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anochemical and thermal
treatment of PCBs contaminated soil

Zhonghua Zhao, Mingjiang Ni, Xiaodong Li,* Alfons Buekens and Jianhua Yan

This study combines a preliminary mechanochemical treatment and a subsequent thermal desorption for

remediating soil, contaminated with polychlorinated biphenyls (PCBs). After 2 hours of grinding, assisted

by addition of SiO2, the total concentration of PCBs and their TEQ-value decreased by 81.9% and 85.4%,

respectively. The effect of thermal treatment at 400, 500 and 600 �C on the removal efficiency of PCBs

from ground soil was then investigated. The residual amount of PCBs reduced with the rising

temperature and dropped to 137 ng g�1 in the treated soil when the treatment temperature reached

600 �C, equivalent to a desorption efficiency of 99.85% and a removal efficiency of nearly 100%. The

formation of polychlorinated dioxins and dibenzofurans (PCDD/Fs) was also monitored: PCDDs and

PCDFs were generated, particularly at 400 �C, however their formation weakened at higher

temperatures and hydrodechlorination dominated.
1. Introduction

All over the world, the reduction and control of persistent
organic pollutants (POPs) is a signicant problem that must be
tackled, according to the Stockholm Convention. Poly-
chlorinated biphenyls (PCBs) are one of these POPs and feature
high thermal and chemical stability, as well as low volatility and
ammability. Because they are produced industrially, PCBs
have been applied in a wide variety of items, especially in
transformer oil and capacitors.1 However, severe environmental
consequences became apparent, due to bioaccumulation and
their persistence in the environment. PCBs can cause cancer as
well as produce serious effects on the immune system, repro-
ductive system, nervous system and endocrine system.2

Recently, much attention has been paid to soils contami-
nated with POPs and numerous methods have been proposed
for their remediation. Mechanochemical (MC) hydro-
dechlorination and decomposition have attracted attention as
a simple solution that enables the degradation of chlorinated,
brominated and uorinated POPs.3,4 Dehalogenation enhances
this as grinding progresses and degradation of the POPs is also
improved further by bringing in additives.5,6 Their effect on
pentachlorophenol (PCP) hydrodechlorination was investi-
gated, showing that the addition of CaO and quartz to the
grinding mixture facilitated hydrodechlorination.7 Using
a planetary ball mill, Saeki8 found that a mixture of CaO, SiO2,
and Al2O3 was the most effective combination of additives for
the hydrodechlorination of polyvinyl chloride (PVC). However,
the catalytic performance depended heavily on the chosen
tilization, Institute for Thermal Power

310027, China. E-mail: lixd@zju.edu.cn
substrate for hydrodechlorination. A mixture of metallic
calcium and calcium oxide was found the most suitable
degradation agent for degrading chlorinated contaminants. A
simple preliminary washing under ultrasonication facilitated
the following degradation.9 The preferred reactants are CaO and
SiO2, because they are cheap and their reaction products can be
dealt with safely. Debromination of hexabromobenzene pro-
ceeded smoothly with an increase in the molar ratio of CaO
addition, and almost complete debromination was achieved
aer 6 hours of grinding with amolar ratio Ca : Br kept constant
at 2 : 1.10 Iron powder and quartz sand were best for intensifying
the destruction of mirex, an insecticide based on hexa-
chlorocyclopentadiene, which was destroyed completely aer 2
hours grinding at a charge ratio of 36 : 1 (reagent/mirex, m/m).11

Due to PCBs' special physical and chemical properties, Nah12

assessed the potential of mechanochemical methods of
removal, using nemetal powder for removing PCBs fromwaste
insulating oil. Aer treatment for 4 hours at room temperature
with a dosage of 1.53 mol metal per kg oil, only 70% PCBs
removal was achieved when zinc was added. Hydro-
dechlorination of pure 3-chlorobiphenyl (3-MCP) was conduct-
ed by Zhang.13 The residual 3-MCP in the sample decreased
rapidly within 20 minutes and diminished more gradually with
further grinding. Aer 6 hours of grinding, over 99.5% 3-MCP
was decomposed, but the weight ratio of 3-MCP to the inorganic
powder was merely 5%. When the method was applied to soil
contaminated with PCBs, 20 hours of grinding were required to
attain a PCBs removal efficiency of 98%.14

Thermal desorption was therefore considered as a subse-
quent treatment process in order to save MC-treatment time
and improve removal efficiency. Because highly chlorinated
PCBs were broken down into lower chlorinated ones during the
This journal is © The Royal Society of Chemistry 2017
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mechanochemical treatment, which had lower boiling points,
the thermal treatment could more easily eliminate them. Also,
the risk of a de novo synthesis of high amounts of PCBs and
dioxins was lowered.

Thermal desorption is essentially a thermally induced
physical separation process. Organic pollutants are vaporised
from a solid matrix and then transferred into a carrier gas
stream. In contrast with treatment by incineration, the
decomposition of organic contaminants is not the immediate
result desired. The contaminants in the gas stream may even-
tually be condensed, burned in an aerburner or cleaned by
carbon adsorption.15 However, depending on operating
temperature and strength of desorption, these liberated
contaminants may still need to be degraded or converted during
treatment.16 During thermal desorption, synergetic treatment
with the addition of zero-valent iron nano-powder or base-
catalysed additives effectively enhanced desorption and
decomposition.17,18 However, the processes developed for chlo-
rinated compounds caused the additional formation of poly-
chlorinated dioxins and dibenzofurans (PCDD/Fs), which are
oen accompanied by higher toxic equivalency,19 especially in
the presence of oxygen.20

The combined use of mechanochemical hydro-
dechlorination and thermal desorption was studied. Highly
chlorinated contaminants were degraded by grinding and
treatment time was reduced by the subsequent use of thermal
desorption. The combined decontamination effects of these two
methods were investigated. All 209 PCBs congeners and 12 toxic
dl-PCBs as well as their TEQ were presented for analysis.
Additionally, PCDD/Fs were analysed to evaluate the evolution
of the dioxins during treatment. This has allowed differentia-
tion between the original PCBs and their PCDD/Fs content,
those that remained aer milling, and the nal residual PCBs
and PCDD/Fs.
2. Materials and methods
2.1. Materials

Soil from a PCBs storage site in Zhejiang province, China, was
used in this study. It was contaminated due to leakage from
discarded transformers and capacitors. Its initial PCBs
concentration was 505 mg g�1. Tri-(TrCBs) and tetra-
chlorobiphenyls (TeCBs) were the predominant homologues
groups, since their sum accounted for 90 wt% of total PCBs
concentration. Their composition was similar to Aroclor 1248
and Kanechlor KC 400, as presented by Huang.21

Calcium oxide and quartz used as additives during grinding
were purchased from Sinopharm Chemical Reagent Co., Ltd.
China, and used without treatment.
Fig. 1 Schematic diagram of the experiment apparatus.
2.2. Apparatus and methods

A planetary ball mill (XQM-0.4L, Kexi, China) was used for
grinding a mixture of soil and additives: 5 g of contaminated
soil was mixed together with 5 g CaO and 10 g SiO2. The total
20 g of this mixture was added to a stainless steel pot containing
200 g of stainless steel balls. The planetary ball mill operated
This journal is © The Royal Society of Chemistry 2017
under atmospheric conditions for 2 hours at a speed of
400 rpm. To prevent over-heating, the milling paused for 30
minutes aer every 30 minutes of grinding.

Aer 2 hours of effective milling, the sample was taken out
and then thermally treated. The thermal desorption system
contained three major parts (Fig. 1): a carrier gas ow system,
a horizontal tubular reactor and electric furnace, and a trap for
collecting PCBs and PCDD/Fs from the exhaust gas. The trap
was composed of a XAD-2 absorption tube and two toluene
absorption bottles in series. During each test, 2 g of grinded
soil was heated for 40 minutes at 400, 500 and 600 �C in a ow
of 400 mL min�1 high purity nitrogen ($99.99%). Evaporated
PCBs and PCDD/Fs were carried by the N2 ow and then
captured by the trap system. Aer thermal treatment, both the
soil and the gas phase were collected and their PCBs and
PCDD/Fs were detected and analysed. The thermal desorption
procedures and apparatus have been described in full detail in
former studies.18
2.3. PCBs, PCDD/Fs analysis

The grinded soil and the thermally treated soil, as along with
the XAD-2 that had been collected aer treatment, were
extracted with toluene for 24 hours. Thereaer, the PCBs
samples were cleaned up serially by percolation through
a multi-silica gel column and a Florisil column. All sample
clean-up procedures were conducted according to the EPA 1668
method. The PCDD/Fs samples were cleaned up using a multi-
silica gel column and an alkaline alumina column in succession
on the basis of the EPA method 1613. PCBs and PCDD/Fs were
separated, identied and quantied by HRGC/HRMS (JEOL
JMS-800D, Japan), equipped with a DB-5MS column (60 m �
0.25 mm � 0.25 mm). All 209 PCBs congeners and 136 PCDD/Fs
congeners were detected.
2.4. QA & QC

For the quantication of PCBs and PCDD/Fs, three distinct 13C-
labeled standard solutions were added before Soxhlet extrac-
tion, before purication and then before analysis. All recovery
rates of each internal standard were in accordance with the
usual analytical recovery requirements.

Some repeated experimental conditions were performed.
The results reported for the gas phase were expressed based on
the initial weight of contaminated soil.
RSC Adv., 2017, 7, 21180–21186 | 21181
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2.5. Degradation, desorption and removal efficiency

Degradation efficiency was calculated to assess the degree of
PCBs decomposition aer the mechanochemical treatment:

Degradation efficiency ¼ PCBðraw soilÞ � PCBðgrinded soilÞ
PCBðraw soilÞ

� 100%

The desorption efficiency for assessing the performance of
the thermal treatment was calculated by:

Desorption efficiency ¼
PCBðgrinded soilÞ � PCBðgrindedþ thermally treated soilÞ

PCBðgrinded soilÞ
� 100%

To evaluate the combined decontamination of PCBs,
removal efficiency was dened and calculated as:

Removal efficiency ¼
PCBðraw soilÞ � PCBðgrindedþ thermally treated soilÞ

PCBðraw soilÞ
� 100%

where PCB(raw soil) is the initial PCBs concentration in raw soil;
PCB(grinded soil) represents the residual PCBs concentration in
grinded soil; and PCB(grinded + thermally treated soil) stands
for the residual PCBs concentration in the soil aer combined
treatment.

2.6. Weight average chlorination degree

The weight average chlorination degree reects the average
extent and depth of chlorination of all PCBs or PCDD/Fs
congeners. It is calculated by

Chlorination degree ¼
X

Cj � njX
C

where Cj stands for the concentration of each PCBs or PCDD/Fs
isomer group and nj for the number of chlorine atoms of each
PCBs or PCDD/Fs homologue group; C corresponds to the total
concentration of PCBs or PCDD/Fs.

3. Results and discussion
3.1. Degradation effect of ball milling

Numerous studies have demonstrated the feasibility of the
mechanochemical method as a potential and promising tech-
nique for degrading POPs.3,9,22

PCBs samples were decomposed mechanochemically
through hydrodechlorination by grinding jointly with CaO.23,24

In this study, the PCBs-contaminated soil was rst grinded for 2
hours at 400 rpm together with CaO and SiO2. The residual
PCBs, dl-PCBs and TEQ-values found in the soil aer grinding
are listed in Table 1.

Aer 2 hours of grinding, the total amount of PCBs in the soil
decreased from 505 mg g�1 to 91.2 mg g�1, attaining a degradation
21182 | RSC Adv., 2017, 7, 21180–21186
efficiency of 81.9%. The residual dl-PCBs concentration in grin-
ded soil was 2.4 mg g�1, corresponding with a degradation effi-
ciency of 87.5%, while the degradation efficiency of their WHO-
TEQ reached 85.4%. Compared with the soil that included only
the CaO, the addition of SiO2 improved the degradation effi-
ciency of all samples. These results accord with the study of
Zhang,13 who found that the addition of quartz to the grinding
mix facilitated hydrodechlorination of 3-MCP, especially in cases
with a higher weight ratio than 10% of 3-MCP to CaO.

Aer 2 hours of grinding, a degradation efficiency of 81.9%
was attained, but the treatment times required are too long if
the destruction should be augmented much further. Aer 5
hours of grinding, about 0.75% of the original PCPs were le in
the treated soil, but during the next 5 hour treatment, the
degradation efficiency of PCPs was only up by 0.66%.7 So, for the
purpose of reducing the treatment time, thermal desorption
was introduced for further remediation.
3.2. PCBs removal during thermal treatment

3.2.1 Desorption and removal efficiencies of PCBs. Various
studies25,26 on thermal desorption have shown that temperature
signicantly affects the removal of organic pollutants. Treat-
ment temperature should be optimised, considering both
desorption efficiency and energy consumption. The ideal
treatment efficiency cannot be reached at a low temperature,27

but if the temperature is too high, the soil's texture will be
destroyed and the cost of fuel will become unacceptable. In this
study, the temperature varied from 400 to 600 �C and the
treatment time was kept constant at 40 minutes. Qi28 also tested
a shorter treatment period of 20 minutes, but the desorption
efficiency remained disappointingly low.

Table 2 shows the amount of PCBs in both soil and gas
phases, as determined aer thermal desorption. The total
residual amount of PCBs remaining in the treated soil lessened
with the rising treatment temperature. Aer treatment at
600 �C, the residual PCBs concentration dropped to 137 ng g�1

and the desorption efficiency rose up to 99.85%, to be compared
with 99.8% at a furnace temperature of 500 �C and with 96.45%
at 400 �C. All desorption efficiency values are much higher than
the earlier efficiency values, obtained in our previous studies,
yet without preliminary grinding.29

There are three reasons that could possibly account for the
difference: (a) aer grinding, the larger particles (420–841 mm)
were converted into ner ones (<150 mm) and decontaminated
more deeply than the initial coarser particles;29 (b) PCBs mole-
cules were gradually degraded during grinding, producing
lower chlorinated species with lower boiling points, and there-
fore desorbed more easily from the solid matrix when heated;
(c) compared with the soil being heated directly, moisture in the
soil aer grinding was absorbed by CaO, converting it into
Ca(OH)2 and both CaO and Ca(OH)2 facilitated the hydro-
dechlorination and destruction of PCBs.16,30

The removal efficiency based on the initial concentration of
PCBs present in the raw soil is also represented in Table 2.
Considerable removal efficiency was achieved by suitably
combining the mechanochemical treatment with thermal
This journal is © The Royal Society of Chemistry 2017
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Table 1 Residual PCBs, dl-PCBs and TEQ in grinded soil after mechanochemical grinding

Additives PCBsa Degradation efficiencyb
Chlorination
degree dl-PCBsa Degradation efficiencyb TEQc Degradation efficiencyb

CaO 148.5 70.6 3.86 8.2 56.5 2.1 64
CaO, SiO2 91.2 81.9 3.71 2.4 87.5 0.8 85.4

a Unit: mg g�1. b Unit: %. c Unit: ng WHO-TEQ per g.

Table 2 Thermal desorption of grinded soil at different temperatures

400 �C 500 �C 600 �C

Soila 3230 � 150 166 � 13 137 � 6
Gasa 3490 5010 4320
Desorption efficiencyb 96.45 99.8 99.85
Removal efficiencyb 99.36 99.97 99.97

a Unit: ng g�1. b Unit: %.

Fig. 2 Amount of PCBs isomers in soil (a) and in flue gas (b) for three
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desorption: a removal efficiency of 99.36% was obtained aer
heating for 40 minutes at only 400 �C. When increasing the
thermal treatment temperature to 600 �C, removal efficiency
even approached 100%. These results indicate that combining
the two techniques is feasible for remediating PCBs-
contaminated soil, a proposition that considerably improves
the PCBs removal efficiency reached by thermal desorption,
aer a relatively short time of mechanochemical pretreatment.

3.2.2 PCBs isomer distribution in treated soil. Fig. 2a
compares the amount of PCBs congeners in raw soil and treated
soil. As in raw soil, TrCBs and TeCBs in grinded soil still
dominate among the PCBs homologues, accounting for 32.9%
and 58.5%, respectively. Higher chlorinated PCBs homologues
(HpCBs and above) are not discussed here because they
comprised less than 0.5% of the total quantity of PCBs. The
amount of all homologues dropped drastically aer thermal
treatment, especially that of the higher chlorinated PCBs.

The proportion of low chlorinated PCBs homologues
increased aer thermal treatment, while the highly chlorinated
PCBs homologues showed the opposite trend. As the tempera-
ture rises, this variation becomes even more pronounced,
consistent with the ndings from Qi.29 Aer heating for 40
minutes at 600 �C, the fraction of MCBs in the grinded soil rose
from 0.09% to 4.57%, DiCBs from 1.8% to 12.97%, and TrCBs
also increased from 32.9% to 50.84%. In contrast, the propor-
tion of TeCBs decreased from 58.5% to 28.70% and that of
PeCBs reduced from 6.2% to 2.55%.

At the same time, the weight average chlorination degree of
PCBs in the treated soil lessened gradually as the temperature
rose, as observed in Fig. 2a. Initially, it was still 3.71 in the
grinded soil and decreased to 3.13 aer heating for 40 minutes
at 600 �C, demonstrating strong hydrodechlorination during
thermal desorption. Possible decomposition pathways were
presented by He.31

3.2.3 PCBs isomer distribution in the gas phase. During
thermal treatment, PCBs are vaporised and thus separated from
the solid matrix. A carrier gas transfers these to off-gas
This journal is © The Royal Society of Chemistry 2017
treatment.32 Fig. 2b represents the amount of various PCBs
homologues reporting to the gas phase. Their total amount
enlarged from 3490 ng g�1 at 400 �C to 5010 ng g�1 at 500 �C, yet
then declined to 4320 ng g�1 at 600 �C. The higher temperature
desorbs more PCBs from the soil matrix. Conversely, high
temperatures also accelerate destruction, leading to reduced
quantities of PCBs in the gas phase once the temperature rises
over 500 �C. The total amount of PCBs in both the soil and the
gas were 6720 ng g�1 at 400 �C, 5170 ng g�1 at 500 �C and 4460
ng g�1 at 600 �C (Table 2). Aer heating, the PCBs concentration
levels of all samples were lower than that had been in the soil
before thermal desorption. These results suggest that desorp-
tion as well as hydrodechlorination and destruction, occurs
simultaneously during thermal treatment.
temperatures.

RSC Adv., 2017, 7, 21180–21186 | 21183
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The weight average chlorination degree of PCBs in the gas
varied rather little, from 3.35 at 400 �C to 3.49 at 600 �C, in
contrast with the tendency seen in the soil. This may be due to
soil minerals promoting contaminant decomposition.

Still, large amounts of PCBs are transferred from the soil
matrix to the off-gas, though destruction, decomposition and
hydrodechlorination all occur. Further treatments such as dust
extraction, vapour condensation and adsorption of POPs are
therefore required to decrease the concentration of contami-
nants in the off-gas to meet the emissions requirements prior to
discharge.33,34

3.2.4 dl-PCBs in treated soil and ue gas. Dioxin-like PCBs
(dl-PCBs) include 12 coplanar PCBs, which show similar toxicity
to that of PCDD/Fs.35 Their concentration reached 18.9 mg g�1 in
the raw soil. Three major contributors, namely 3,30,4,40-TeCB
(#77), 2,3,30,4,40-PeCB (#105) and 2,30,4,40,5-PeCB (#118),
accounted for 91% of the total dl-PCBs, in weight units. The
total amount of dl-PCBs dropped to 2.4 mg g�1 aer 2 hours of
grinding, attaining a degradation efficiency of 87.5% (Table 3).

Both the desorption efficiency and removal efficiency of dl-
PCBs improve within a temperature range of 400 to 600 �C.
The desorption efficiency of dl-PCBs reaches 99.97% at 600 �C,
clearly higher than the desorption efficiency of all PCBs at the
same temperature. The removal efficiency of dl-PCBs
approaches 100% aer grinding for 2 hours and heated at
600 �C for 40 minutes. The dl-PCBs consist of relatively high
chlorinated PCBs, which explains the higher desorption effi-
ciency value.

The World Health Organization (WHO) toxic equivalence
factors (TEFs) are used to calculate the WHO-TEQ contribu-
tions for PCBs,36 and this was 5760 pg WHO-TEQ per g in the
raw soil. Aer ball milling, the TEQ dropped to 839 pg WHO-
TEQ per g (degradation efficiency of 85.4%), and then
further decreased to 0.77 pg WHO-TEQ per g aer thermal
treatment at 600 �C for 40 minutes, attaining a removal effi-
ciency of 99.99%.
Fig. 3 Total PCDD/Fs concentration both in soil and flue gas.
3.3. Formation of PCDD/Fs during treatment

3.3.1 PCDD/Fs concentration in soil and off gas. The
formation of PCDD/Fs is a serious and inevitable issue in
traditional thermal treatment, which has been well investigated
ever since they were rst detected in the y ash of an incinerator
decades ago.37 PCBs can be oxidised to more toxic PCDFs,19
Table 3 Amount of dl-PCBs in thermally treated soil and flue gas

Raw soil
Grinded
soil

400 �

Soil

Suma 18 900 2370 39.8
Desorption efficiencyb — — 98.32
Removal efficiencyb — 87.49 99.79
TEQc 5760 839 23.5
Desorption efficiencyb — — 97.20
Removal efficiencyb — 85.44 99.59

a Unit: ng g�1. b Unit: %. c Unit: pg WHO-TEQ per g.

21184 | RSC Adv., 2017, 7, 21180–21186
meaning that the evaluation of PCDD/Fs formation is particu-
larly important for any PCBs treatment technique.

As represented in Fig. 3, the concentration of PCDDs and
PCDFs in the raw soil were 1430 pg g�1 and 5250 pg g�1,
respectively, and decreased to 713 pg g�1 and 903 pg g�1 aer 2
hours of grinding treatment. Aer thermal treatment at 400 �C,
both levels increased, especially PCDFs, to 6990 pg g�1, nearly 7
times higher than that in grinded soil. The results indicate that
PCDDs and PCDFs were generated, in particular at 400 �C.
When the treatment temperature rises to 500 or 600 �C, the
concentration again drops, since 500 �C is higher than the
optimum PCDD/Fs generation temperature,38 and higher
temperatures facilitate the degradation and decomposition of
PCDD/Fs.

Table 4 lists the concentration of PCDDs and PCDFs and
their weight average chlorination degree in soil and gas. Aer
thermal treatment, the levels of PCDDs in the soil continuously
decrease as the temperature rises. PCDFs, however, show
a distinct tendency. At 400 �C, their concentration peaks at 1260
pg g�1, 353 pg g�1 higher than in the grinded soil. But at higher
temperatures, the amount of PCDFs quickly declined again and
maintained comparable values for temperatures reaching 500
or 600 �C.

The weight average chlorination degree of PCDD/Fs in
grinded soil is 4.74 and this always rises aer thermal treat-
ment. With the rising temperature, the value slightly reduces.
This observation can be explained by the fact that the formation
C 500 �C 600 �C

Gas Soil Gas Soil Gas

39 1.2 53 0.71 47
— 99.95 — 99.97 —
— 99.99 — 100 —
29 2 21.5 0.77 20
— 99.79 — 99.91 —
— 99.97 — 99.99 —

This journal is © The Royal Society of Chemistry 2017
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Table 4 PCDD/Fs concentration and chlorination degree in treated soil and flue gas, pg g�1

Raw soil Grinded soil

400 �C 500 �C 600 �C

Soil Gas Soil Gas Soil Gas

P
PCDDs 1430 713 498 2210 225 � 16 325 203 255P
PCDFs 5250 903 1260 5740 598 � 33 1050 550 847P
PCDD/Fs 6680 1620 1750 7950 823 1370 753 1100

Chlorination degree 4.36 4.74 5.25 5.08 5.24 4.87 5.12 4.79
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of PCDD/Fs weakens at temperatures that are above the
optimum temperature range for their generation.39 Conversely,
the hydrodechlorination reaction is stronger at these higher
temperatures.

In the ue gas a maximum concentration of PCDDs and
PCDFs also occurs at 400 �C (Table 4), attaining 2210 pg g�1 and
5740 pg g�1, respectively. When the treatment temperature rises
to 500 or 600 �C, decomposition becomes stronger than
formation.

The trend of the chlorination degree in the gas phase
resembles that in the soil. As treatment temperature increases,
the value reduces slightly. All chlorination levels are a little
lower in the soil than in the gas phase: formation occurs before
the contaminant desorbs from the soil surface and decompo-
sition dominates once the contaminant transfer into the gas
phase.

3.3.2 Toxic PCDD/Fs concentration and TEQ in soil and off
gas. Table 5 presents the concentration and TEQ-values of the
17 toxic 2,3,7,8-substituted PCDD/Fs. In grinded soil, the sum of
these toxic PCDDs and PCDFs was 31.1 and 101 pg g�1,
respectively. Four congeners, OCDD, 2,3,7,8-TeCDF, 2,3,4,7,8-
PeCDF and 1,2,3,4,6,7,8-HpCDF predominate. Aer thermal
treatment, the same tendencies are reected as with total
PCDD/Fs. The maximum concentrations of toxic PCDDs and
PCDFs both in thermally treated soil and in the off-gas, were
observed at 400 �C before the concentrations then decreased
with the incremental temperature rises. The TEQ of toxic
PCDDs and PCDFs shows a similar variation tendency.

PCDD/Fs formation was inevitable during the thermal pro-
cessing of chlorinated contaminants. In practical thermal
remediation processes, higher temperatures were recom-
mended. Hydrodechlorination and the destruction reactions
played an important part in the removal of PCDD/Fs when the
Table 5 Concentration and TEQ of toxic PCDD/Fs

Grinded
soil 400 �C 500 �C 600 �C

Soil Soil Gas Soil Gas Soil Gas

P
PCDDsa 31.1 111 389 47.8 28.5 33.4 22.2P
PCDFsa 101 365 1390 178 204 129 160P
PCDD/Fsa 132 476 1780 226 233 162 182

TEQ-
P

PCDDsb 8.63 10.91 72.87 6.38 4.87 4.16 0.55
TEQ-

P
PCDFsb 10.31 20.05 86.31 10.78 15.93 9.11 13.40

TEQ-
P

PCDD/Fsb 18.94 30.95 159.18 17.17 20.80 13.27 13.95

a Unit: pg g�1. b Unit: pg WHO-TEQ per g.

This journal is © The Royal Society of Chemistry 2017
temperature was higher than 350 �C.40 Alternatively, some
appropriate chemical inhibitors could be introduced to suppress
the formation of PCDD/Fs during thermal desorption.41
4. Conclusions

A combination of the mechanochemical pre-treatment and
thermal desorption is a feasible alternative for remediating
PCBs-contaminated soil, as it reduces remediation time and
also achieves a considerable removal efficiency. Aer ball
milling for 2 hours, the total concentration, and the TEQ, of
PCBs in the soil decreases by 81.9% and 85.4%, respectively,
and degradation is facilitated by the addition of SiO2.

The temperature of the thermal treatment signicantly
inuences the desorption efficiency of PCBs in the grinded soil.
The residual total amount of PCBs in the thermally treated soil
decreases as the temperature rises. When the temperature
increased to 600 �C, the residual PCBs concentration was 137 ng
g�1 and the desorption efficiency reached 99.85%. The removal
efficiency, based on the raw soil, reached almost 100% aer the
combined treatment. Hydrodechlorination and decomposition
occur during desorption, especially at high temperatures.

PCDDs and PCDFs are generated during the thermal treat-
ment process, especially at 400 �C, while formation becomes
weaker at higher temperatures. Conversely, the process of
hydrodechlorination and decomposition strengthen at these
higher temperatures, thereby reducing the residual content of
PCDD/Fs.
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