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Abstract:

A continuous pilot plant for the degradation of polychlorinated
biphenyls (PCBs) by the palladium on carbon (Pd/C)-catalyzed
hydrogenation in the presence of triethylamine was designed and
constructed. Both undiluted PCBs obtained from a capacitor and
diluted PCBs with desulfurized trans oil were smoothly decom-
posed at ambient temperature and pressure. Desulfurization of
the trans oil was found to be essential for the efficient degradation
due to the possible deactivation of the Pd/C by catalysis poisoning
due to the sulfur-containing materials in the oil. The combined
use of the present degradation method and the catalytic desulfu-
rization technology for the purification of gasoline and kerosene
could be used in practical applications.

Introduction

Polychlorinated biphenyls (PCBs), which consist of 209
congeners possessing different numbers and substitution patterns
of chlorine atoms on the biphenyl nucleus, used to be globally
employed as an electric insulating oil, lubricant, and coolant in
electrical devices such as transformers and capacitors due to
their high resistance to acids, bases and heat, nonflammability,
and electrical insulation. However, their production and novel
use were banned in the mid 1970s since the chemical and
physical stabilities of PCBs as well as their highly lipophilic
property were found to cause a serious persistent environmental
pollution, including bioaccumulations and biomagnifications
through the food chain.1 The toxicity of PCBs in living animals
is responsible for skin and liver damages, cancer, and endocrine

disruption.2 The PCBs in general could be decomposed by
combustion using high-temperature incinerators (above 1100
°C), while the combustion below 1100 °C creates the possibility
to generate dioxins;3 hence, it is even difficult to reach an
agreement by local communities for the construction of the
incinerator. Therefore, tons of PCBs have been stored by each
facility under the strict conditions of each country’s laws.
However, a huge expense and fear of improper disposal and
accidental leaking of PCBs by an earthquake, unexpected war,
etc., have increased with the longer periods of storage.4 To avoid
further expansion of pollution, the United Nations Environment
Programme Global Treaty adopted at the Stockholm Convention
on Persistent Organic Pollutants in 2001 stipulated that the
elimination of all liquids and equipment containing PCBs would
be completed by 2028.5 The remediation techniques of PCBs
currently under development are hydride reduction,6 hydro-
dechlorination,7 dechlorination using metals,8 photolysis9 and
γ-radiation,10 oxidation,11 electrolysis,12 mechanochemical deg-
radation,13 etc. However, most processes require harsh reaction
conditions such as high temperature and pressure, radiation,
stoichiometric reagents, and strongly basic conditions; in
addition, many of the reported remediation methods could not
achieve the complete degradation of PCBs.
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The Japan Environmental Safety Corporation (JESCO) was
established in April, 2001, by the Japanese government to
eliminate PCBs and owns five commercially operating PCB
degradation facilities in Hokkaido, Tokyo, Toyota, Osaka, and
Kitakyushu. The methods adopted at the five facilities, which
are sodium dispersion (Hokkaido, Toyota, and Kitakyushu),
hydrothermal decomposition (Tokyo), and hydrodechlorination
(Osaka) methods, require strongly basic conditions, high tem-
perature or/and high pressure. Accidental leakage and exposure
of PCBs have taken place at least in the Toyota and Tokyo
facilities,14 and the elimination of PCBs in Japan is very slow
in spite of the looming deadline established by the Stockholm
Convention on Persistent Organic Pollutants. We recently
established an efficient method for the palladium on carbon
(Pd/C)-catalyzed hydrodechlorination of aromatic chlorides
using triethylamine (Et3N) as a single electron donor at ambient
temperature and pressure.15 The method has been successfully

applied for the detoxification of DDTs16 and PCBs17 (especially
highly toxic coplanar PCBs) based on the removal of the
chlorine atoms from the biphenyl nuclei. In this contribution,
the design and construction of a continuous pilot plant and its
verification tests for the PCB degradation using our Pd/C-Et3N
method are described.

Results and Discussion
Design of the Pilot Plant. The pilot plant mainly consists

of four stainless steel vessels as shown in Figure 1: 3, 50
L-stirred reactor; 4, receiver; 5, separator; 6, methanol tank.
The Pd/C-catalyzed degradation reaction of the PCBs in MeOH
is carried out in the reactor (3) under a hydrogen atmosphere,
and then the reaction mixture is transferred to the receiver (4)
through a stainless steel 2 µm filter (12) and a subsequent 0.5
µm cotton filter (14) which effectively remove and recover the
Pd/C. The filtrate is returned to 3 using the pump (15) and
concentrated under reduced pressure (150 Torr) around 35 °C
(60 °C water jacket temperature). The MeOH vapor is cooled
in two serially cascaded refrigeration condensers (7 and 8) at
different temperatures (7: 5 °C; 8: -20 °C), therefore, efficiently
condensed and nearly quantitatively collected in the MeOH tank
(6). The residue in 3 is dissolved with H2O and heptane charged
from the water (1) and heptane (2) tanks, respectively. The
resulting two-phase mixture is passed through a 1 µm cotton
filter (13) and transferred to the separator (5), where the
generated triethylammonium chloride and biphenyl are sepa-
rated in the H2O and heptane layers, respectively.

The reactor (3, see Figure 2) is equipped with a stirrer (16)
connected to a rotary impeller, a drain (17) leading to the
receiver (4), a sampling valve (18) for withdrawing a small
amount of the reaction mixture to confirm the reaction progress,
and four spray nozzles (19). Each nozzle (19), which is directed
obliquely upward, produces a cone-shaped fog spray with an
angle of more than 100°, and the inside wall of 3 can be washed
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Figure 1. Schematic diagram of the reaction mixture. 1, water
tank; 2, heptane tank; 3, stirred reactor; 4, receiver; 5,
separator; 6, methanol tank; 7, condenser (5 °C); 8, condenser
(-20 °C); 9, in-line three-way valve; 10, valve; 11, in-line valve;
12, stainless steel filter (2 µm); 13, cotton filter (1 µm); 14, cotton
filter (0.5 µm); 15, pump.
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with a fine mist (approximately 140-160 µm) of MeOH,
heptane, and water carried from each tank (1, 2, and 6). A
heating jacket (20) is designed to control the temperature of
the reaction mixture during the reductive dechlorination and
heat the filtered reaction mixture for the distillation of MeOH
under reduced pressure in the reactor (3). The reaction tem-
perature is monitored by a temperature sensor (21). As shown
in Figures 3 and 4, two inlets for gases (Ar and H2) and solvents
are provided, which can be regulated by separate valves, and
gas exchange and vapor solvents removal outlets are also
provided on the top of 3. The outlet for the gas exchange is
connected to an air compressor which serves as an aspirator
(22) and the inside air (oxygen gas) is efficiently exhausted.
The stainless steel pipe from the outlet for the vapor solvents

(Figures 3 and 4) to methanol tank (6) via condensers (7 and
8) is equipped with a safety valve (23), a pressure gauge (24),
and a temperature sensor for the vapors (25). The stirring of
the impeller and amount of the solvent can be checked from
an inspection window (26) by shining a light through another
window (27).

The plant was also designed with the safety of the personnel
and the public in mind. Three different types of valves for the
filtration system (9, 10, and 11 in Figure 1) are installed. After
the filtration of the reaction mixture through 12 and 14, the
pipe line is first closed using a three-way cock (9) to prevent
back-flow of the Pd/C-suspended solvents from the filter (12)
to the reactor (3), and the valve (10) is then opened. The
stainless steel filter is filled with water through 10 to avoid
ignition of the Pd/C. The cotton filter (14) can also be filled
with water through the valve on top of the filter (14, the valve
is not shown in Figure 1) bottle in a similar manner. A huge
stainless steel pan, which can contain more than the total volume
of the reactor contents is installed under the entire plant to avoid
accidental spillage of the PCBs. Two exhaust pipe lines are
also installed in the pilot plant, and emission gases are exhausted
through a -50 °C cold trap and activated carbon filters. The
pilot plant was finally constructed as designed (Figure 5), and
verification tests were carried out.

Degradation of PCBs. Undiluted PCBs obtained from an
old capacitor manufactured by the Nichicon Corporation, Kyoto,
Japan, in 1964, which was previously in practical use at our
university, was first examined as a high-concentration PCB
substrate for the pilot scale degradation. The GC/MS analysis
indicated that the average chlorine number is 3.42 according
to Hor’s calculation method (see Table 1 in the Experimental
Section). The PCBs (1.49 kg) were dissolved in MeOH (15 L,
1.11 × 105 ppm of PCBs) in the 50 L-reactor (3), and Et3N
(3.67 L, 1.28 equiv vs chlorine number) and 10% Pd/C (wet-
type, 450 g, 30 wt % of the PCBs) were added in sequence.
The mixture was mechanically stirred at 255 rpm and 25-30
°C under 1 atm of H2. After 24 h, the mixture was filtered and
concentrated at 60 °C in vacuo (450-160 Torr). The resulting
residue was partitioned between heptane (8 L) and water (5 L)
and then transferred to the separator (5), and the reactor was

Figure 2. Schematic diagram of planned reactor (3). 16, stirrer
equipped with a rotary impeller; 17, drain; 18, sampling valve;
19, spray nozzle; 20, heating jacket; 21, temperature sensor.

Figure 3. Upper part of reactor 3. 22, aspirator; 23, safety
valve; 24, pressure gauge; 25, temperature sensor; 26, window.

Figure 4. Top of the reactor 3. 26 and 27, inspection windows.
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also washed using additional heptane (8 L) and water (5 L).
The combined heptane and water layers were clearly separated
and analyzed by GC/MS. When the GC/MS was operated in
the split mode (split ratio, 100:1), no peaks for the PCBs, but
totally dechlorinated biphenyl were detected from both layers
as shown in panels b and d of Figure 6. However, the use of
splitless mode showed a peak for 2,2′,6,6′-tetrachlorobiphenyl
with a very weak intensity together with other small peaks
possibly derived from nonchlorinated benzene oligomers [Figure
6c], the formation of which was suggested from GC/MS. The
PCB concentration contained in the heptane layer was measured
by high-resolution mass spectrometry using a JEOL MStation
(JMS-700) spectrometer; the total concentration of the PCBs
was 26 ppm, and 2,2′,6,6′-tetrachlorobiphenyl was virtually the
only product. Although 2,2′,6,6′-tetrachlorobiphenyl is ex-
tremely hindered and a stable compound and, hence, resists the
present hydrodechlorination,17b it is quite less toxic than other
PCB congeners and excluded from the concept of the toxicity
equivalency factor, since two benzene rings cannot be located
on the same plane unlike the highly toxic coplanar PCBs and
dioxins.

The detoxification of the dilute PCBs was next investigated
using the continuous pilot plant. Huge amounts of PCBs diluted
by trans oil, which were used as insulators for transformers and

capacitors, have been stored by each facility for a prolonged
period, and too much obligation and accountability have been
imposed on the PCB-waste owners. Therefore, the construction
of secure, safe, and convenient PCB degradation plants is an
urgent issue.

To determine the applicability of the present pilot-plant scale
method for the degradation of commercial PCBs, Aroclor 1248
(450 mg, Monsanto Chemical Co., average chlorine number:
3.93), diluted (100 ppm) by commercial trans oil (5 L, purchased
from Matsumura Sekiyu, Osaka, Japan), the reaction was
performed in MeOH using the continuous pilot plant in a
manner similar to the degradation of highly concentrated PCBs.
However, the PCBs were not completely consumed even after
a 24-h reaction at room temperature as shown in Figure 7c.
The low conversion was attributed to the contamination of
sulfur-containing materials in the trans oil derived from
petroleum (180 ppm by the oxygen bomb combustion ion
chromatography), which could deactivate the Pd/C and lead to
an incomplete reaction. On the other hand, the Aroclor 1248
diluted (100 ppm) with the desulfurized trans oil, which was
washed with concentrated sulfuric acid prior to use, was
effectively hydrodechlorinated, and virtually no PCBs were
detected in the heptane extracts by GC/MS (Figure 7d), although
it was clarified that 2.0 ppm of the PCBs was still contained in
the extracts based on the high-resolution mass spectrometry
analysis. Since 25 ppm of the sulfur contaminants was still
detected in the desulfurized trans oil, the more efficient
desulfurization of the trans oil prior to the reaction would be
expected to allow the complete decomposition.

Conclusion
The continuous pilot plant for the degradation of the PCBs

based on the hydrodechlorination technique using 10% Pd/C
and triethylamine in MeOH was designed with personnel and
public health safety in mind. Both high- and low-concentrated
PCBs were smoothly decomposed under ambient temperature
and pressure in the pilot plant. The pilot plant would be useful
for the practical degradation, in particular, of diluted PCBs by
the establishment of an efficient desulfurization system.

Experimental Section
Reagents. Aroclor 1242 was manufactured by the Monsanto

Chemical Co. (St. Louis, MO). Concentrated (nondiluted) used
PCBs were drained from a capacitor manufactured by the
Nichicon Corporation (Kyoto, Japan, TPA-66050R, manufac-
tured in 1964), and the average chlorine numbers were found
to be 3.42 by Hor’s calculation.6d From the N.E. Chemcat Co.
(Tokyo, Japan), Wako Pure Chemical Industries, Ltd. (Osaka,
Japan), and Kanto Chemical Co., Inc. (Tokyo, Japan) were
purchased 10% Pd/C (wet-type), which contains 50 wt % water,
Et3N, and MeOH, respectively. Concentrated H2SO4 was
obtained from Wako Pure Chemical Industries, Ltd. The trans
oil (Barrel trans M) was purchased from Matsumura Sekiyu
(Osaka, Japan).

Degradation of Highly Concentrated (Undiluted) PCBs
[PCBs from a Capacitor (Average Chlorine Number: 3.42)].
MeOH (15 L) was transferred from the MeOH tank to a 50-L
stainless steel reactor by an electric pump, and the PCBs (1.49

Figure 5. Continuous pilot plant for the degradation of PCBs
under mild conditions.

Table 1. Distribution of PCB congeners obtained from
capacitor (average chlorine numbers: 3.42)

chlorine number 1 2 3 4 5 6 7-10
abundance ratio (%) - 7.2 40.8 33.3 17.8 0.9 trace
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kg, 5.50 mol), Et3N (3.67 L, 26.3 mol), and 10% Pd/C (wet-
type, 450 g) were successively added. The air inside the reactor
was replaced with hydrogen (1 atm), and the pressure was
maintained at 1.0-1.1 atm. The mixture was then kept at 25-30
°C by regulated water in the jacket around the reactor, and
stirred at 255 rpm. After 24 h, the hydrogen was replaced with
argon, and the 10% Pd/C was removed by successive in-line
filtration through a 2 µm stainless steel filter and a 0.5 µm cotton
filter using medium pressure argon. The filtrate collected in a
transit tank was transferred to the reactor, and concentrated
under reduced pressure (450-160 Torr) until the formation of
solid was observed. The reactor was cooled to 10 °C by the
chilled water in the jacket, and heptane (8 L) and water (5 L)
were then added using pumps. The mixture was stirred at 400
rpm for 15 min, and then transferred to a separatory tank. The
reactor was washed again with more heptane (8 L) and water
(5 L) in the same way. The two layers were separated and
assayed using GC/MS (split and splitless modes) and high

resolution GC/MS analyses. While the GC/MS of the heptane
layer showed no PCB peaks in the split mode, a weak peak
derived from the PCBs, for 2,2′,6,6′-tetrachlorobiphenyl, was
observed in the splitless mode. No PCBs, except for biphenyl,
were detected in the aqueous layer. The quantitative analyses
of the heptane layer using high resolution mass spectrometry,
which were carried out at the Nihon Environmental Services,
Co., Ltd. (Tokyo, Japan) using a JEOL JMS-700 spectrometer,
clarified that the total PCB concentration was 26 ppm and that
2,2′,6,6′-tetrachlorobiphenyl accounted for 96% (25 ppm out
of 26 ppm) of the product.

Degradation of Diluted Aroclor 1248 with Trans Oil.
Nonsulfurized trans oil (7 L), MeOH (7 L), Aroclor 1248 (630
mg, 2.18 mmol), Et3N (11.9 mL, 85.4 mmol), and 10% Pd/C
(wet-type, 280 g) were successively added to a 50-L stainless
steel reactor. The air inside the reactor was replaced with
hydrogen (1 atm), and the pressure was maintained at 1.0-1.1
atm. The mixture was then kept at 25-30 °C, by regulated water

Figure 6. Pilot-plant study for the undiluted PCB degradation for the Pd/C-H2-Et3N system. GC charts: (a) before the degradation
of PCBs from a capacitor; (b) heptane extracts after the degradation, split mode; (c) heptane extracts after the degradation, splitless
mode; (d) aqueous extracts after the degradation, splitless mode. (No PCB peaks were also detected in the split mode.)
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in the jacket around the reactor, and stirred at 320 rpm. After
6 h, the mixture was filtered, concentrated, and partitioned
between the heptane and water layers in the same manner as
described for the degradation of the undiluted PCBs. Since the
obtained heptane layer contained a large amount of trans oil,
the GC peaks, which overlapped with those of the PCBs, was
washed by the simple extraction using DMSO to remove the
oil components as much as possible. An aliquot of the heptane
layer (1 mL) was sampled and diluted with hexane (20 mL),
and then the mixture was extracted with DMSO (25 mL × 4).
The combined DMSO layers were washed with hexane (40
mL), diluted with H2O (100 mL), and extracted with hexane
(75 mL × 3). The combined hexane layers were concentrated
to 1 mL and then used as a sample for the GC/MS-SIM (see in
the GC/MS analyses below). The quantitative high-resolution

GC/MS analyses of the heptane layer in the separator (5)
indicated that the PCB concentration was 31 ppm.

Desulfurization of Trans Oil. To a 10-L separatory funnel
equipped with a Teflon propeller were added trans oil (3 L)
and conc. H2SO4 (1 L), and the mixture was electrically stirred
at 500 rpm for 30 min and then allowed to stand for 30 min.
The H2SO4 layer was removed, and the oil was successively
washed with more conc. H2SO4 (1 L) and hot water (1 L × 3)
in the same manner. This oil was used as desulfurized trans
oil.

Degradation of Diluted Aroclor 1248 with Desulfurized
Trans Oil. Desulfurized trans oil (5 L), MeOH (10 L), Aroclor
1248 (450 mg, 1.56 mmol), Et3N (8.5 mL, 61.0 mmol), and
10% Pd/C (wet-type, 50 g) were successively added to a 50-L
stainless steel reactor. The air inside the reactor was replaced

Figure 7. Pilot-plant study for the diluted PCB degradation for the Pd/C-H2-Et3N system. GC charts: (a) before the degradation
of Aroclor 1248 diluted with trans oil; (b) trans oil; (c) heptane extracts after the degradation of Aroclor 1248 diluted with
nondesulfurized trans oil; (d) heptane extracts after the degradation of Aroclor 1248 diluted with desulfurized trans oil, measured
by GC/MS-selective ion monitoring (GC/MS-SIM) in the splitless mode. Since the GC peaks of trans oil overlapped with those of
PCBs, the heptane extracts for (c) and (d) were washed by simple extraction using DMSO to remove the oil components as much
as possible before the GC measurements (see Experimental Section).
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with hydrogen (1 atm), and the pressure was maintained at
1.0-1.1 atm. The mixture was kept at 25-30 °C by regulated
water in the jacket around the reactor, and stirred at 360 rpm.
After 24 h, the mixture was filtered, concentrated, and parti-
tioned between the heptane and water layers, and then the
sample for the GC/MS-SIM was prepared in the same manner
described for the degradation of the diluted Aroclor 1248 by
the nondesulfurized oil (see the GC/MS analyses below). The
quantitative high resolution GC/MS analyses of the heptane
layer in the separator (5) indicated that PCB concentration was
2 ppm.

GC/MS Analysis. An aliquot of the heptane extracts was
analyzed using a JEOL JMS Q1000GC Mk II Quad GC/MS
and an InertCap 5MS/Sil+GD capillary column (30 m, 0.25
mm i.d., 0.25 µm film thickness, GL Science) in the split (split
ratio: 100: 1) and splitless modes for the highly concentrated
PCBs and in the splitless mode for the dilute PCBs with trans
oil. Helium was employed as the carrier gas at the flow rate of
1.5 mL/min. The injector and detector temperatures were both
280 °C. The column temperature was programmed to ramp from
70 °C (5 min hold) to 280 °C (4 min hold) at the rate of 10

°C/min and then to be held at 280 °C for 4 min. The injected
sample amount was 1 µL. The highly concentrated PCBs were
measured in both the split (split ratio, 100: 1) and splitless
modes. The GC/MS-selected ion monitoring (GC/MS-SIM)
method was adopted for the analysis of the diluted PCBs
containing trans oil due to the difficult identification of the PCB
peaks by overlapping with the trans oil peaks even after the
oil-component removal process. The selected ions derived from
the PCBs were as follows: 154, 188, 190, 222, 224, 256, 258,
290, 292, 324, 326, 360, 362, 394, 396, 428, 430, 462, 464,
498, and 500.
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