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SEOK-YOUNG OH1, MYONG-KEUN YOON 

DEGRADATIONS OF 2,4-DICHLOROPHENOL  
AND POLYCHLORINATED BIPHENYLS WITH ZERO VALENT 

IRON UNDER SUBCRITICAL CONDITIONS.  
IMPORTANCE OF SUBCRITICAL WATER OXIDATION 

The abiotic transformations of 2,4-dichlorophenol (DCP) and polychlorinated biphenyls (PCBs) 
has been examined in the presence and of zero valent iron (Fe(0)) under subcritical conditions. It was 
found that the degradation of DCP was significantly enhanced, showing complete degradation of 
DCP in 3 h at 300 °C. Control experiments without Fe(0) indicated that the removal of DCP in the 
iron–water system was mostly due to subcritical water oxidation and that the enhancement of degra-
dation in the presence of Fe(0) was less significant. Regardless of Fe(0), PCBs were rapidly decom-
posed, showing 93% destruction in 5 h at 300 °C. Product identification by gas chromatography-mass 
spectrometry (GC-MS) analysis showed that the reductive transformation of DCP and PCBs w Fe(0) 
existed under subcritical conditions. Our results suggest that subcritical water degradation may be 
a possible remediation option to treat DCP and PCBs in water and soil. 

1. INTRODUCTION 

Halogenated compounds, the most frequently reported contaminants in subsurface 
environments, are toxic and carcinogenic to human beings. Development of an effec-
tive treatment process for the remediation of soils and groundwater contaminated with 
such compounds has been an issue in recent decades. Among various proposed pro-
cesses, reductive transformation of halogenated compounds with zero valent iron 
(Fe(0)) is an attractive option because of its passive nature, ease of operation and po-
tential cost-effectiveness. Since the mid-90s, much research has been conducted to 
evaluate the feasibility of using Fe(0) to treat halogenated organics [1–3]. As a result, 
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Fe(0) has been installed in field applications as a reactive material in permeable reac-
tive barriers (PRBs) for groundwater remediation [4]. 

Though Fe(0) has been successfully applied to abiotic dechlorination of chlorinat-
ed solvents such as carbon tetrachloride and trichloroethylene in groundwater reme-
diation, the Fe(0) reduction process has not been successfully used for some persistent 
halogenated compounds such as polychlorinated biphenyl (PCB) and pentachlorophe-
nol (PCP) because their dechlorination rates are too slow. Several attempts were made 
in the last decade to overcome this kinetic barrier. Nano zero valent iron and bimetals 
such as Fe/Pd, were evaluated for their abilities to accelerate dechlorination of the 
persistent compounds [5–7]. Though nano zero valent iron enhanced the dechlorina-
tion of PCBs to some extent [5, 6], successful results have not yet been reported. 
Fe/Pd was shown to significantly enhance the reduction of PCBs [7]. However, the 
addition of Pd is costly. 

Subcritical water is defined as liquid water under pressure at temperatures be-
tween the usual boiling point (100 °C) and the critical temperature (374.1 °C) [8]. 
Under subcritical conditions, the electrical permittivity, surface tension and viscosity 
of a water molecule are dramatically decreased [9]. For these reasons, in the last dec-
ade, attempts have been made to utilize subcritical water to extract or decompose 
PCBs, polychlorinated diobenzo-p-dioxins (PCDDs), polycyclic aromatic hydrocar-
bons (PAHs), pesticides and other persistent organic contaminants from soils [10–12]. 
Yang et al. [10] demonstrated that more than 90% of PCBs were extracted from soil in 
15 min at 250–300 °C. Hashimoto et al. [11] reported that subcritical water can extract 
94.5% and 99.4% of PCDDs from contaminated soil in 4 h at 300 °C and 350 °C, re-
spectively.  

Hawthorne et al. [12] showed via a pilot-scale demonstration that PAHs could be 
completely removed from soil with subcritical water at 275 °C. They also observed 
that chlorinated aliphatic compounds including lindane, dieldrin, tetrachloroethene and 
trichloroethene could be completely dechlorinated with subcritical water in 1 h at 150–
300 °C [13]. In addition, the combination of subcritical water with oxidizing agents 
such as permanganate, O2 and air, via so-called subcritical water oxidation (SCWO) 
can effectively oxidize organic compounds that are normally very difficult to oxidize 
[14, 15]. Dadkhah and Akgerman [14] showed that more than 99.99% of PAHs could 
be removed from soil with the combination of extraction and oxidation with air and O2 at 
250 °C. Kronholm et al. [15] reported that more than 99.9% of 4-chloro-3-methylphenol 
was oxidized by potassium persulfate within 1 min at 250–300 °C under 23.5–31.0 MPa. 
Under subcritical and supercritical conditions, PCBs were rapidly degraded with oxi-
dants within minutes [16, 17]. Weber et al. [16] showed that PCBs were easily de-
graded at 300–450 °C in the presence of O2, and that polychlorinated dibenzofurans 
(PCDFs) were not produced at higher temperatures and longer retention times. 
O’Brien et al. [17] also showed that 2-chlorobiphenyl was rapidly oxidized with H2O2 
at 400–500 °C, and that no PCDDs or PCDFs were observed as products. 
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In order to overcome this kinetic hindrance in the reduction of persistent chlorinated 
compounds with Fe(0), attempts were made to combine subcritical and supercritical condi-
tions with the iron reduction process. Chuang et al. [18] showed that Aroclor2 1221 and 
Aroclor 1254 were completely dechlorinated with Fe(0) in 1 h at 400 °C. They also 
showed that, even at 300 °C, more than 60% of the PCBs were dechlorinated in 1 h 
with Fe(0). nano Yak et al. [19] showed that 60–100% of Aroclor 1260 was dechlorin-
ated with Fe(0) in 8 h at 250 °C. In a subsequent study, they also found that some re-
ductive positional isomers showed relative resistance during reduction with Fe(0) at 
250 °C [20]. Hawthorne et al. [21] showed that the addition of metals including Pb, Al, 
Cu, Zn and Fe could enhance the dechlorination of Aroclor 1254 in subcritical water 
in 1 h at 350 °C. The combination of nano zero valent iron and subcritical conditions 
(300 °C) showed more than 95% PCB destruction in the mixture of PCB-contaminated 
soil and iron nano particles in water [22]. 

In this study, the degradation of persistent halogenated compounds with Fe(0) un-
der subcritical conditions was examined. It seems that subcritical conditions may en-
hance the reductive transformation of persistent halogenated compounds with Fe(0), 
and that oxidation with subcritical water may also be involved in the transformation of 
halogenated compounds. PCBs and 2,4-dichlorophenol (DCP) were chosen as persis-
tent halogenated compounds for this study. Similar to PCBs, DCP is known to be per-
sistent in the reductive transformation with Fe(0), and nano materials and bimetals 
have been applied to enhance the degradation rate [23]. Through a series of batch ex-
periments using a temperature-controlled pressurized reactor, the removals of DCP 
and PCBs with Fe(0) were investigated. The effects of temperature and addition of 
Fe(0) on the degradation of DCP and PCBs under subcritical conditions were exam-
ined. Possible products formed during degradation in subcritical conditions have also 
been discussed. 

2. MATERIALS AND METHODS 

Chemicals. Aroclor 1248 provided by Chem Service (West Chester, PA, USA) 
was chosen as the PCBs source. 2,4-Dichlorophenol (DCP, >99%), 2-chlorophenol 
(2CP, >99%), 4-chlorophenol (4CP, >99%) and phenol (~99%) were purchased from 
Aldrich (Milwaukee, WI, USA). Methanol (>99.9%) was obtained from Fisher Scien-
tific (Pittsburgh, PA, USA). The Fe(0) used for the study was Peerless iron (Peerless 
Metal Powders and Abrasives, Detroit, MI, USA), widely used in remediation work 
and laboratory studies [3]. The specific surface area of the Peerless iron was 1.67 m2/g 
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as determined by the Brunauer–Emmett–Teller method with nitrogen. All chemicals 
were used without further purification, and Peerless iron was used as received. In or-
der to conduct a feasibility test for PCB-contaminated soil, Aroclor 1248-conta- 
minated soil was collected from a site near Seoul, South Korea. The concentration of 
Aroclor 1248 was determined according to the Korean standard method for soil analy-
sis [24]. 

Batch experiment procedure. Two types of batch experiments were conducted. At 
20–80 °C, experiments were performed in a shaker water bath (HB-205SW, Hanbaek, 
Korea) whose temperature was controlled at 20, 40, 60, and 80 °C. Duplicate vials 
(8 cm3) containing 5 cm3 of aqueous solution and 1 g of iron were used for each exper-
iment. The initial concentration of the DCP solution was 50 mg/dm3 (0.307 mM), and 
the solutions were deoxygenated by purging with N2 for 30 min. After iron was added, 
the vials were shaken in a horizontal position in the shaker bath at 150 rpm. At select-
ed time intervals, duplicate vials were sacrificed, and the supernatant was immediately 
filtered through a 0.22 m membrane filter (Millipore, MA) for analytic determination 
of DCP and its reduction daughter products. In order to exclude the aging effect of 
Peerless iron, acid-washed Fe(0) was tested. Fe(0) was washed with 3% HCl for 
10 min using a Vortex shaker. Then the same procedure was repeated three times with 
deoxygenated deionized water. The iron was dried in the vacuum oven at 100±5 °C 
for 1.5 h. After the iron cooled down, it was weighed and added to vials for batch ex-
periments under identical conditions. 

Under subcritical conditions, experiments were performed using a pre-designed, 
temperature-controlled, pressurized reactor system, including a 500 cm3 main reactor, 
a temperature controller, a shaking speed controller, pressure controllers and gauges 
and gas sampling ports. The temperature was set to 150, 200, 250 and 300 °C, and the 
internal pressure of the reactor was maintained at the vapor pressure of steam. Thus, 
the internal pressures of the reactor at 150, 200, 250, and 300 °C were approximately 
0.47, 1.5, 3.9 and 8.5 MPa, respectively. 5 g of Fe(0) and 100 cm3 of DCP or PCB 
solution were placed in the reactor and shaken at 180 rpm. The initial concentration of 
the DCP or PCB solution was approximately 50 mg/dm3. Due to the extremely low wa-
ter solubility of PCBs, 20% methanol was added to make 50 mg/ dm3 PCB solution [6]. 
The solutions were deoxygenated by purging with N2 for 30 min. After a selected sam-
pling time, the solution was separated with a 0.22 m membrane filter (Millipore, MA), 
and DCP and PCB were analyzed using high performance liquid chromatography 
(HPLC) and gas chromatography (GC), respectively. Control experiments were also 
performed without Fe(0) under identical conditions. The acid-washed Fe(0) was also 
evaluated. 

In order to evaluate the feasibility of the Fe(0)–subcritical water system for the reme-
diation of PCB contaminated soil, experiments were performed using the temperature 
controlled pressurized reactor system at 300 °C. 150 g of PCB contaminated soil, 
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100 cm3 of deionized water and approximately 9.5 g of Fe(0) were added into the re-
actor and shaken at 180 rpm throughout the experiment. The initial concentration of 
PCBs in the soil was approximately 142 mg/kg. After 5 h, soil and water samples were 
collected and pre-treated for determination of PCB concentration following the Korean 
standard method for soil analysis [24]. A control experiment was conducted without 
Fe(0) under identical conditions. 

Chemical analysis. 2,4-Dichlorophenol (DCP) and its reduction products were an-
alyzed using an UltiMateTM 3000 HPLC system (Dionex, Sunnyvale, CA, USA) 
equipped with an Acclaim® 120 guard column (4.3  10 mm, Dionex, Sunnyvale, CA, 
USA) and an Acclaim® 120 C18 column (4.6  250 mm, 5 m, Dionex, Sunnyvale, CA). 
A methanol–water mixture (60/40, v/v) was used as the mobile phase at a flow rate of 
1.0 cm3/min. The wavelength of the UV detector was set at 224 nm. Retention times 
for DCP, 4CP, 2CP and phenol were 18.22, 8.89, 7.25 and 4.83 min, respectively. 
PCBs were analyzed using a GC (6890N Agilent, Santa Clara, CA, USA) equipped 
with an electron capture detector (ECD) and a DB5-MS column (60 m  0.25 mm 
 0.25 μm, Agilent JW, Santa Clara, CA, USA). The carrier gas was helium and the 
flow rate was 1.0 cm3/min. The temperature of the injection port was 270 °C and the 
injection type was splitless. The oven temperature program was 100 °C (20 °C/min)  
→ 180 °C (1 min, 8 °C/min) → 220 °C (10 °C/min) → 300 °C (10 min). To determine 
the products formed during DCP and PCB degradation with Fe(0) under subcritical 
conditions, qualitative mass spectrometry analyses were performed using a GC-mass 
spectrometer (GC-MS, Clarus 600 T GC/MS, Perkin Elmer, Waltham, MA, USA) with 
a DB-5 column (30 m  0.25 mm  0.25 m, Agilent J&W, Santa Clara, CA, USA). 

3. RESULTS AND DISCUSSION 

3.1. DEGRADATION OF DCP WITH Fe(0) AT 20–80 °C 

The removal of DCP with Fe(0) at 20, 40, 60 and 80 °C is summarized in Fig. 1. 
Control experiments without Fe(0) showed that DCP was inert for 14 days regardless 
of temperature (data not shown). At 20 °C, 27.1% of the DCP was rapidly removed 
within one day, and the removal was thereafter almost halted until 14 days. No reduc-
tion daughter products were observed until ten days. Even at 14 days, only 5 μM of 
4CP was observed, less than 2% of the initial mass of DCP. These results indicated 
that the removal of DCP at the earlier stage was probably due to sorption to the iron 
surface. At 14 days, 33.3% of DCP was removed from solution with Fe(0). As tem-
perature increased, the removal of DCP slightly increased, showing 37.3, 42.0 and 
44.7% removal in 14 days at 40, 60 and 80 °C, respectively. The extent of 4CP for-
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mation also gradually increased with temperature until 80 °C, indicating that the re-
duction of DCP with Fe(0) mostly occurred at the orto position.  

 

Fig. 1. Removal of DCP in water with Fe(0): a) 20 °C, b) 40 °C, c) 60 °C, d) 80 °C 

However, it is likely that the extent of enhancement in DCP reduction with Fe(0) 
was not significant as temperature increased from 20 ŻC to 80 °C. Even at 80 °C, only 
4 μM of phenol was produced, which was 1.3% of the initial mass of DCP. When 
acid-washed Fe(0) was used, the removal of DCP was not greatly enhanced (Fig. 1). 
The formation of 4CP and phenol was also limited. It appears that the acid-washed 
Fe(0) was rapidly passivated by anaerobic corrosion with water molecules. Due to 
slow kinetics of DCP dechlorination and rapid passivation [2, 23], fresh surface of 
Fe(0) did not markedly enhance the reductive transformation of DCP. 

3.2. DEGRADATION OF DCP WITH Fe(0) UNDER SUBCRITICAL CONDITIONS 

Due to the limitation of enhancement in DCP reduction with Fe(0) at 20–80 °C, 
temperature was further increased under subcritical conditions (150–300 °C) using 
a temperature-controlled pressurized reactor. As shown in Fig. 2, the removal of DCP 
was further enhanced as temperature increased to 150–300 °C. At 150 °C, approxi-

c)

a) b)

d)
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mately 40% of the initial DCP was removed from solution, producing 4CP in 5 h. 
Compared with the removal of DCP at 20–80 °C (Fig. 1), the removal rate was clearly 
enhanced (hours vs. days). However, similar to DCP removal with Fe(0) at 20–80 °C, 
no significant reduction in the yield of 4CP was observed. Interestingly, control exper-
iments without Fe(0) showed that DCP was transformed at 150 °C. After 5 h, 31% of 
the DCP was removed, suggesting that thermal decomposition of DCP in addition to 
reductive transformation might have existed in the DCP-water system under subcriti-
cal conditions (Fig. 2). 

 
Fig. 2. Removal of DCP in water with Fe(0) under subcritical conditions:  

a) 150 °C, b) 200 °C, c) 250 °C d) 300 °C 

Experiments for the reduction of DCP with Fe(0) were performed using a 500 cm3 
pressurized reactor including 100 cm3 of DCP solution and 5 g of Fe(0). When the 
temperature increased, the internal pressure increased, as determined by the vapor 
pressure of steam. Under the given conditions, the dissolution of oxygen from air into 
the solution was markedly increased as the temperature was elevated. When the tem-
perature was elevated from 200 °C to 250 °C, the solubility of oxygen in water in-
creased very abruptly from 0.6–0.7 to 2.6–2.8 cm3/g [25]. At 300 °C, the solubility of 
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oxygen in water was estimated to be approximately 8–9 cm3/g, according to extrapola-
tion of the regression curves given by Pray et al. [25]. Therefore, it is plausible that the 
increased amount of oxygen in subcritical water can enhance the oxidative degradation 
of DCP at 150–300 °C. To confirm the subcritical water oxidation of DCP, the reactor 
was purged with Ar for 30 min, and the experiments were conducted without Fe(0) 
under identical conditions. Due to the limited amount of O2 in the reactor, a limited 
amount of DCP (5–10%) was removed from solution after 5 h at 150–300 °C (data not 
shown). These results indicate that the oxidation under subcritical conditions (SCWO) 
might be responsible for the removal of DCP in the control experiments. 

At 200 °C, the removal of DCP was slightly enhanced compared to that at 150 °C. 
However, as the temperature was further increased to 250 °C and 300 °C, the removal 
of DCP was remarkably enhanced (Figs. 2c, d). At 250 °C, 82.5% of DCP was re-
moved in 5 h, producing 4CP (6.1%), 2CP (3.0%) and phenol (8.8%). At 300 °C, 
complete removal of DCP was obtained after 3 h, and the reduction intermediates and 
end product accounted for 22.1% of initial DCP in 5 h. Control experiments without 
Fe(0) indicated that the extent of DCP removal was also enhanced at higher tempera-
tures, with 78.9% in 5 h at 250 °C and 73.0% in 1 h at 300 °C. The results of the con-
trol experiments clearly indicate that the removal of DCP from the iron-water system 
was mostly due to SCWO under subcritical conditions, and that the reductive dechlo-
rination of DCP with Fe(0) was not dominant even at 300 °C. Acid washed Fe(0) did 
not show any noticeable difference. 

3.3. DEGRADATION OF PCBs WITH FE(0) UNDER SUBCRITICAL CONDITIONS 

PCBs were removed with Fe(0) under subcritical conditions by 86% at 250 °C 
(Fig. 3a). Fe(0) free control experiments showed that PCBs were also transformed 
under subcritical conditions.  

 
Fig. 3. Removal of PCB (Aroclor 1248) with Fe(0) under subcritical conditions: a) 250 °C, b) 300 °C 
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Even without Fe(0), 82% of PCBs were removed at 250 °C, indicating that non-
reductive thermal decomposition of PCBs occurred at subcritical temperatures, similar 
to that of DCP. Compared to 250 °C, PCBs were more rapidly removed from solution 
at 300 °C with or without Fe(0), showing 95% and 93% of removal in 5 h, respectively 
(Fig. 3b). Therefore, similar to DCP, our results indicate that PCBs in the iron–water 
system were destroyed mainly via SCWO at 250 °C and 300 °C under the given condi-
tions, consistent with previous results reported by Webber et al. [16]. Considering the 
difference in PCB removal with or without Fe(0) under subcritical conditions, it ap-
pears that the reductive transformation of PCBs with Fe(0) is not significant even at 
250 °C or 300 °C. 

 

Fig. 4. Results of treatment of PCB (Aroclor 1248) contaminated soil  
with Fe(0) for 1 h at various temperatures  

(100 g of contaminated soil, 100 cm3 of water and 9.5 g of iron) 

Using Aroclor 1248 contaminated soil, degradation of PCBs with Fe(0) in the soil 
–water system at various temperatures was evaluated. The initial concentration of 
PCBs in the contaminated soil was 143.3 mg/kg. As the temperature increased, the 
removal of PCBs from the soil was enhanced. At 50 °C and 100 °C, the concentration 
of PCBs in soil decreased to 117.9 and 92.3 mg/kg, corresponding to 17.8% and 
35.6% of PCB removal, respectively (Fig. 4). Because the reductive transformation of 
PCBs with Fe(0) was not significant even at 300 °C (Fig. 3), the removal of PCBs at 
50 °C and 100 °C was probably due to desorption from the soil. As temperature further 
increased, the removal of PCBs was outstandingly enhanced, showing 95.0% and 
97.8% removal at 250 °C and 300 °C, respectively. A control experiment without 
Fe(0) also showed similar removals under subcritical conditions (data not shown), 
suggesting that SCWO and desorption may be responsible for the removal of PCBs 
from the soil. 
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3.4. IDENTIFICATION OF PRODUCTS USING GC-MS 

In order to better understand and obtain insight on the degradation pathways of DCP 
and PCBs with Fe(0) under subcritical conditions, degradation products were identified 
through gas chromatography-mass spectrometry (GC-MS) analysis. The identified possi-
ble products of DCP degradation under subcritical conditions are summarized in Table 1.  

T a b l e  1

Identified compounds after treatment of DCP solution 
at 250 °C for 5 h 

Retention time
[min] 

Identified compound 

without Fe(0) with Fe(0) 

4.41 2-heptanone – 
4.71 heptanal heptanal 
5.99 2-heptanone, 6-methyl – 
6.47 1-heptanol – 
6.83 – 2-chlorophenol 
6.94 2-octanone – 
7.31 octanal octanal 
9.33 1-octanol – 
9.84 2-nonanone – 

10.19 nonanal nonanal 
11.88 2,4-dichlorophenol 2,4-dichlorophenol

13.25/13.11 4-chlorophenol 4-chlorophenol 
 

In the absence of Fe(0), aliphatic compounds (C7–C9) were formed, including  
alcohols (1-heptanol and 1-octanol), ketones (2-heptanone, 6-methyl-2-heptanone,  
2-octanone, and 2-nonanone) and aldehydes (heptanal, octanal, and nonanal). Though 
the ring was not cleaved, 4CP, a dechlorinated intermediate, was also identified. Based 
on the formation of those compounds, it appears that ring cleavage, dechlorination, 
and polymerization may be involved in the degradation of DCP under subcritical con-
ditions. In the presence of Fe(0), the identified products were different. First, aliphatic 
compounds (C7–C9) were identified. However, unlike the Fe(0) free subcritical sys-
tem, the only type of aliphatic products were aldehydes, including heptanal, octanal 
and nonanal. The presence of Fe(0) may thus enhance the oxidation of alcohols and 
ketones to aldehydes. Further study is needed to clearly elucidate Fe(0) enhanced oxi-
dation. Second, dechlorinated intermediates 4CP and 2CP were also formed, probably 
due to the enhancement of reductive transformation of DCP with Fe(0) (Fig. 3). Simi-
larly, ring cleavage, dechlorination and polymerization may also have participated in 
the degradation of DCP with Fe(0) under subcritical conditions. 
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T a b l e  2

Identified compounds after treatment of Aroclor 1248 solution 
(with 20% methanol) at 250 °C for 5 h 

Retention time
[min]  

Identified compound  
without Fe(0) with Fe(0) 

4.39 benzene, 1,3-dimethyl benzene, 1,3-dimethyl 
5.10 ethane, 1,1,2,2,-tetrachloro- ethane, 1,1,2,2,-tetrachloro- 

5.24 – methyl hexanoate 
(hexanoic acid, methyl ester) 

6.59 – octanoic acid, 2-methyl-, methyl ester 
6.79 – benzene, methoxymethyl 
8.05 – 2-propyl-1-pentanol 

12.64 2-decanone – 
13.03 decanal – 

14.24 benzoic acid, 
 4-chloro, methyl ester – 

15.38 1-undecanone – 
15.77 octadecanal – 
17.43 biphenyl biphenyl 
17.53 dodecane, 1,1-dimethoxy – 
17.98 2-dodecanone – 
18.19 2-undecanone,6,10-dimethyl- – 
18.37 hexadecanal – 
19.99 1-tridecanol – 
20.33 – 3-chlorobiphenyl 
20.46 2-tridecanone – 
20.84 octadecanal – 
21.17 – dodecanoic acid, methyl ester 
21.96 2-nonadecanone – 

22.53 – propanoic acid, 2-methyl-, 
1-(1,1-dimethylethyl)-2-methyl-1,3-prop 

22.96 1,1-biphenyl, 2,2-dichloro- 1,1-biphenyl, 2,2-dichloro- 
24.80 1,1-biphenyl, 3,5-dichloro- 1,1-biphenyl, 3,5-dichloro- 
25.04 2-nonadecanone – 
25.48 1,1-biphenyl, 2,3,4-trichloro- 1,1-biphenyl, 2,3,4-trichloro- 

25.64 methyl tetradecanoate 
(tetradenoic acid, methyl ester) – 

26.00 1-tridecene – 
26.56–34.15 Aroclor 1248 pattern Aroclor 1248 pattern 

 
In the case of PCBs, the identification of products was somewhat complicated be-

cause Aroclor 1248 is a mixture of congeners of chlorinated biphenyl (Table 2). In the 
absence of Fe(0), it was shown that, similar to DCP, aliphatic compounds (C10–C19) 
were produced; alcohol (1-tridecanol), ketones (2-decanone, 1-undecanone, 6,10-di- 
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methyl-2-undecanone, 2-dodecanone, 2-tridecanone, 2-nonadecanone), aldehydes 
(decanal, octadecanal, hexadecanal), alkane (1,1-dimethoxyl dodecane), alkene (1-tri- 
decene) and acid (methyl tetradecanoate). Second, the aromatic compound 1,3-di- 
methyl benzene was produced. Third, chlorinated aliphatic/aromatic compounds were 
produced, including 1,1,2,2-tetrachloroethane and 4-chloro-methyl ester benzoic acid. 
Fourth, possible dechlorination products were produced: 2,2-dichloro-1,1-biphenyl, 
3,5-dichloro-1,1-biphenyl, 2,3,4-trichloro-1,1-biphenyl and biphenyl.  

The presence of Fe(0) under otherwise identical conditions showed different by-
products. Aliphatic organic acids were dominantly produced: methyl hexanoate (hexa-
noic acid, methyl ester), octanoic acid 2-methyl-methyl ester, dodecanoic acid methyl 
ester and propanoic acid 2-methyl- 1-(1,1-dimethylethyl)-2-methyl-1,3-prop. In contrast, 
ketones and aldehydes were not formed. Similar to the Fe(0)-free control experiments, 
aromatic and chlorinated compounds were also formed, including 1,3-di- 
methyl benzene and 1,1,2,2-tetrachloroethane. In addition to the dechlorination prod-
ucts found in the Fe(0) control experiments, 3-chlorobiphenyl was identified. There-
fore, similar to DCP, it is likely that ring cleavage, dechlorination, polymerization and 
oxidation (to organic acid) were occurring during the degradation of the congeners of 
chlorinated biphenyl under subcritical conditions with or without Fe(0). No PCDDs or 
PCDFs were produced in either system under subcritical conditions. 

4. CONCLUSIONS 

DCP and PCBs were rapidly degraded under subcritical conditions irrespective of 
the presence of Fe(0). The degradation of DCP and PCBs occurred mainly via subcrit-
ical water oxidation (SCWO) and in part through reductive transformation with Fe(0). 
Real PCB contaminated soil was also effectively treated, showing 97.8% removal 
efficiency. Product identification using GC-MS suggested that ring cleavage, dechlo-
rination, and polymerization might be involved in the degradation of DCP and PCBs 
with Fe(0) under subcritical conditions. Our results suggest that treatment under sub-
critical conditions may be a feasible option for the remediation of persistent organic 
pollutants such as DCP and PCBs. A pilot-scale SCWO demonstration unit is being 
designed and fabricated for field verification. 

ACKNOWLEDGMENTS 

This research was supported by the Korea Ministry of Environment through a research fund from the 
Geo-Advanced Innovative Action (GAIA) project. 



 Degradations of 2,4-dichlorophenol and polychlorinated biphenyls 85 

REFERENCES 

[1] ORTH W.S., GILLHAM R.W., Dechlorination of trichloroethene in aqueous solution using Fe0, Envi-
ron. Sci. Technol., 1996, 30, 66. 

[2] ROBERTS A.L., TOTTEN L.A., ARNOLD W.A., BURRIS D.R., CAMPBELL T.J., Reductive elimination of 
chlorinated ethylenes by zero valent iron, Environ. Sci. Technol., 1996, 30, 2654. 

[3] MIEHR R., TRATNYEK P.G., BANDSTRA J.Z., SCHERER M.M., ALOWITZ M.L., BYLASKA E.J., Diversity 
of contaminant reduction reactions by zero valent iton: role of the reductase, Environ. Sci. Technol., 
2004, 38, 139. 

[4] U.S. Environmental Protection Agency (EPA), Treatment technologies for site cleanup. Annual sta-
tus report, 12th Ed., EPA-542-R-07-012, U.S. EPA, Washington 2007. 

[5] WANG C.B., ZHANG W.X., Synthesizing nanoscale iron particles for rapid and complete dechlorina-
tion of TCE and PCBs, Environ. Sci. Technol., 1997, 31, 2154. 

[6] LOWRY G.V., JOHNSON K.M., Congener-specific dechlorination of dissolved PCBs by microscale 
and nanoscale zero valent iron in a water/methanol solution, Environ. Sci. Technol., 2004, 38, 5208. 

[7] GRITTINI C., MALCOMSON M., FERNANDO Q., KORTE N., Rapid dechlorination of polychlorinated 
biphenyls on the surface of a Pd/Fe bimetallic system, Environ. Sci. Technol., 1995, 29, 2898. 

[8] LAGREGA M.D., BUCKINGHAM P.L., EVANS J.C., Hazardous Waste Management, 2nd Ed., McGraw- 
-Hill, New York 2000. 

[9] KUHLMANN B., ARNETT E.M., SISKIN M., Classical organic reactions in pure superheated water, 
J. Org. Chem., 1994, 59, 3098. 

[10] YANG Y., HAWTHORNE S.B., MILLER D.J., Subcritical water extraction of polychlorinated biphenyls 
from soil and sediment, Anal. Chem., 1995, 67, 4571. 

[11] HASHIMOTO S., WATANABE K., NOSE K., MORITA M., Remediation of soil contaminated with dioxins 
by subcritical water extraction, Chemosphere, 2004, 54, 89. 

[12] LAGADEC A.J.M., MILLER D.J., LILKE A.V., HAWTHORNE S.B., Pilot-scale subcritical water remedia-
tion of polycyclic aromatic hydrocarbon- and pesticide-contaminated soil, Environ. Sci. Technol., 
2000, 34, 1542. 

[13] KUBÁTOVÁ A., LAGADEC A.J.M., HAWTHORNE S.B., Dechlorination of lindane, dieldrin, tetrachloro-
ethane, trichloroethene, and PVC in subcritical water, Environ. Sci. Technol., 2002, 36, 1337. 

[14] DADKHAH A.A., AKGERMAN A., Hot water extraction with in situ wet oxidation: PAHs removal from 
soil, J. Hazard. Mater., 2002, B93, 307. 

[15] KRONHOLM J., METSALA H., HARTONEN K., RIEKKOLA M.L., Oxidation of 4-chloro-3-methylphenol 
in pressurized hot water/supercritical water with potassium persulfate as oxidant, Environ. Sci. 
Technol., 2001, 35, 3247. 

[16] WEBER R., YOSHIDA S., MIWA K., PCB destruction in subcritical and supercritical water. Evaluation 
of PCF formation and initial steps of degradation mechanisms, Environ. Sci. Tehnol., 2002, 1839. 

[17] O’BRIEN C.P., THIES M.C., BRUCE D.A., Supercritical water oxidation of the PCB cogener 2-chloro- 
biphenyl in methanol solutions. A kinetic study, Environ. Sci. Technol., 2005, 39, 6839. 

[18] CHUANG F.W., LARSON R.A., WESSMAN M.S., Zero-valent iron-promoted dechlorination of poly-
chlorinated biphenyls, Environ. Sci. Technol., 1995, 29, 2460. 

[19] YAK H.K., WENCLAWIAK B.W., CHENG I.F., DOYLE J.G., WAI C.M., Reductive dechlorination of 
polychlorinated biphenyls by zero valent iron in subcritical water, Environ. Sci. Technol., 1999, 33, 
1307. 

[20] YAK H.K., LANG Q., WAI C.M., Relative resistance of positional isomers of polychlorinated biphen-
yls toward reductive dechlorination by zero valent iron in subcritical water, Environ. Sci. Technol., 
2000, 34, 2792. 



86 S.-Y. OH, M.-K. YOON 

[21] KUBÁTOVÁ A., JERMAN J., STECKLER T.S., DE VEIJ M., MILLER D.J., KLUNDER E.B., WAI C.M., 
HAWTHORNE S.B., Subcritical (hot/liquid) water dechlorination of PCBs (Aroclor 1254) with metal 
additives and in waste paint, Environ, Sci. Technol., 2003, 37, 5757. 

[22] VARANASI P., FULLANA A., SIDHU S., Remediation of PCB contaminated soils using iron nano parti-
cles, Chemosphere, 2007, 66, 1031. 

[23] WEI J., XU X., LIU Y., WANG D., Catalytic hydrodechlorination of 2,4-dichlorophenol over na-
noscale Pd/Fe: reaction pathway and some experimental parameters, Water Res., 2006, 40, 348. 

[24] Korea Ministry of Environment, Korean standard method for soil analysis, Ministry Notice No. 
2009-255, Korea Ministry of Environment, Seoul 2009 (in Korean). 

[25] PRAY H.A., SCHWEICKERT C.E., MINNICH B.H., Solubility of hydrogen, oxygen, nitrogen, and helium 
in water, Ind. Eng. Chem., 1952, 44, 1146. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


