soil characterisation

Natural topsoil (0-20 cm) was dried overnight at 30 °C
in a circulating air drying oven before being spiked and
sieved through a 2.0-mm sieve using a Retsch (AS 200)
digital sieve shaker. Several characteristics of the soil
are presented in Table 1. The soil pH was measured
according to EPA method 9045C (1995) using a digital
pH meter (CG-840, Schott) equipped with a Mettler
Toledo InLaB 412 electrode. The total extractable iron
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Table 1. Soil properties

Value (mean + standard

Parameter (unit) deviation)

pH 5.8

Ferrous iron (g kg =" of soil) 1.9+0.5

Total extractable iron 12.14+0.9
(g kg~ of soil)

Ton-exchangeable Fe(II) 2.0+0.3
fraction (mg kg ! of soil)

Organic carbon (mg kg ' 460 +30
of soil)

Sand (%) 45.5

Silt (%) 52

Clay (%) 2.5

in the soil was extracted using the method in Heron
et al. (1994). Ferrous iron and the ion-exchangeable
Fe(IT) fraction were extracted according to the proce-
dure presented by Tessier ez al. (1979) and the iron in
the extracts was measured photometrically at 492 nm
using the phenanthroline method (Merck 1974). The
soil’s organic carbon was determined using sulpho-
chromic oxidation (ISO 14235 1998) and the texture of
the soil was identified as sandy silt. The soil identifica-
tion was based on the principles established by ISO
14688-1, 2 (2002, 2004) using a laser scattering particle
size distribution analyser (LA-950, Horiba).

The initial concentrations of each individual con-
taminant in the soil were 0.774 0.03 g p-DCB kg !
of soil, 0.59+0.06 g p-C-m-Cr kg ' of soil and 2.50 +
0.14 g p-CTh kg ~" of soil. Thus, the total concentration
of p-DCB, p-C-m-Cr and p-CTh in the untreated soil
was 3.86+0.08 g kg ~' of soil. The initial concentrations
of each target compound were verified by the GC-FID
analysis of six replicates.

1.2. Soil treatment

Sodium percarbonate (Na,CO;-1.5H,0,, powder)
and hydrogen peroxide (35%) were obtained from
Aldrich for this experiment. The comparative assess-
ment of the treatment methods’ efficacy when utilising
percarbonate and liquid H»,O, for the removal of
chlorinated hydrocarbons, p-DCB, p-C-m-Cr and
p-CTh, was performed by applying similar dosages of
H,0,. The concentration of H,O, was photometrically
verified at 254 nm and the molar extinction coefficient
for the hydrogen peroxide at 254 nm taken for the
calculation of the H,O, concentration was 19.6 M !
cm ! (Baxendale, Wilson 1957). In the experiments
using a supplemental activator addition, FeSO, - 7TH,O
salt (solution) was used as a ferrous iron source. The
ferrous iron concentration in the stock solution was
photometrically verified at 492 nm using the complex

reaction with 1,10-phenanthrolinium chloride (Merck
1974).

The treatment of p-DCB-, p-C-m-Cr- and p-CTh-
contaminated soil with different chemical/contaminant
weight (w/w) ratios was carried out in batch mode. The
standard procedure entailed a slurry of 10 g soil with
10 mL of liquid (bi-distilled water and remedial
chemical solution) being treated in a 0.2-L cylindrical
glass reactor using vigorous (300 rpm) magnetic
stirring. The treatment time of 24 h was selected to
ensure the complete decomposition of hydrogen per-
oxide. There was no residual hydrogen peroxide after
24 h of treatment. The flasks were sealed with a
laboratory film (Parafilm) to reduce volatilisation
losses. In the experiments using metal ion-activated
hydrogen peroxide oxidation, ferrous iron solution was
added and the reaction was initiated by a single
addition of the chemical (hydrogen peroxide or per-
carbonate) solution. The soil was treated without pH
pre-adjustment. In the experiments testing the pH
effect on the treatment performance, the pH of the
soil slurry was pre-adjusted to a value of 2.5 using
H,SO,.

All of the experiments were carried out at
2041 °C and in triplicate.

1.3. Extraction and determination of contaminants

The solid and liquid phases were not separated after
treatment. Ten mL of hexane were added to the slurry
and left overnight on an orbital shaker. Next, a vortex
(Genius3, IKA) extraction procedure was employed
two times (with 10 mL of n-hexane) for 2 min each.
Concentrated hexane extracts were mixed (1/1) with
the internal standard, which was C,¢sH34 dissolved in n-
hexane with a concentration of 0.235 g L~'. The
measurement of the contaminant concentration in the
extracts was performed using a gas chromatograph
(FocusGC, Finnigan, Thermo Electron Corporation)
with a flame-ionisation detector (GC-FID). 2 uL of the
extract were injected in a crossbond 100% dimethylpo-
lysiloxane capillary column RTX-1 (30.0 m x
320 pm id x0.25 pm film thickness) at an injector
temperature of 260 °C. The GC-FID temperature
program included the following steps. The initial
temperature was held at 50 °C for 1 min and then
increased at a rate of 8 °C min ' to 200 °C with a
3-min hold. The detector temperature was 330 °C and
a splitless injection mode was used. The velocity of the
carrier gas (nitrogen) was 1 mL min ' and the
coefficient of variation for the GC-FID method was
1.5%. The external standard was prepared by dissol-
ving p-DCB, p-C-m-Cr and p-CTh in n-hexane, and
the method’s detection limit was 11.3 mg p-DCB,
9.0 mg p-C-m-Cr and 7.8 mg p-CTh per L of solvent,
which corresponded to 34 mg p-DCB, 27 mg p-C-m-Cr
and 26 mg p-CTh per kg of soil. The GC-FID analyses
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of the un-spiked soil showed no indication of

contaminants.

1.4. Soil filtrate analyses

The residual hydrogen peroxide in the soil filtrate
treated by titanium sulphate with pertitanic acid
formation was determined photometrically at 410 nm
(Eisenberg 1943). The pH after the treatment was
measured according to EPA method 9045C (1995).
The ion content in the soil filtrate was measured using
an ion chromatograph (761 Compact IC, Metrohm)
equipped with a suppressed conductivity detector and
a Metrosep A Supp 5 (150 mm x 4.0 mm id) analytical
column.

2. Results and discussion

2.1. Removal of contaminants with the
non-supplemented hydrogen peroxide treatment

p-DCB, p-C-m-Cr and p-CTh in soil degraded with the
addition of hydrogen peroxide only (Fig. 1), indicating
the ability of the natural activators present in soil to
activate the oxidation. The potential for naturally
occurring minerals in the soil and some transition
metals to activate the hydrogen peroxide oxidation
process has been indicated in several previous studies
(Matta et al. 2008; Watts et al. 1997; Kong et al. 1998;
Teel et al. 2001). Nevertheless, the degradation of the
contaminants in the soil with liquid hydrogen peroxide
was uncompleted, resulting in the same level of
contaminant removal regardless of the chemical do-
sage used (Fig. 1). The removal of p-DCB, p-C-m-Cr
and p-CTh with the liquid carrier averaged 10.1 £0.7%
of the 0.77+0.03 g of p-DCB, 5.94+0.9% of the 0.59 +
0.06 g of p-C-m-Cr and 22.7 +0.8% of the 2.50+0.14 g
of p-CTh targeted in each kg of soil.

100
90 W p-CTh
O p-C-m-Cr
801 mp-ncB
< 70 1
§ 60
o 50 1
§ 40-
o
30 1
204
10 A
0
liquid | solid quuid| soild quuid| solid quuid| solid quuid| solid
1/0.0004 1/0.002 1/0.004 1/0.006 1/0.008

s0il/H,0,, g/g

Fig. 1. p-DCB, p-C-m-Cr, and p-CTh removal (% of initial
content) in the soil after a 24-h treatment with liquid
hydrogen peroxide and percarbonate, without the addition
of supplemental ferrous iron and utilising different weight
ratios of soil to H,O,

A lack of available activators in soil may limit the
effective production of hydroxyl radicals and could be
a reason for the oxidation reaction termination. The
loss of the hydrogen peroxide without the degradation
of the contaminants could be explained by competing
reactions, such as non-productive chemical decompo-
sition without the generation of oxidants, reaction with
the soil’s organic matter, etc. (Watts, Teel 2006).

Although the treatment with percarbonate in a
study by Rivas et «al (2010) has indicated that
metoprolol in aqueous solution has the same oxidising
power as the liquid hydrogen peroxide, a 24-h soil
treatment with percarbonate in the present study led to
the improved degradation of p-DCB, p-C-m-Cr and
p-CTh compared to that obtained by the treatment
with liquid hydrogen peroxide (Fig. 1). The soil
treatment with percarbonate at soil/hydrogen peroxide
ratios ranging from 1/0.0004 to 1/0.008 allowed for the
removal of 10-18% of p-DCB, 5-7% of p-C-m-Cr and
30-36% of p-CTh. Thus, some increase in the removal
of each targeted compound was obtained with the
application of percarbonate.

The contaminants removal by the percarbonate
treatment increased somewhat as the percarbonate
dosage increased (Fig. 1). This scenario assumed that
several other reactions besides the hydrogen peroxide
oxidation were able to proceed. For example, in a study
by Regino and Richardson (2007), kinetic and spectro-
scopic studies of the bicarbonate-catalysed oxidation
of organic sulphides have strongly supported the role
of peroxymonocarbonate (HCO,) as the oxidant in
bicarbonate-activated hydrogen peroxide solution. In a
study by Xu et al. (2011), bicarbonate anions have also
been identified as efficient activators of the hydrogen
peroxide oxidation of some organic pollutants, includ-
ing 4-chlorophenol, providing an efficient transition-
metal-free treatment method.

Moreover, certain chemical-physical properties
(hydrophobicity, pKa) of the studied compounds,
caused primarily by their aromatic nature and func-
tional groups attached to the ring (Table 2), may also
have influenced the efficacy. CCr and CTh are weak
acids, and their solubility to polar solvents (water) is
higher in basic conditions when they are dissociated.
The pH increase (Table 3) with the rise in the
percarbonate dosage could have resulted in the in-
creased solubility of the target contaminants, which
may have influenced the efficacy of the treatment.
Increased solubility results in the increased availability
of the contaminant to the oxidant, as it is known
(Miller, Valentine 1999) that the oxidation reactions
proceed mainly in the liquid phase.

The reactivity of the compounds to both applied
chemicals followed the order p-C-m-Cr < p-DCB < p-
CTh, which could be explained by their chemical
structure that influence the rate of oxidizing species
attack on the ring, chemical-physical properties of the
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Table 2. Chemical-physical properties (molecular weight, water solubility, log K, and pK,) of the target compounds

p-dichlorobenzene,
1,4-dichlorobenzene,

Chemical name and abbreviation

p-chlorothymol,
4-chloro-2-isopropyl-5-

p-chloro-m-cresol, 4-
chloro-3-methylphenol,

p-DCB p-C-m-Cr methylphenol, p-CTh
al OH CH, OH
H.C
Structural formula
CH, CH,
Cl cl Cl
Molecular weight (g mol ~") 147.0* 142.6* 184.7*
Water solubility at 25 °C (mg L") 76* 38302 89.2°
pK., - 9.55% 9.98*
log Koy 3.38° 3.10° 3.764

% Howard et al. (1997)

® Mackay and Boethling (2000)
© Wilfried (2005)

4 Finizio et al. (1997)

contaminants (Table 2) and the difference in the initial
concentrations of the target compounds that were also
known to have a strong influence on the efficacy of
contaminant removal during the Fenton treatment.

2.2. Removal of contaminants with the ferrous
iron-supplemented hydrogen peroxide treatment

Higher contaminants degradations, compared to those
obtained by unaccompanied liquid hydrogen peroxide,
were achieved with the addition of supplemental
ferrous iron (Fig. 2a), suggesting a lack of available
activators. The increasing Fe? "/H,0, weight ratio,
from 0.05/1 to 0.3/1 at lower dosages of liquid
hydrogen peroxide (contaminant/H,O,=1/0.1, g/g),
did not improve the degradation and even diminished
the contaminant removal in the soil (Fig. 2a). This
effect was explained by the excessive iron that provided
conditions for the increased quenching of oxidising

Table 3. pH values of the soil slurry after 24 h of treatment
with liquid hydrogen peroxide and percarbonate,
with and without a supplemental ferrous iron
addition

Contaminant/H,O,/Fe? *,

wiwlw pH after 24 h of treatment

Liquid hydrogen peroxide

1/0.1/0 5.8
1/0.1/0.005 5.7
1/2/0 4.9
1/2/0.1 4.4
Percarbonate

1/0.1/0 6.2
1/0.1/0.01 5.6
1/1/0 8.5
1/1/0.1 7.8

agents (Eq. 9) (Barb er al 1951), reducing the
contaminant degradation efficacy as a result.

Fe’' + OH® — Fe*" + OH . )

The increase in the supplemental activator/hydro-
gen peroxide ratio from 0.05/1 to 0.2/1 at a higher
(contaminant/H,O, =1/2, g/g) dosage of hydrogen
peroxide improved the degradation of the contami-
nants from 51.3+3.3 to 73.24+1.8%, respectively. The
supplemental ferrous iron addition had a similar effect
on the removal of the contaminants during the soil
treatment with percarbonate (Fig. 2b). While the
increase in the Fe? "/H,O, ratio at a lower ratio of
contaminant/H,O, =1/0.1 (w/w) did not improve the
degradation, the increase in that ratio at a higher ratio
of contaminant/H,O, =1/1 (w/w) considerably in-
creased the removal efficacy. The changes in the
contaminant removal efficacy with the addition of
the ferrous iron in the percarbonate treatment indi-
cated that the transition metals could also be involved
as activators of the oxidation process. The increase in
the Fe’ "/H,O, weight ratio, from 0.1/1 to 0.3/1,
increased the removal of the contaminants from
58.0+0.03 to 80.8+4.3%, respectively. Thus, it was
important to optimise not only the hydrogen peroxide/
contaminant ratio but also the hydrogen peroxide/
transition metal activator ratio for effective contami-
nant degradation with either carrier of hydrogen
peroxide.

In spite of the fact that a supplemental ferrous
iron addition could improve the degradation of the
contaminants with both carriers of H,O, applying
certain ratio of contaminant/H,O,/Fe® *, the enhance-
ment of the treatment efficacy was more obvious with
the liquid hydrogen peroxide (Figs 2a and 2b). The
addition of supplementary ferrous iron to the liquid
hydrogen peroxide resulted in a higher removal of all
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Fig. 2. Total contaminant removal (% of initial content) in the soil after a 24-h treatment with a) hydrogen peroxide and
b) percarbonate, with and without the addition of supplemental ferrous iron, at different weight ratios of contaminant-to-H,O,.
The error bars represent the standard deviation of the replicates (n = 3)

the target compounds compared to that obtained with
a single chemical application (Figs 1 and 3). For
example, while the removal of p-DCB, p-C-m-Cr and
p-CTh with the treatment involving liquid hydrogen
peroxide supplemented by a ferrous iron addition was
15-18%, 9-10% and 31-35%, respectively (Fig. 3), the
removal of p-DCB, p-C-m-Cr and p-CTh with the
treatment involving unaccompanied liquid hydrogen
peroxide averaged 10.1+0.7%, 5.94+0.9% and 22.7+
0.8%, respectively (Fig. 1).

Increased removal of p-CTh obtained by the
treatment with percarbonate supplemented by ferrous
iron compared to that achieved by the treatment with a
single chemical was noted only. The soil treatment with
percarbonate supplemented by ferrous iron allowed for
the removal of 47-55% of p-CTh, depending on the
chemical dosages used (Fig. 3). The removal of p-CTh
with the treatment involving unaccompanied liquid
hydrogen peroxide (soil/H,O, =1/0.0004, g/g) averaged
30% (Fig. 1). On the other hand, the percarbonate
application supplemented by ferrous iron showed
decreased removal of p-DCB and no influence on the

100
90 1 Egngh-Cr
80 1 @p-DCB

70 A
60 1
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40 -
30 A
20 1

Removal, %

liquid liquid | solid liquid | solid

1/0.1/0.01 1/0.1/0.02 1/0.1/0.03

contaminant/H,0,/Fe®", wiw/w
Fig. 3. p-DCB, p-C-m-Cr, p-CTh removal (% of initial
content) in the soil after 24 h of treatment with liquid

hydrogen peroxide and percarbonate with the addition of
supplemental ferrous iron

p-C-m-Cr removal (the removal was 4-5% in both
cases). While the removal of p-DCB with a single
percarbonate treatment was 11% (Fig. 1), the treatment
involving the percarbonate-supplementary ferrous iron
system removed only 2-4% (Fig. 3). The rates of
hydroxyl radical attack on the ring of target compound
might be very different depending on the type and
degree of substitution. Carbonates may also act as
scavengers of the hydroxyl radicals formed in excess
during the rapid decomposition of hydrogen peroxide
achieved by the addition of a supplementary activator.
Thus, unproductive consumption of hydroxyl radicals
in side reactions (Watts, Teel 2006) could occur in place
of their reaction with the specific target contaminant
during the treatment of soil with percarbonate supple-
mented by ferrous iron. This can result in p-DCB
degradation decrease with the addition of supplemen-
tary ferrous iron system. Ferrous iron also has had no
activation effects in a past study by Cravotto et al. (2007)
during the percarbonate treatment of 4-chloronaphthol,
2,4-dibromophenol, 2,4-dichlorophenoxyacetic acid
and p-nonylphenol contaminated soil.

Thus, the improvement in contaminants total
degradation with supplemental ferrous iron addition
was more substantial during the treatment with liquid
hydrogen peroxide (Figs 2a, b) than with the percarbo-
nate. Lower enhancement in the treatment efficacy with
percarbonate could also have occurred because the
ferrous iron activation efficacy could be substantially
reduced due to the pH increase (Table 3) achieved
during the soil treatment with percarbonate. It is known
(Sylva 1972) that the Fenton reaction rate tends to
decrease as pH increases due to the hydrolysis of iron
depending on counter ion, ionic strength, and total iron
concentration, culminating in the precipitation of
amorphous ferric oxyhydroxides. Thus, the application
of a soluble ferrous iron as an activation aid was more
effective for the oxidation system utilising liquid hydro-
gen peroxide.
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The results for the soil slurry pH values measured
after a 24-h treatment with either liquid hydrogen
peroxide or percarbonate are presented in Table 3. The
application of a lower dosage of hydrogen peroxide
(contaminant/H,O, =1/0.1, g/g) did not influence the
soil’'s pH. The soil’s buffering capacity was usually
sufficient to offer resistance to pH changes during the
decomposition of hydrogen peroxide applied in mod-
erate dosages. However, the treatments with elevated
hydrogen peroxide and/or activator dosages have been
found capable (Liang er al 2008) of exceeding the
buffering capacity of soil. As Table 3 shows, the
decrease in soil pH was achieved during the treatment
with a twenty-fold increase in the hydrogen peroxide
dosage (weight ratio of contaminant/H,O, changed
from 1/0.1 to 1/2). A slightly higher decrease in pH,
due to the presence of sulphate ions from FeSOy4
dissociation, was observed in the experiments invol-
ving the addition of a ferrous iron activator. The
increased SO,”~ concentration (130-250 mg SO, L'
of the soil filtrate depending on the added ferrous iron
sulphate dosage) in comparison with initial value
(40 mg SOf*L*l of the soil filtrate) was detected in
the soil filtrate after the treatment with a supplemen-
tary ferrous iron system. On the other hand, the pH of
the soil slurry after the treatment with a solid hydrogen
peroxide carrier, percarbonate, increased substantially
and was greater during the application of higher
dosages of percarbonate. A supplementary ferrous
iron addition slightly reduced the pH from that
achieved by the treatment with a single chemical.

2.3. Influence of soil pH pre-acidification on the removal
of contaminants with the hydrogen peroxide treatment

The initial pH of the soil (Table 1) is higher than the
optimum pH range of 2—4 identified for the chemical
oxidation of chlorinated aromatics using the hydrogen
peroxide oxidation process in water (Sedlak, Andren
1991; Ghaly et al. 2001). Thus, the treatment of the soil
pre-acidified to a pH of 2.5 was tested. Such pre-
acidification allowed for the improvement of the
contaminant degradation process when using a liquid
carrier of hydrogen peroxide (Fig. 4).

The reason for this improvement in contaminant
degradation could be that acidic conditions sustain the
solubility of natural soil metals mobilised during strong
chemical oxidation conditions, involving them as the
activators of the oxidation process (Villa er al 2008;
Dahnami et al. 2006). Moreover, only in acidic conditions
the hydroxyl radical is predominant oxidant (Neyens,
Baeyens 2003). On the contrary, the percarbonate treat-
ment of the soil at an initial pH of 2.5 resulted in no
improvement in the contaminant degradation. Percarbo-
nate dissolves in water and may yield not only hydroxyl
radicals but also several other oxidation species
(HCO,, CO;") that may be more stable at near-neutral
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0

O liquid
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Removal, %

1/0.0004 1/0.0004, pH 2.5
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Fig. 4. Total contaminant removal (% of initial content) in
soil after 24 h of treatment with liquid hydrogen peroxide and
percarbonate at both a natural soil pH and a pH pre-
adjusted to 2.5. The error bars represent the standard
deviation of the replicates (n = 3)

pH values (Zuo et al. 1999; Yao, Richardson 2000; Regino,
Richardson 2007). For example, in a study by Yao and
Richardson (2000) on bicarbonate-activated hydrogen
peroxide, a maximum catalytic efficacy for the oxidation
of organic sulphides was observed at a pH range of 7-9.
In summary, the solid carrier of hydrogen per-
oxide, percarbonate, was employed as an effective
alternative to the liquid carrier for the treatment of
chlorinated aromatic hydrocarbon-contaminated soil,
leading to a higher contaminant degradation level at
natural soil pH values. However, further research on
the chemistry of the percarbonate process and optimi-
sation of the treatment performance will be required
before full-scale treatment of contaminated soil.

Conclusions

This study performed a comparative assessment on the
efficacy of using liquid and solid (percarbonate) carries
of hydrogen peroxide to treat p-DCB-, CTh- and p-C-
m-Cr-contaminated soil. The following conclusions
were drawn from the experimental data.

1. The application of liquid hydrogen peroxide to
the treatment of chlorinated aromatic hydro-
carbon-contaminated soil resulted in 38 4+2%
total removal of the contaminants, indepen-
dent of the chemical dosage used. However,
increasing the dosage of percarbonate in-
creased the contaminant degradation when
allowing several other reactions besides hydro-
gen peroxide oxidation to proceed.

2. The addition of supplementary ferrous iron
increased the contaminant removal efficacy dur-
ing treatment with both carriers of hydrogen
peroxide. However, the improvement in contami-
nant degradation was more substantial during
the treatment with liquid hydrogen peroxide.
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3. Pre-acidifying the soil to a pH of 2.5 increased
the contaminant degradation during the treat-
ment involving liquid hydrogen peroxide, but
did not influence the treatment efficacy of the
percarbonate.

4. The results of this study showed that percarbo-
nate could be utilised as an effective alternative to
hydrogen peroxide for the treatment of chlori-
nated aromatic hydrocarbon-contaminated soil
at natural soil pH values.
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