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ABSTRACT:  
 Laboratory experiments were conducted to investigate the feasibility of ozone and Cool-
Ox® to oxidize PCBs adsorbed in sediments, and to determine the nature and biodegradability of 
the oxidation products.  Two PCBs were tested; 2-,2’-dichlorobiphenyl (DCB) and 2-,3-,4-,2’-
,3’-,4’-hexachlorobiphenyl (HCB).  DCB and HCB were allowed to adsorb onto kaolinite. 
Concentrations of PCBs, Cl-, and chemical oxygen demand (COD) were measured during thirty 
(30) days of oxidation with ozone and Cool-Ox®.  Gas chromatography/mass spectrometry 
(GC/MS) was used to identify the organic acids produced from reaction of both oxidants with 
DCB and HCB.  After chemical oxidation, the liquid was treated for twenty (20) days in 
bioreactors with inoculum from a domestic wastewater treatment plant.  
 
 Cool-Ox® removed 99% of DCB and 95% of HCB.  Removal of DCB and HCB with 
ozone was 97% and 92%, respectively. Oxidation products were identical with both oxidants. 
Formic and oxalic acid were oxidation products of both PCBs. Specific oxidation products of 
DCB and HCB were 2-hydroxybenzoic acid and 2,3,4-trihydroxybenzoic acid, respectively. The 
results show that ozone and Cool-Ox® caused ring cleavage of PCBs and quantitative removal of 
Cl. In excess of 93% of the soluble COD remaining after chemical oxidation with both 
oxidants was biodegradable within twenty (20) days.  
 
INTRODUCTION: 

Remediation of sediments contaminated with polychlorinated biphenyls (PCBs) is among 
the more intractable environmental problems. Dredging is the most common remedial method, 
but is problematic because it suspends sediments in the water column and cannot remove all 
of the sediments. For example, two years after dredging 147,000 cubic meters of sediment in 
Lake Jarnsjon, Sweden, the PCB concentration in one-year old fish was twice the pre-
remediation value (Bremle, 1997).  Post-dredging PCB levels in carp at Waukegan Harbor, 
Illinois, were five times greater than pre-remediation values (U.S. EPA, 1994).  Moreover, the 
two most common disposal methods for PCB-contaminated sediments, landfilling and 
incineration, pose very costly and highly complex permitting problems.  Maintenance dredging is 
required in many waterways and if dredged material is contaminated, a suitable ex-situ 
remediation strategy is needed.  This research has demonstrated that a very cost effective and 
technically sound alternative, could be the in-situ application of a technology that combines 
abiotic chemical with subsequent biological, oxidation of contaminants.  

 
Fenton’s reagent, a commonly used oxidant consisting of H2O2 and Fe2+, produces free 

radicals that oxidize organic compounds.  Aronstein and Rice (1995) reported that adding 
Fenton’s reagent to PCB-contaminated soil increased the overall extent of PCB biodegradation 
by over seven (7) times relative to not adding the oxidant.  However, there are several problems 



 2 

associated with Fenton’s reagent. It works best at a pH below 3 (Carberry and Yang, 1994), 
which would require subsequent pH adjustment to encourage biological activity. Fenton’s 
reagent also releases considerable heat upon reaction, which can volatilize contaminants and kill 
biota. Cool-Ox® uses Fenton-like chemistry but, contains proprietary stabilizers that reduce 
the exothermic nature of the reactions thus, allowing it to work at pH values between 7 and 9.  
Increased residence time of the oxidant is achieved by adding Cool-Ox® in dissolved or solid 
form.  It has been shown to be effective at oxidizing chlorinated solvents (Nauta and Lundy, 
1999) and pesticides (Holish, Lundy and Nuttall, 2000). 

 
Ozone produces hydroxyl free radicals, but does so at a neutral pH and without releasing 

heat to a degree that interferes with biological activity (Narkis and Schneider-Rotel, 1980).  
Ozone also dissolves readily in water (ozone is thirteen (13) times more soluble than oxygen).  
Ozone sparging has proven effective at oxidizing polycyclic aromatic hydrocarbons (PAH) in 
sediments (Clayton, 1998; Brown et al., 1997; Nelson et al., 1997). Ozone increased the 
biodegradability of heavily chlorinated guaiacol (2-methoxy phenol) ten (10) times by replacing 
chlorine atoms with hydroxyl groups (Heinzle et al., 1995).  
 
Objectives of the Study:  The objectives of this study were to:  
 

• test the effectiveness of ozone and Cool-Ox® as chemical oxidizers of PCBs adsorbed in 
sediments;  

• characterize the oxidation by-products; and,  
• assess the potential of the by-products to be degraded by common environmental 

microorganisms. 
 

MATERIALS AND METHODS: 
Materials.  All chemicals were obtained from Aldrich (Milwaukee, Wisconsin), except Cool-
Ox®, which was obtained from Lundy. Kaolinite was obtained from Fisher Scientific (Chicago, 
Illinois). 
 
Slurry Preparation. Separate kaolinite slurries were spiked with DCB and HCB (1000 mg/kg) 
and were mixed for 4 months to promote adsorption. Slurries were then thickened to a solids 
concentration of approximately 1800 kg/m3.  
 
Oxidation Reactors.  The triplicate ozone reactors consisted of 1.5 Liter (L) glass columns with 
one (1) L of thickened slurry and fritted-glass openings at the bottom to allow gas sparging 
upward through the sediment. Control reactors were sparged continuously with laboratory air. 
Ozone reactors were sparged continuously with a laboratory ozone generator (Ozone Services 
Model OL-100, Burton, British Columbia, Canada), supplying ozone at a fixed concentration of 
0.5% (v/v). The triplicate reactors were maintained at 20oC.  
 

For Cool-Ox® tests, Cool-Ox® was placed in the slurry at a mass ratio of 1:10 (Cool-
Ox®/soil). Cool-Ox® was mixed into the slurry by sparging with nitrogen gas for an hour every 5 
days.  Cool-Ox® control reactors received no Cool-Ox®.  Effluent gas was passed through 
activated carbon to quantify stripping of DCB and HCB.  The reactors were buffered at  pH 8.  
Samples were taken as described by Cassidy et al. (2002). 
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Bioreactors. After 30 days of chemical oxidation, the remaining contents from each reactor were 
separated from the solids by centrifuging. The liquid fraction (approximately 200 mL) was 
placed in closed, 500 mL glass bottles. Nitrogen and phosphorus were added to the ozone-treated 
liquid but, not to the Cool-Ox®-treated liquid, since Cool-Ox® contains these nutrients in its 
formulation.  Inoculum (20 mL) from the aeration tank of a domestic WWTP was added to the 
active reactors.  None was added to the controls. All bottles were attached to a Hach BODTrak® 
to monitor O2 consumption. Periodically, pH was measured with a probe and samples were taken 
to measure COD.  
 
Analytical Methods. DCB and HCB were quantified with gas chromatography with electron 
capture detection (GC/ECD), organic acids were quantified with GC/mass spectrometry 
(GC/MS), and chloride ion (Cl-) was quantified with ion chromatography (IC), as described in 
detail by Cassidy et al. (2002).  

 
RESULTS AND DISCUSSION: 

Figures 1 through 3 show time profiles of removal of DCB and HCB from Cool-Ox® 

treatment, accompanying production of COD and Cl-, and biodegradation of the residual COD.  
Error bars show standard deviation.  Similar time profiles were obtained for ozone treatment 
(Cassidy et al., 2002).  Reactors without Cool-Ox® maintained their initial DCB and HCB levels 
of 1000 mg/kg throughout the 30-day period, showing no measurable PCB removal (Figure 1). 
In contrast, both DCB and HCB showed a considerable decrease in concentration in the reactors 
sparged with Cool-Ox®. Final concentrations of DCB and HCB were approximately 20 mg/kg 
and 40 mg/kg, respectively.  The results from Figure 1 show that the loss of DCB and HCB in 
the reactors was due to reaction with Cool-Ox®.  No stripping of DCB or HCB was observed, 
which is consistent with the low volatility of PCBs.  

 
Figure 1. DCB and HCB removal with time during Cool-Ox® treatment. 

  
 

 Figure 2 shows the production of soluble COD and Cl- resulting from the reaction of 
DCB and HCB with Cool-Ox®.  The increase in COD with time observed with Cool-Ox® 
treatment represents a conversion of DCB and HCB to soluble organic compounds due to 
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reaction with Cool-Ox®.  Aronstein and Rice (1995) reported the production of soluble products 
from ozone treatment of PCBs in sediments, but they did not identify the products. COD reached 
peak values between days fourteen (14) and sixteen (16) of near 9000 mg/L for DCB and over 
5000 mg/L for HCB. 
 

Figure 2. Biodegradation of residual COD from Cool-Ox® treatment of PCBs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The decrease in COD during the last fourteen (14) days indicates that the constituents of 
the soluble COD were being further oxidized at a greater rate than they were being replenished 
by oxidation of remaining DCB and HCB. Formate and oxalate were products of oxidation of 
DCB and HCB with ozone and Cool-Ox®. Specific oxidation products of DCB and HCB were 
2-hydroxybenzoic acid and 2,3,4-trihydroxybenzoic acid, respectively, showing that ring 
cleavage of the PCBs occurred. Concentrations of Cl- increased steadily during Cool-Ox® 
treatment, indicating that chlorine atoms were removed from DCB and HCB. Dechlorination 
increases the aerobic biodegradability and decreases the toxicity of PCBs. (Abramowicz, 1990). 
Heinzle et al. (1995) reported release of Cl- from chlorinated guaiacols with Fenton’s reagent. 

  
 

Figure 3 shows the removal of residual COD from Cool-Ox® treatment via 
biodegradation.  Control reactors showed no decrease in COD in the bioreactors, indicating that 
no measurable biodegradation took place. In contrast, active bioreactors showed a considerable 
decrease in COD during two (2) days. Since the bioreactors were closed, except when sampling 
took place, the observed COD removal cannot be attributed to stripping. Moreover, oxygen 
consumption (data not shown) was nearly identical to COD removal. These results show that the 
partial oxidation products from Cool-Ox® treatment of DCB and HCB were readily 
biodegradable under aerobic conditions by common environmental microorganisms. This is 
not surprising, since all the organic acids positively and tentatively identified with GC/MS are 
known to be readily biodegradable.  
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Figure 3. Production of COD and Cl- with time during Cool-Ox® treatment. No COD or Cl- 
was measured in reactors without Cool-Ox® (data not shown). 

  

 
Ozone and Cool-Ox® treatment followed by biodegradation of the residual COD is 

compared in Table 1.  Treatment with both oxidants resulted in greater than 90% removal of both 
DCB and HCB.   

 
Table 1. Summary of results for 30 days of treatment of dichlorobiphenyl (DCB) and 

hexachlorobiphenyl (HCB) adsorbed to kaolinite with ozone and Cool-Ox®  
followed by 20 days of biodegradation. 

 
Parameter Ozone Cool-Ox® 

Dichlorobiphenyl (DCB) 
DCB Removed with Oxidants (%) 97 ± 4 (9)a 99 ± 4 (9) 

Cl- Released with Oxidants (%) 95 ± 3 (9)  97 ± 5 (9)  
Cl- Released/DCB Removed (mol/mol) 1.9 ± 0.5 (43) 2.1 ± 0.7 (38) 

Oxidant Dose (g oxidant/g DCB removed) 18.6 ± 2.7 (43) NMb 
COD Removed by Biodegradation (%) 92 ± 5 (9) 97 ± 4 (9) 

Hexachlorobiphenyl (HCB) 
HCB Removed with Oxidants (%) 92 ± 6 (9) 95 ± 5 (9) 

Cl- Released with Oxidants (%) 93 ± 4 (9) 96 ± 7 (9) 
Cl- Released/HCB Removed (mol/mol) 6.2 ± 0.9 (43) 6.1 ± 0.7 (43) 

Oxidant Dose (g oxidant/g HCB removed) 30.0 ± 3.9 (43) NM 
COD Removed by Biodegradation (%) 91 ± 4 (9) 98 ± 3 (9) 

a average ± standard deviation (number of measurements).  
b NM=not measured, because the reactants in Cool-Ox® are proprietary. 

 

   

E

E

E

E

E

E
E

E E E E E
E

E E E

J

J

J
J

J
J

J J J
J

J
J

J J J J

G
G

G
G

G G
G G

G G
G G G G

G G

B
B

B
B

B
B

B
B

B
B

B
B

B
B

B
B

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0

250

500

750

1000

1250

1500

1750

2000

2250

2500

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

C
O

D
 (m

g/
L

)
C

hloride Ion (m
g/L

)

Time (days)

E COD from DCB

J COD from HCB

G Cl from DCB

B Cl from HCB



 6 

Chemical oxidation was somewhat greater with Cool-Ox® than with ozone, and was 
more effective on DCB than on HCB. Measured release of Cl- from treatment with ozone and 
Cool-Ox® was nearly identical to the percent removal of DCB and HCB. Moreover, the molar 
ratio of Cl- released to DCB and HCB removed was approximately equal to the number of moles 
of chlorine on the respective PCB (i.e., 2 Cl replaced per mole of DCB, and 6 Cl replaced per 
mole of HCB).  The results show that chlorine removal was stoichiometric. The oxidation 
products formed indicate that chlorine atoms on the PCBs were replaced with OH groups.  

 
The ozone dose was approximately nineteen (19) gms and thirty (30) gms per Kg of DCB 

and HCB, respectively. Dose was not measured for Cool-Ox® because there was no way to 
measure reactant concentrations, as they are proprietary. Microbes from a WWTP were able to 
degrade more than ninety percent (90%) of the residual COD from treatment with ozone and 
Cool-Ox®, though values were higher for Cool-Ox® treatment.  
 
 The effect of native organic matter (NOM) on ozone doses for oxidation of DCB 
and HCB and is reported by Cassidy et al. (2002). Ozone doses increased approximately fifteen 
(15) times in the presence of two percent (2%) NOM relative to the NOM-free kaolinite.  
 
CONCLUSIONS: 

The following conclusions can be drawn from the experimental data:  

1. Ozone and Cool-Ox® effectively oxidize PCBs in sediments and soils. 
 
2. Reaction of PCBs with ozone and Cool-Ox® results in replacement of chlorine atoms 

with OH groups; causes ring cleavage; and produces formic, oxalic and hydroxylated 
benzoic acids. 

 
3. The residual organic carbon that accumulates in the aqueous phase from ozone and 

Cool-Ox® treatment of PCBs is readily biodegradable by common microorganisms. 
 

4. From a field application perspective, it would appear that Cool-Ox® would be a more 
economical process than ozone because no in-situ application system is required to 
deliver the Cool-Ox® reagent.   
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