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ABSTRACT. A comprehensive process which combines chemical with thermal treatment by controlled
counterflow oxidation has been developed for disposal of PCBs in transformer oil. PCBs which not completely
removed by chemical treatment, after being filtered with appropriate adsorbent during the oil circulations, was
thermally treated. Destruction efficiencies of better than 99.99% was cbtained, with no measurable formation of
PCDDs (polychlorinated dibenzo-p-dioxins) or PCDFs (polychlorinated dibenzofurans). The combination also
permits high recovery of oil and inorganic supports from scrap power transformers. The process is

environmentally benign, easy to use and Jess capital intensive than other available technologies.

INTRODUCTION

Polychlorinated biphenyls (PCBs) consist of 209
discrete compounds, termed congeners, in which
one to ten chlorine atoms are attached to the two
pheny] rings. These chemicals were commercially
produced in large quantities over 40 years for the
period 1930 to 1977. The total production of
PCBs in the world has been estimated to be 1.1X
10° kg, of which about 93% were produced by
Monsanto in the United States.' Complex mixtures
of PCBs by Monsanto were marketed under the
registered trade-mark of Aroclor. The principal
application of PCBs was as insulating fluid in
electrical equipments such as transformers and

capacitors, due to their chemical and thermal
stability as well as their high dielectric property2
However, the extensive use and improper disposal
of PCBs, coupled with their high persistence to
environment, have led these chemicals to ubiqui-
tous environmental pollutants.™® They have been
found through the bioaccumulation in marine
organism, fish, bird, terresirial animal, and, of
course, human.® Tt has been recently reported in
the newspapers that PCBs act as a pseudo-
hormone in reducing the sperm in male and
turning male into female, by disrupting trans-
ference of natural hormone in organism.

With the mounting evidence of environmental
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damage, federal regulation of PCBs began in 1976
with the passage of the Toxic Substances Control
Act(TSCA).”  Similar regulatory directives were
issued by the Euwropean Communities. These
regulations  prohibited manufacture, processing,
commercial distribution or use of PCBs in open
system.a However, large numbers of PCB contain-
ing devices still remain in operation. It was
reported that, in the United States and European
Community, approximately 500,000 transformers
contained askarel (an international electrochemtical
commission designation for dielectric fluids with
PCB/trichlorobenzene).” Furthermore, it is estima-
ted that more than 2 million transformers contain
mineral oil or other dielectric fluids with PCB
concentrations exceeding the regulatory limits (25-
50 ppm). The numbers are much larger worldwide.
The askarel contaminated materials results from
cross contamination during manufacturing of equip-
ments, processing of dielectric fluids, refilling,
service and maintenance as well as disposal of
fluids or recovery of materials. The vast majority
(99%) of the PCB contamination in mineral oil
falls between 50-2,000 ppm, above the 25-50 ppm
limits set by regulatory agencies. The PCB contam-
inated mineral oil thus represents a significant
environmental problem.

The problem has been so far addressed through
two approaches. The most common approach is
high temperature incineration, whereby the PCB
contaminated oil is drained and incinerated at high
temperature in totary kiln.'®"' The process is
straightforward; however, it is hampered by the
disposal costs and problems with transportation of
contaminated material and destruction of reusable
materials. The second approach involves chemical
reaction of PCBs with poly(ethylene glycols) and
alkali metal under the basic condition.""> The
process has become the most used treatment
technology for PCB-laden transformer oils, The
process, in its original form, was introduced by
scientists at General Electric Company.' Many
improvements have since been incorporated.

The objective of the present study is to evaluate
the efficiency of a combined chemical with ther-
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mal treatment for disposal of PCBs in transformer
ail and recovery of resources such as mineral oils
and adsorbents, as well as to monitor the possible
formation of toxic by-products such as dioxin and
furan,

EXPERIMENTAL

Analysis and Materials. Analysis of PCBs
was carried out on a gas chromatograph equipped
with a ®Ni electron capture detector and an auto-
injection sampler. Chromatographic separations
were performed on a 0.25 mm (i.d.)x30 m long
capillary DB-5 column. The GC oven was
temperature programmed through a two step ramp,
an initial ramp from 80 to 180°C at 10°C/min
followed by a final ramp rate of 3°C/min to 265
°C. Helium was used as the carrier gas. A four
point calibration curve was established over the 30
pg to 10 ng. Chromatographic peaks were iden-
tified by relative retention time, with pentachloro-
benzene (PCBz) as a retention time marker.
Identification of dioxin and furan, after spiking
with stable labeled isotopes as surrogate standards,
was accomplished by GC/quadruple mass spectro-
metry, operating in selected ion monitoring (SIM)
mode. Separations were achieved with a OV-17
column. Quantitation of HCl was conducted using
an ion chromatograph with conductivity detector.
The ratios of CO/CO, gas were determined with a
gas chromatograph/thermal conductivity detector,
by measuring the response relative to standard gas
mixtures. The gases were separated with a carbos-
ieve (60-80 mesh) packed column at 86°C aven
temperature. Surface area was measured by a
Quantasorb Surface Area Analyzer (QS-10, Quan-
tachrome Corp. Syosset, NY), using a N; BET
method.

Analyte standards (Aroclor 1242, Aroclor 1260,
and dioxin and furan) were obtained from Ultra
Scientific Incorporation at a nominal concentration
of 1 mg/mL and were serially diluted with iso-
octane for chromatographic calibration. The
solvents were all pesticide grade, used without
further purification, Askarel fluid, PCB-contamin-
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ated transformer oil was obtained from Sea
Marconi Technology, Torino, Italy. Activated
carbon (Darco, 20-40 mesh) and silica gel (Davisil,
Grade 923, 80-100 mesh) were purchased from
Aldrich Chemical Incorporation.

Experimental Procedures, Chemical reagents
consisting of a polyethylene glycol (PEG), an
aluminum (Al), and a potassium hydroxide (KOH)
were prepared for PCB disposal by chemical
treatment. Polyethylene glycol (molecular weight;
600} was used to remove chlorines from PCBs in
transformer oils under the basic condition. Alum-
inum was utilized as a dechlorination accelerator,
The solid KOH was ground to a powder before
use. To optimize the process, the mole ratio of
PEG and total chlorine content of PCBs in oil was
1:1. The concentration of Al in the reaction
mixture was 0.1-0.2 weight percent relative to oil.
Initial concentration of PCBs in the transformer
oil was approximately 700 ppm. Fig. 1 depicts
experimental design for disposal of PCBs from
transformer oil. A glass reactor was utilized. Two
bladed impellers were installed to provide efficient
mixing of the chemical reagents and oil. A pump
was provided for circulations of oil. Nitrogen was
used to prevent oxidative degradation of the oil.
The reaction mixture was heated to 80-100°C by
adjusting the temperature of the hot water. As the
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Fig. 1. A Reactor design for PCB disposal.

reaction progresses, reaction mixture gradually
turned to a darkening color and sludge. The
reaction time required was maintained for 1 hr.
During the circulation, the product oils were
filtered through activated carbon. After each cycle,
the circulated oil and activated carbon were
removed and submitted for PCB analysis.

Thermal treatment by counterflow oxidation
process {(COP) was carried out using a reactor, as
shown in Fig. 2. The reactor was constructed with
a 5 cm i.d.X45 cm long quartz tube. The fittings
were placed on the top and bottom side of the tube,
and then was connected to a gas cylinder and an
exhaust gas line. The reactor was filled with
activated carbon which adsorbed PCBs in oil
during the oil circulations, The O, was used as an
oxidant. Oxygen was forced to flow from the top
of the reactor to the bottom. The flow rates of
oxygen were controlled using a needle valve on a
pressure regulator and monitored with a calibrated
rotameter. Combustion of activated carbon was
ignited at the bottom of the tube until flame was
generated, using a torch or a resistive heater. The
self-propagating flame was then moved counter to
the axygen flow, coincidently bumning a portion of
the carbon and destructing adsorbed PCBs. The
flow rates were operated at 60~600 mL per min.
The oxygen flow was shut off when the flame
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Fig. 2. A Schematic diagram of PCB reactor.
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reaches the top of the reactor. During the COP, a
portion of gas evolved was sampled at intervals
for gas compositions such as CO, CO,;, CHy, Hz
and etc. Other portion was allowed to pass through
a series of impinger traps that filled with water
and iso-octane, respectively, to trap HCI and PCBs/
dioxin/furan. After COP was completed, aliquots
of carbon were withdrawn from the reactor and
Soxhlet extracted with CH,Cl;, and then silica gel
introduced to
interferents from the extract. The final extract was
concentrated to 2 mL volume using a rotavapor
and a stream of N, gas. Soon after, analysis of
PCBs and dioxin/furan was followed.

column clean-up was remove

RESULTS AND DISCUSSION

Chemical Treatment. The disposal of PCBs
in transformer oil was conducted with chemical
reagents. A sample used, PCBs in transformer oil,
was Aroclor 1260 (mixture of PCBs with mostly
five and six chlorines on biphenyl frame). During
the reaction of PEG/AIJKOH with PCBs, PEG
serves as a nucleophile under the basic condition
which attack a partially positive charged carbon on
benzene, resulting in leaving a chiorine. Aluminum
plays a role in accelerating dechlorination. The
reaction process was somewhat slow due to the
high viscosity of transformer oil, despite vigorous
mechanical stirring for the indicated time. The
reaction mixture gradually appeared to be a homo-
geneous and black sludge during the process runs.
The oil was circulated for 25 number of cycles,
via a bed of activated carbon, by a pump. Most of
the oils (= 95%) were casily recovered from the
teaction mixture because the oil was inseluble in
the mixture.

The oils, before being filtered by activated
carbon, were analyzed for PCB residue per cycle
of the treatment. The analytical procedures to
determine PCBs were, however, extremely tedious
and time-consuming because the oil product was
unclean and, such a case, the cleaning step is
required, in addition due to the large number of
PCB isomers present in commercial mixtures. The
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Fig. 3. Chromatograms of (a) residual PCBs in oil, (b)
Aroclor 1242, and (c) Aroclor 1260.

result of analysis is shown in Fig. 3(a). The
chromatogram of Fig. 3(a) was no longer similar
to that of the composition of Aroclor 1260, shown
in Fig. 3(c), as a starting material. It is clear that
higher chlorinated PCBs were transformed into
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lower chlorinated PCBs (Aroclor 1242), shown in
Fig. 3(b), due to the continuous dechlorination
reaction in a PEG/KOH/PCBs system. Generally,
the retention time of individual PCBs in Aroclor
1242 by GC-ECD is earlier detected than Aroclor
1260. The concentration of PCBs was thus deter-
mined on the basis of percent contribution of
individual PCBs to Aroclor 1242 (mixture of
PCBs composed of mostly 3 and 4 chlorine atoms)
reported by Schulz er al.”® The total concentration
of PCBs was approximated by aggregating the
concentration of individual PCBs. The PCB
removal after each oil circulation was summarized
in Table 1. The reaction of PEG/KOH/PCBs
resulted in reducing the level of PCBs from 700
ppm to 80 ppm in first cycle and 20 ppm after 12
cycles. After 24 aumber of cycles, any PCBs were
not detected in oil.

Activated carbon was sampled for analysis of
PCBs immediately after oil circulations were over.
The PCBs were found in the carbon. The amount
of PCBs in carbon was almost equivalent to that
of PCBs in oil before oil circulation. It points out
that acivated carbon is highly effective in
adsorbing PCBs from PCB-contaminated oil. More
detailed study was reported on a paper by K. S.
Ryoo.'® Anyway, there arises a perplexing issue
about how to treat PCB-contaminated carbon.
Such a carbon still poses disposal problem. Ideally
one would want a process that destroys PCBs by
leaving the carbon intact. Up to date, wet air
oxidation (WAO) has been typically introduced for
reuse of spent carbon. WAO is geneally conducted
when carbon contains substances that volatilize at
temperatures below 150°C," besides it is highly
energy intensive and is not useful in cases when
very strongly adsorbing or highly toxic compounds
are present. Tt is apparent that WAQ is not suitable
for the current study because PCBs are thermally
stable. Therefore, one alternative process has been

Table 1. PCB removal by oil circulations

Number of oil circulation 0 1 12 25
Residual PCBs in mixture (ppm) 700 83 20 O

developed in my laboratory and signifies its modus
operandi, termed counterflow oxidation.

Counterflow Oxidation Process (COP). The
entire process of counterflow oxidation utilizes a
self-sustained flame which propagates itself in a
direction counter to the flow of oxygen. The flame
destroys the substances adsorbed on the carbon,
together with the loss of carbon. Particularly, the
destruction of PCBs by thermal treatment requires
very high temperature because PCBs are very
difficult to burn due to their thermal stability. A
few scientists have studied experimentally and
theoretically that, at temperatures higher than
800°C, PCBs are thermodynamically unstable."
Therefore, destruction of PCBs could be achieved
by maintaining temperature = 800°C at least.
However, in the process of counterflow oxidation,
direct measurement of flame temperature by tem-
perature transducers was actually impossible in
spite of a numerous attempt, due to the nature of
the flame which moves slowly upward against a
stream of oxygen. The flame temperature was,
hence, determined both by the relative ratios of the
CO and CO, gas exhausting from the reactor and
by the loss of carbon at such ratios.

The following procedures were introduced to
calculate the flame temperature. A known amount
of carbon was placed in a quartz tube of cross-
sectional area A and length L. The number of
carbon moles per em’® is C=weight/(124L). Tn a
section of this tube of length(L), the carbon and
oxygen at T are coaveried to carbon(C), CO(g),
and COs(g) at temperature T', with loss of some of
the carbon(Anc). All of the oxygen delivered at a
volumetric flow rate(F, cm’/sec) and pressure P
(atm) is assumed to be consumed. The amount of
oxygen consumed depends on the total bum time.
This calculation neglects oxygen which is present
in the interparticle pore and intraparticle pore
space at the beginning of the bum. The flame
advances through this section at a linear burning
rate(B, cm/sec). The time required is ¢=L/B. The
volume of O, bumed is: Vg,=Fr=FL/B. Moles of
O, burned are: Ang,=kFPL/BT, where k(reciprocal
number of gas constant)=1/R=0,001/0.08205=
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0.01219(mal - K/em® - atm). The ratio of carbon
to oxygen burned is: Anc/Anp,=2/(1+f), and Anc=
2kFPL/BT(14f). f=mole fraction of CO; in product
stream. The total moles of carbon involved is

ne =AC;L, 50 Anc/ne = 2FPAC.BT(1+f)
The process is

(nc/dnc)C (5, T)+(1+ )0, (g, T)— fCOLg, T')
+(1-1)CO g, T)+[(nc/8nc)-1]CE. T')

and is assumed to occur adiabatically, so that
T
O = f[&Heor+ [ Cp dT1+(1-f)
I T
[A/Heo *L Cp_dT)+[(nc/4nc)~1] L Cp dT)

with enthalpies of formation A# at T, which is
taken as 298.15 K.

The final flame temperatures, T, were estimated
from both enthalpies of formation and heat
capacities of CO and CO, gas and the loss of
carbon at different oxygen flow rates. The gas
products from the combustion reaction of carbon
with oxygen by COP were observed as CO, CO,,
CH,;, and H,, and CO, CO; and CH, were
identified as the primary products. The ratios of
CO and CO, were roughly varied from 1:0.7 to 1:1
according to increasing the oxygen fiow rates from
60 to 600 mL per min. The loss of carbon ranged
from 7% to 15% at such flow rates. The flame
temperatures based on the thermodynamic calcula-
tion were found to be strongly dependent on
oxygen flow rate. The range of flame temperature
was between 800°C to 1500 °C.

Thermal Treatment by Counterflow Oxida-
tion Process. Activated carbon was employed as
an adsorbent to adsorb PCBs from PCBs-contain-
ing oil during the chemical treatment process. It
was shown that activated carbon was highly
effective for removal of PCBs from transformer oil.
Thermal treatment by COP was conducted for
destruction of PCBs that adsorbed on activated
carbon. In case of the thermal degradation of
PCBs, the possible products or by-products leading
to decomposition of PCBs are as follows:
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PCBs(C-ClI) + 0, — CO(g), CO(g), H,O(g),
HCl(g), Clx(g). residual PCBs(C-Cl) or
dioxin/feran(C-CI-O)

A comprehensive experimental procedure was
presented in Fig. 4 as a flow schematic. The
schematic was subjected to removal and des-
truction efficiency of PCBs in a quantitative
manner and characterization of dioxin/furan. The
relative concentration of the PCBs in carbon
before and after treatment, or the ultimate
mineralized product such as HCI in the impinger
traps was employed to determine the removal and
destruction efficiency of PCBs. The process was
run in successive cycles. Removal and destruction
efficiecy of 95.56% was achieved at first cycle.
The efficiency was more or less low due to the
flame occuring inconsistently at times because of
high amounts of PCB-laden oil. At second cycle,
destruction efficiency of PCBs showed 97.59%,
increased slightly over the first cycle, Destruction
efficiency at third cycle was considerably higher
with the value of > 99.99%. The resuit convinces
that complete destruction of PCBs can be achieved
with three successive COP cycles and, in view of
results achieved, it proves that the COP is very
effective thermal treatment method for disposal of
PCBs.

The possible formation of other toxic chlos-
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inated compounds not originally present in the oil
was monitored because of the fact that the
formation of dioxin/furan from pyrolysis-combus-
tion of PCBs at 300°C in the presence of air was
reported by many papers.'”®® Other potentially
toxic chemicals such as dioxin/furan in this study
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Fig. 5. Chromatograms of (a) Aroclor 1242 before
equilibration, (b) after 1-day equilibration with virgin ac-
tivated carbon, and (c) after 1-day equilibration with 3
regenerated carbon.

were not found above a detection limit of 5 ppb in
the thermal treatment residues and exhaust gases.
This result is attributed to the extremely high
flame temperature and the presence of appreciable
hydrogen which combines with the released
chlorine,

The efficiency of COP is affected by restoration
of carbon's adsorptive capacity for the further
adsorption. Virgin activated carbon and carbon
regenerated by COP were therefore examined to
compare the behavior of adsoptive capacity.
Adsorption experiments were carried out with the
il containing a mixture of PCBs (Aroclor 1242).
Fig. 5(a) shows the chromatogram of Aroclor 1242
before equilibration of carbon and PCB-containing
oil. Fig. 5(b, ¢) represents the chromatograms after
24 hr equilibration. The results showed that the
adsorption efficiencies of virgin and regenerated
carbon were = 95%. It means that the adsorptivity
of regenerated carbon remains largely intact
compared with that of virgin activated carbon. The
confidence was also supported by the surface area
measurement . which showed little change in
surface area of regenerated carbon even after three
successive cycles. Conclusively, it is thought that a
combination of chemical and thermal treatment by
COP is quite effective in completely destroying
PCBs without permitting any toxic by-products,
allowing the reuse of adsorbent.

CONCLUSION

The destruction of PCBs in transformer oil was
conducted with a combined chemical with thermal
treatment by COP. The destruction of PCBs
suspended on appropriate adsorbent after oil
circulations was practically complete, showing
destruction efficiency > 99.99%. Furthermore, no
unwanted by-products such as PCDDs or PCDFs
were detected at concentration greater than 5 ppb
in the process residues or off gases. Another
interesting feature of the process is that it permits
high recovery of oil and resource materials such as
inorganic supports and metals from transformer, as
well as the adsorbent used in the thermal treatment.
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