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Abstract—The reaction of congeners of Sovol commercial mixture of polychlorinated biphenyls with 2-amino-
ethanol in the presence of potassium hydroxide was studied. The results of thermodynamic modeling show that
only hydroxy derivatives of polychlorobiphenyls should be formed. The optimum conditions for complete de-
chlorination of the congeners were determined: 1 atm, 170°C, molar ratio polychlorobiphenyls : 2-aminoethanol :
potassium hydroxide =1 : 8 : 6. The experimental data obtained using the theoretically chosen initial conditions
for the reaction of polychlorobiphenyls with 2-aminoethanol show that the conversion increases from 82 to 96%.
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Polychlorinated biphenyls (PCBs) belong to the
group of compounds extremely hazardous for the envi-
ronment and human health, namely, to the group of per-
sistent organic pollutants (POPs). Their storage or im-
proper disposal leads to the formation of still more haz-
ardous chlorinated organic substances, polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/PCDF).
Polychlorinated biphenyls exhibit unique physical and
chemical properties such as excellent insulating proper-
ties, inertness to acids and alkalis, thermal stability, and
high adhesive power [1]. Therefore, these compounds
were widely used as dielectrics in transformers and ca-
pacitors, lubricating oils, solvents, liquid coolants, com-
ponents of varnishes, paints, and adhesives, etc. [1, 2].
In 2001, many countries signed the Stockholm Conven-
tion [3] according to which all the PCBs should be taken
off from operation by 2015 and eliminated by 2028.

There are many procedures for rendering PCBs
harmless: oxidation, pyrolysis, dechlorination, photoly-
sis, radiolysis, electrochemical and biotechnological
methods, etc. [4]. However, there are still no versatile
methods allowing safe elimination of the whole existing
amount of PCBs.
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The number of complex approaches to PCB
elimination tends to increase. The combined method of
mineralization of chlorinated aromatic compounds is
the most promising. This approach is based on primary
chemical functionalization of PCBs to obtain new
derivatives that are later broken down by degrading
bacterial strains. The mineralization of PCB derivatives
with degrading strains yields the simplest chemical
compounds: carbon dioxide, water, and hydrogen
chloride [5, 6]. The necessary condition for the efficient
mineralization of PCB derivatives under the conditions of
a microbiological process is their delivery to the medium
populated with bacteria. This problem is successfully
solved by introducing surfactants [6] and by preparing
hydrophilic water-soluble PCB derivatives [5].

A promising route to hydrophilic PCB derivatives
is nucleophilic substitution of chlorine atoms in PCB
structures by other substituents decreasing the toxicity
of the compounds [7-11]. As a rule, reactions of PCB
congeners with alkali metal alcoholates or with alcohols
in the presence of alkalis are performed. Such processes
often yield products of a competing reaction, hydroxy
derivatives of PCBs, which positively influence the
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solubility of the whole mixture of PCB derivatives in an
aqueous medium. For example, the reaction of PCBs with
polyethylene glycols in the presence of KOH yields a
water-soluble mixture of products, the main of which are
poly(ethylene glycol)oxy and hydroxy derivatives [5].
As shown in [6], the mixture of products formed by the
reaction of PCB congeners with 2-aminoethanol (2-AE)
in the presence of KOH, consisting of 2-aminoethoxy,
hydroxy, and (2-aminoethoxy)hydroxy derivatives, is
insoluble in water. Both water-soluble [5] and water-
insoluble [6] PCB derivatives are characterized by
positive dynamics of bacterial degradation under the
action of Rhodococcus wratislaviensis KT112-7 strain
(R. wratislaviensis KT112-7), yielding the products of
complete mineralization [5, 6]. However, the transport
of water-insoluble PCB derivatives [6] to the medium
populated by the bacteria required the use of either
a solvent (acetone) or a surfactant, which affected
the rate of the microbiological process. Among the
components of a mixture of PCB derivatives described
in [6], hydroxy derivatives are the most hydrophilic.
Therefore, increasing the content of hydrophilic hydroxy
derivatives in nucleophilic substitution products leads to
saving of additional reagents and reduction of the time
required for complete mineralization of PCB derivatives
under the conditions of the microbiological method of
their degradation.

Thermodynamic modeling (TDM) aimed at
finding conditions ensuring the formation of the
maximal amount of hydrophilic PCB in nucleophilic
substitution reactions is a topical problem. The use
of TDM allows significant saving of materials, labor,
and time and reduces to a minimum the contact of
researchers with toxic substances. TDM allows finding
complete equilibrium chemical composition of the
system at the preset thermodynamic parameters (e.g.,
temperature and pressure). HSC program for calculating
the multicomponent high-temperature equilibrium
is used for these purposes [12]. The TDM method
was successfully used previously for calculating the
composition of products formed by chemical and
thermal reprocessing of toxic PCBs [13-15].

In this study, we examined by TDM the conditions
of the reaction of congeners of Sovol commercial PCB
mixture with a binucleophile (2-AE) in the presence of
KOH with the aim of obtaining the maximal amount of
the hydroxy derivatives. The results obtained were veri-
fied experimentally, and the efficiency of using TDM for
optimization of the process conditions was evaluated.

EXPERIMENTAL

The necessary condition for performing TDM is
the availability of a database on the thermochemical
properties of the compounds in question. The following
thermochemical properties of aminoethoxy and hydroxy
derivatives of PCBs should be known for performing
TDM: standard enthalpy of formation AH5.g, enthalpy
increment from 0 to 298 K (H5¢g — Hj), standard heat
capacity C,59g and its temperature dependence Ci(7),
and entropy S5¢g. Such data are lacking.

The thermochemical properties of the PCB
derivatives were calculated using the previously
developed algorithm based on analysis of the molecular
structure [ 11-13, 16]. We used for analysis the HSC 8.2.0
program complex containing the Benson Estimation
module. The calculated thermochemical parameters of
the PCB derivatives were introduced into the HSC 8.2.0
database and used in modeling of the reaction of PCB
congeners present in Sovol mixture with 2-AE in the
presence of KOH.

In the experimental studies, the reaction progress
and the completeness of the conversion of the base
PCBs were monitored with a Shimadzu GC 2010 gas
chromatograph (Japan) equipped with a flame ionization
detector (GC-FID conditions) and a ZB-5 quartz
capillary column (polydimethylsiloxane, 5% phenyl
groups) 30 m long, 0.25 mm i.d., with the film thickness
of 0.25 um. The initial column temperature was 40°C
(keeping for 3 min), after which the column was heated
at a rate of 10 deg min-! to 280°C and kept at the final
temperature for 30 min. The injector temperature was
250, and the detector temperature, 300°C. The carrier
gas was nitrogen (flow splitratio 1 : 30, flow rate through
the column 1.0 mL min-1).

Mass-spectrometric analysis was performed with
an Agilent GC 7890A MSD 5975C inert XL EI/CI
gas chromatograph/mass spectrometer (the United
States) equipped with a quadrupole mass-spectrometric
detector (GC-MS conditions) and an HP5-MS quartz
capillary column (polydimethylsiloxane, 5% phenyl
groups) 30 m long, 0.25 mm i.d., with the film thickness
of 0.25 pum. The initial column temperature was 40°C
(keeping for 3 min), after which the column was heated
at a rate of 10 deg min! to 290°C and kept at the
final temperature for 30 min. The temperatures in the
device were as follows, °C: injector 250, transfer line
280, source 230, and quadrupole 250. The carrier gas

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 90 No. 6 2017



OPTIMIZATION OF THE REACTION OF POLYCHLOROBIPHENYLS

Scheme. Reaction of the congeners of Sovol PCB mixture with 2-AE in the presence of KOH.

Cl,
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was helium (flow split ratio 1 : 50, flow rate through
the column 1.0 mL min-!). Scanning was performed in
the range 20-1000 Da with electron impact ionization
(70 eV). The compound concentrations were estimated
from the peak areas in the chromatograms using the
internal normalization method.

Reaction of PCB with 2-AE in the presence of
KOH. A three-necked flask equipped with a stirrer, a
reflux condenser, and a dropping funnel was charged
with 3.36 g (0.06 mol) of KOH and 25 mL (25.55 g,
0.42 mol) of 2-AE. The reactor was placed on a
magnetic stirrer and heated until a finely dispersed
suspension was obtained. Then, 3.26 g (0.01 mol) of
Sovol commercial mixture was added, and the mixture
was refluxed with stirring (~170°C) for 2-16 h. After
the reaction completion, the reaction mass was cooled
to room temperature, dilute HCIl was added to pH 1-2,
and the mixture was extracted with toluene (2 x 10 mL).
The toluene extract was dried over CaCl, and analyzed
under the GC-FID and GC-MS conditions.

RESULTS AND DISCUSSION

Thermodynamic modeling of the chemicalreaction
of PCB congener mixture with 2-aminoethanol in the
presence of KOH. Sovol commercial PCB mixture (an
analog of Aroclor-1254) is a mixture of several types
of congeners: tri- (~1%), tetra- (~22%), penta- (~56%),
hexa- (~20%), and heptachlorobiphenyls (~1%)
[17, 18]. As found previously, the reaction of Sovol PCB
mixture with 2-aminoethanol in the presence of KOH,
performed at 110—115°C for 7.5 h, yields 2-aminoethoxy
(15%), hydroxy (63%). and (2-aminoethoxy)hydroxy
PCB derivatives (<4%) [6] (see scheme). Tetra- and
pentachlorobiphenyls partially remain unchanged

m=13,4

4-6

NW 9]

OCH,CH;NH,

OCH,CH;,;NH,
m=3,4

in the reaction (~18%); i.e., the conversion of Sovol
PCB mixture under the chosen reaction conditions is
moderate [6]. Tri- and heptachlorobiphenyl derivatives
initially present in the Sovol mixture were not detected
in the reaction mixture.

The nucleophilic substitution was studied by TDM to
reveal conditions ensuring the formation of the maximal
amount of the hydrophilic hydroxy derivatives.

The calculated thermochemical properties of PCB
derivatives, introduced into the database of the HSC
Chemistry program complex, are given Table 1.

Using TDM and the HSC program complex, we
modeled the reaction of 0.05 mol of Sovol PCB mixture
with 2-AE taken in an amount of 0.15 to 0.50 mol and
with KOH (0.1 to 0.45 mol).

It is known that the boiling point of 2-AE is 171°C,
and on heating over 200°C the probability of the
formation of toxic PCDD/PCDF increases. Therefore,
TDM was performed for temperatures of up to 200°C.
When creating a file for TDM, we included into the set
of decomposition products calcium chloride, carbon
monoxide and dioxide, water, and hydrogen chloride.
The thermochemical properties of these substances
were taken from the HSC database. The modeling was
performed at atmospheric pressure. The algorithm for
calculating the equilibrium composition using HSC
program complex is described in detail in [12].

Figure 1 shows the calculated equilibrium composi-
tion of the reaction products in the system consisting of
0.05 mol of Sovol PCB congeners, 0.15 mol of 2-AE,
and 0.1 mol of KOH.

Figure 1 shows that the major reaction products are
hydroxy PCB derivatives. The content of 2-aminoe-
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Table 1. Calculated thermochemical properties of PCB derivatives

ARE S0 e Cyo=at+bx IOJ*3 T-ll-j I271105172"*2 +d x 106 72,
Compound 1J mot J ﬁ?llfl R mo [12]
a b c d
C,,H,Cl,(OH) —54.40 493.77 31.59 113.20 572.09 —40.02 -242.11
C,,H,CI(OH), —203.46 493.69 32.14 114.96 587.45 —42.41 -245.99
C,H;(OH), —352.52 493.55 32.75 116.73 602.81 —44.79 —249.87
C,,H4Cl;(OH) -83.43 521.79 33.90 138.22 554.10 —42.17 -240.63
C,,H(Cl,(OH), -232.49 521.69 34.51 139.98 569.46 —44.57 —244.52
C,,H(CI(OH); —381.55 521.595 35.12 141.74 584.82 —46.94 —248.39
C,,H4(OH), -530.61 521.49 35.73 143.51 600.18 —49.33 —252.28
C,,H;sCl,(OH) -112.45 549.82 36.20 163.24 536.11 —44.31 -239.16
C,,H:Cl,(OH), 33656 | 550.77 36.81 | 16500 | 55147 | 4670 |  —243.04
C,,H:CL(OH); 33552 | 550.07 3712 | 16676 |  566.83 | -49.09 |  -246.92
C,,HsCI(OH), -559.63 549.52 37.85 168.53 582.19 -51.48 -250.79
C,,Hs(OH); —708.69 549.42 38.41 170.29 597.55 —53.87 —254.68
C,,H,Cl5(OH) —141.48 577.84 38.51 188.26 518.12 —46.46 —237.68
C,,H,Cl,(OH), -290.54 577.74 39.19 190.02 533.48 —48.85 241.56
C,,H,Cly(OH), 43960 | 577.65 39.62 | 19178 | 54884 | 5124 | 24544
C,,H,Cl,(OH), 588.66 | 577.55 4017 | 193.54 | 564.19| 5362 | 24932
C,,H,CI(OH); =737.72 577.45 40.38 195.31 579.56 -56.01 -253.20
C,,H4(OH), —886.78 577.01 41.27 197.07 594.91 -58.39 —257.08
C,,H;Cl¢(OH) -170.50 605.88 40.82 213.27 500.13 —48.61 -236.19
C,,H;Cl5(OH), -319.56 605.77 41.01 215.04 515.49 -50.99 -240.08
C,,H;Cl4(OH); —468.62 600.64 41.92 216.79 530.85 -53.38 —243.96
C,,H,Cly(OH), 617.68 | 605.57 4247 | 21856 | 54621 | 5577 | @ 247.84
C,,H;Cl,(OH); -766.74 605.47 43.03 220.32 561.56 —58.16 -251.72
C,,H;CI(OH), -915.80 605.37 43.58 222.09 576.92 —60.55 —255.60
C,,H;(OH), -1064.86 605.27 44.13 223.85 592.28 -62.93 -259.48
C,,H,Cl,(O(CH,),NH,) 2665 |  602.73 4148 | 91380 | 91812 | —46.140 | -369.419
C,,H,CI(O(CH,),NH,), _147.07 | 713.82 5195 | 46.638 | 13283 | -39.177 | -526.698
C,,H;(O(CH,),NH,), 26749 | 824.88 62.42 1.895 | 173849 | 32215 | —683.977
C,,H4Cl;(O(CH,),NH,) —55.68 630.1 43.79 124.24 884.419 | -53.179 -359.545
C,H,Cl,(O(CH,),NH,), 176.10 | 741.19 5426 | 79504 | 1294.60 | 46216 | -516.823
C,,H4CI(O(CH,),NH,) -296.52 852.28 64.73 34.762 1704.79 | -39.254 —-674.102
C,,H((O(CH,),NH,), 41694 | 963.37 7520 | 8192 | 2302.32 | —46.079 | —964.299
C,,HCl,(O(CH,),NH,) -84.70 657.5 4610 | 157.11 | 850718 | —60.218 | ~349.670
C,,H:Cly(O(CH,),NH,), 20512 | 768.59 56.57 | 11237 | 1260.90 | —53.256 | —506.948
C,,H;sCl,(O(CH,),NH,); -325.54 879.68 67.04 67.628 1671.09 | —46.293 -664.227
C,,H;sCI(O(CH,),NH,), —445.96 990.77 77.51 22.886 2081.28 | —-39.331 —821.506
C,,Hs(O(CH,),NH,)s 566.38 | 1101.86 8797 | 1117 | 272564 | —49.603 | -1144.93
C,,H,Cls(O(CH,),NH,) _113.73 684.9 4841 | 189.97 | 817.017 | —67.257 | -339.795
C,,H,C1,(O(CH,),NH,), 23415 | 795.99 58.88 | 14523 | 122720 | —60.295 | —497.073
C,,H,Cly(O(CH,),NH,); 35457 | 907.08 6935 | 10049 | 163739 | -53.332 | —654.352
C,,H,CL(O(CH,),NH,), 47499 | 1018.17 7982 | 55752 | 204758 | 46370 | —811.631
C,,H,CI(O(CH,),NH,)5 —595.41 1129.26 90.29 11.010 245777 | —-39.407 -968.909
C,,H,(O(CH,),NH,); 715.83 | 124035 100.8 | 3373 | 2867.96 | 32445 | —1126.18
C,,H,Cl4(O(CH,),NH,) 14275 7123 5072 | 222.84 | 783315 | 74297 | -329.920
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Table 1. (Contd.)

AR S0 o Co=a+bx 10j3 T-*l-j‘ 12}105172"*2 +d x 10672,
Compound 1 maft J 1{(191171 R L mo [12]
a b c d
C,,H;Cl5(O(CH,),NH,), 263.17 | 823.39 6633 | 178.10 | 1193.50 | —67.334 | —487.198
C,,H;Cl4(O(CH,),NH,); -383.59 934.48 76.80 133.36 1603.69 | —60.372 —-644.477
C,,H;Cl3(O(CH,),NH,), 50401 | 1045.57 8727 | 88619 | 2013.88 | -53.409 | -801.756
C,,H;ClL,(O(CH,),NH,)s 62443 | 1156.66 9774 | 43.876 | 2424.07 | 46.447 | —959.034
C,,H;CI(O(CH,),NH,), 74485 | 126775 1082 | 0866 | 283426 | —39.484 | 111631
C,,H;(O(CH,),NH,), 86527 | 1374.84 1187 | —45.60 | 3244.44 | —32.522 | —1273.59
C,,H,CI(OH)(O(CH,),NH,) —175.265 603.755 42.05 80.799 957.875 | —40.794 —386.344
C,,H,CL(OH)YO(CH,),NH,) | —204.295 |  631.44 449 | 109742 | 93203 | 45393 | -380.672
C,,Hy(OH),(O(CH,),NH,), 473775 | 74243 5547 | 30795 | 145125 | 47704 | —608.289
C,,H;5Cl;(OH)(O(CH,),NH,) —270.84 659.68 46.69 138.685 906.185 | —49.978 —374.994
C,HsCI(OH),(O(CH,),NH,), | -502.795 | 770.145 57.68 | 95708 | 1331.735 | —45.407 | —536.148
C,H,CL(OH)(O(CH,),NH,) | —262345 | 686.865 49.04 | 167.625 | 88034 | —54572 | —127.757
C,,H,CL(OH),(O(CH,),NH,), | -531.825 | 797.86 59.99 | 124.646 | 1305.885 | —49.995 | ~530.476
C,,H,(OH);(O(CH,),NH,)5 801,305 |  908.68 71.04 81.67 | 1731435 | —45.418 |  —691.63
C,,H;CIs(OH)O(CH,),NH,) | —291.365 |  714.58 53.67 | 19657 | 854495 | -59.162 | —363.639
C,,HsCLi(OH),(O(CH,),NH,), | -560.845 | 825.57 64.87 | 153.5895 | 1280.045 | —54.589 | -524.798
C,H:CI(OH);(O(CH,),NH,); | 830325 |  936.56 7589 | 110.612 | 170559 | -50.017 | —685.955
X
0.20 - 7 X,
C,,H,CI(OH), S P
0.15}F

C1,HgCI(OH);

0.4

0.10
C,,H;Cl,0H
C12HeCly(OH),

102

0.05
C12H5C12(OH)3
C1oHsCl3(OH),
/ I ~——C,,H(OH),4
£ ———
100 125 150 175 200
T, °C

Fig. 1. Equilibrium composition of PCB congeners and derivatives (mole fractions X;) as a function of temperature 7. Initial composition,
mol: Sovol PCB mixture 0.05, 2-AE 0.15, and KOH 0.1; the sum of the mole fractions of all the PCB congeners and derivatives is 1.
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Table 2. Comparative analysis of products formed in the reaction of Sovol PCB mixture with 2-AE in the presence of KOH

Content, %
Compound reaction time, h (conditions 1)
conditions 2
2 11 13 16

C,,H,Cl; 2.1 1.1 0.8 0.6 1.0
C,H(Cly 18.9 8.9 34 3.1 16.2
C,HsCls 0.2 - - - 1.7
C,H,Clyg - - - - -
C,,H¢Cl;,OH 7.6 9.7 16.8 18.5 29
C,,HsCl,OH 65.4 58.0 46.4 47.0 56.0
C,,H,CI;OH 2.2 1.7 0.6 0.3 4.1
C,H;sCI;(OH), 1.2 53 14.4 14.6 -
C,,H,Cl4(OH), 2.4 15.2 14.6 14.9 -
C,H,Cl;(OH); - - <3.0 <1.0 -
C,,H¢Cl;,O0CH,CH,NH, - - - - 4.3
C,,HsCl,OCH,CH,NH, - - - - 10.4
C,,H,Cl;OCH,CH,NH, - - - - -
C,,H,Cl4(OCH,CH,NH,), - - - - -
C,,H;sCl;(OCH,CH,NH,)OH - - - - 2.7
C,,H,Cl4(OCH,CH,NH,)OH - - - - 0.7
Conversion, % 80 90 96 96 82

thoxy PCB derivatives in the reaction products is very
low (mole fraction 10-19), and (2-aminoethoxy)hydroxy
PCB derivatives were not detected in the reaction prod-
ucts at all. With increasing temperature, the amount of
unchanged PCB congeners decreases, and that of the
derivatives increases. The initial amounts of 0.15 mol
of 2-AE and 0.1 mol of KOH were found to be insuf-
ficient for complete conversion of the Sovol PCB mix-
ture, because unchanged trichlorobiphenyl (C,,H,Cl;)
remained in the products.

The modeling results show that, at the initial
amounts of 2-AE and KOH increased to 0.4 and 0.3 mol,
respectively, the conversion of PCB congeners becomes
complete, and the hydrophilic derivatives C;,Hs(OH)s
and C,,H4(OH)¢ are formed. Further increase in the
reagent amounts does not alter the modeling results.

Thermodynamic analysis is a tool for finding
conditions at which certain substances are formed in
minimal or maximal amounts or are not formed at all.
Thus, the calculation results should be considered as
maximum possible values of conversion, which do not
take into account catalytic and kinetic effects. A real
process occurring within a definite time interval, even
being thermodynamically allowed, can be kinetically
suppressed because of extremely low reaction rate.
The TDM results allow a conclusion that, to reach the
maximal conversion of PCB in the reaction with 2-AE
in the presence of KOH, the process temperature should
be 170°C (maximum possible because of 2-AE boiling)
at the PCB : 2-AE : KOH molar ratio of 1 : 8 : 6 and
pressure of 1 atm. The reaction time can be chosen only
experimentally.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 90 No. 6 2017
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Fig. 2. Chromatogram of products formed in the reaction of Sovol commercial PCB mixture with 2-AE. 7 = 170°C, PCB : 2-AE :
KOH =1:8:6, pressure 1 atm, 13 h. (/) Intensity and (t) time. (/) C,,H,Cl; and (ZI) C,,H(Cly; (1) C;,H4Cl3(OH), (2) C,,HsCl4(OH),

(3) C1,H4CI5(OH), (4) C1,H5Cl3(OH),, and (5) C,,H,4Cl4(OH),.

Experimental studies of the reaction of Sovol PCB
congeners with 2-AE in the presence of KOH. The
reaction conditions corresponded to the TDM results:
T =170°C, molar ratio PCB : 2-AE : KOH=1:8:6,
pressure 1 atm. The reaction time was varied from 2 to
16 h.

The moment of mixing the reactants was taken as
the start of the reaction. Samples of the reaction mixture
was taken, treated as described in Experimental, and
analyzed under GC-FID and GC-MS conditions.

Figure 2 shows as an example the chromatogram of
the reaction products after the 13-h reaction. Numerous
products are manifested in the chromatogram, and with
time the number of the detected derivatives increases.

Five types of PCB derivatives were identified in
products of the reaction of PCB congeners with 2-AE
in the presence of KOH (Table 2). All the derivatives
obtained were conventionally subdivided into three
groups depending on the number of chlorine atoms in the
initial PCB (tetra-, penta-, or hexachlorobiphenyls). For
quantitative estimation, we scanned the total ion current
and, using the GC-MS software, recorded the areas of
the chromatographic peaks corresponding to the specific

PCB derivatives. We calculated the content of each
product in a chromatographic peak from the intensities
of the base ion peaks in the mass spectra corresponding
to these peaks. Then, we calculated the content of each
derivative within the corresponding group depending on
the initial PCB and on the total amount of the products.

Data on the products of the reaction of Sovol PCB
mixture with 2-AE in the presence of KOH, performed
under different conditions, are given in Table 2. Two
kinds of conditions were used:

—at 170°C, ratio PCB : 2-AE : KOH =1 : 8 : 6,
pressure of 1 atm, and reaction time of 2, 11, 13, and 16
h (conditions 1);

—at 110-115°C, ratio PCB : 2-AE: KOH =1 :3:
3, pressure of 1 atm, and reaction time of 7.5 h [6]
(conditions 2).

The results obtained show that the interaction of
PCB with 2-AE in the presence of KOH involves a
series of reactions occurring at different rates and
yielding different sets of final products (see scheme).
Both 2-aminoethoxy and hydroxy PCB derivatives
can be formed simultaneously or successively. The
conversion of components of Sovol PCB mixture under
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the conditions of [6] was about 82%, whereas under
the conditions found by TDM it varied from 80 to 96%
depending on the reaction time. Under the experimental
conditions of [6], 2-aminoethoxy, hydroxy, and
(2-aminoethoxy)hydroxy PCB derivatives are formed,
whereas under the conditions found by TDM only
hydroxy PCB derivatives are formed. As the reaction
time is increased from 2 to 13 h, the conversion of the
initial PCBs increases to 96%. Further increase in the
reaction time (to 16 h) does not alter the results.

The results of the experimental study show that the
use of the theoretically chosen dechlorination conditions
leads to an increase in the conversion of the initial
congeners of the Sovol PCB mixture relative to the data
of [6]. The reaction products are hydrophilic hydroxy
derivatives that are capable to dissolve in water and
undergo mineralization under the action of degrading
bacterial strains.

CONCLUSIONS

(1) The use of thermodynamic modeling and
HSC 8.2.0 program complex allowed choosing the
optimum conditions for complete dechlorination of
polychlorinated biphenyl congeners: 7= 170°C, molar
ratio biphenyls : 2-aminoethanol : KOH =1 : 8 : 6, and
pressure of 1 atm.

(2) Under the conditions chosen on the basis of
the thermodynamic modeling results, only hydroxy
derivatives of polychlorinated biphenyls are formed.
These compounds can be subsequently mineralized
using degrading bacterial strains.

(3) The experimental data obtained under the
theoretically chosen conditions for nucleophilic
substitution of chlorine atoms in the structures of
polychlorinated biphenyls show that the conversion
increases from 82 [6] to 96%. The reaction products
contain only hydroxy derivatives of polychlorinated
biphenyls.

ACKNOWLEDGMENTS

The study was financially supported by the Russian
Foundation for Basic Research (project no. 16-33-
00314).

10.

11.

12.

13.

14.

15.

16.

17.

18.

MAIOROVA et al.

REFERENCES

. Erickson, M.D. and Robert, K.G., Environ. Sci. Pollut.

Res. Int., 2011, vol. 18, pp. 135-151.

. Borja, J., Taleon, D.M., Auresenia, J., and Gallardo, S.,

Process Biochem., 2005, vol. 40, pp. 1999-2013.

. Porta, M. and Zumeta, E., Environ. Med., 2002, vol. 59,

pp. 651-652.

. Gomes, H.I., Dias-Ferreira, C., and Ribeiro, A.B., Sci.

Total. Environ., 2013, vols. 445-446, pp. 237-260.

. Egorova, D.O., Gorbunova, T.I., Pervova, M.G., and

Demakov, V.A., Appl. Biochem. Microbiol.,2014,vol. 50,
no. 7, pp. 722-729.

. Gorbunova, T.I., Pervova, M.G., Panyukova, A.A., et al.,

Dokl. Chem., 2014, vol. 454, pp. 19-24.

. Gorbunova, T.I., Subbotina, J.O., Saloutin, V.I., et al.,

J. Hazard. Mater., 2014, vol. 278, pp. 491-499.

. Gorbunova, T.I., Zapevalov, A.Ya., Kirichenko, V.E.,

etal., Russ. J. Appl. Chem., 2000, vol. 73, no. 4, pp. 650—
654.

. Zabelina, O.N., Gorbunova, T.I., Pervova, M.G., et al.,

Russ. J. Appl. Chem., 2004, vol. 77, no. 9, pp. 1523-1527.

Kamarehie, B., Jafari, A.J., and Mahabadi, H.A., J. Mater.
Cycles. Waste Manag., 2014, vol. 16, pp. 711-720.

Velazco, M.Z., Pedroso, P.V., Ramos, G.V, and
Langenhove, H.V., Afinidad, 2013, vol. 70, pp. 206-211.

HSC Chemistry. Outotec Technologies, http:/www.
outotec.com/products/digital-solutions/hsc-chemistry/
hsc-gem---equilibrium-compositions-module, Addressed
July 4,2017.

Kulikova, T.V., Maiorova, A.V., Shunyaev, K.Yu., et al.,
Russ. J. Gen. Chem., 2013, vol. 83, no. 5, pp. 893-900.
Kulikova, T.V., Maiorova, A.V., Shunyaev, K.Yu., et al.,
Ekol. Prom-st. Rossii, 2013, no. 11, pp. 23-27.
Kulikova, T.V., Maiorova, A.V., Bykov, V.A., et al., Khim.
Tekhnol., 2011, vol. 12, no. 1, pp. 20-24.

Kulikova, T.V., Mayorova, A.V., Bykov, V.A., et al.,
Struct. Chem., 2013, vol. 24, no. 1, pp. 285-293.
Kirichenko, V.E., Pervova, M.G., Promyshlennikova, E.P.,
et al., Anal. Kontr., 2000, vol. 4, no. 1, pp. 41-44.
Piterskikh, I.A., Kirichenko, V.E., Pervova, M.G., et al.,

Zavod. Lab. Diagn. Mater., 2001, vol. 67, no. 8, pp. 63—
66.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 90 No. 6 2017




<<
  /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 /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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 false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


		2017-10-18T11:13:03+0300
	Preflight Ticket Signature




