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The objective of this study is to compare the efficacies of powder activated carbon (PAC) and granular

activated carbon (GAC) as amendments for the immobilization of volatile compounds in soil. Soil

artificially-spiked with chlorobenzenes (CBs) was amended with either PAC or GAC to obtain an

application rate of 1%. The results showed that the dissipation and volatilization of CBs from the

amended soil significantly decreased compared to the unamended soil. The bioavailabilities of CBs,

which is expressed as butanol extraction and earthworm accumulation, were significantly reduced in

PAC and GAC amended soils. The lower chlorinated and hence more volatile CBs experienced higher

reductions in both dissipation and bioavailability in the amended soils. The GAC and PAC equally

immobilized more volatile CBs in soil. Therefore, it could be concluded that along with environmental

implication, applying GAC was the more promising approach for the effective immobilization of volatile

compounds in soil.
Environmental impact

Immobilization, which sought to reduce the bioavailability of contaminants in soil, has been viewed as an efficient and environmentally friendly remediation
strategy. In particular, for volatile compounds, their volatilization from soil into air could be inhibited aer immobilization. This is quite an important issue
because air contamination results in the direct exposure of humans to pollutants and is much more difficult for remediation. However, the immobilization of
volatile compounds in soil by amendments, such as activated carbon (AC), is rarely reported. Whether granular AC provides equivalent effect as powder AC for
the immobilization of volatile compounds remains unknown. If so, applying granular AC in soil could be an efficient remediation strategy because it is more
environmentally friendly than powder AC.
Introduction

Chlorobenzenes (CBs) are used as starting materials and addi-
tives in the production of insecticides, fungicides, herbicides,
dyes, pharmaceuticals, rubbers, and plastics.1,2 China is an
important producer of CBs in the world and accounts for more
than 50% of the worldwide production.3 Due to the wide use
and production of CBs, they have been detected in soil, water
and sediments in many places in China.4–6 All the congeners of
CBs, especially trichlorobenzenes (TCBs), have been detected in
the soil of vegetable elds within 1 km from a factory that is
manufacturing CBs.7 The lower chlorinated CBs are easily
volatilized from soil, resulting in air pollution and making it
difficult for their remediation.8 Therefore, it is necessary to
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immobilize volatile CBs to reduce their environmental risks in
contaminated soil and prevent air pollution.

It is generally agreed that sorption induced immobilization,
which seeks to reduce the bioavailability and mobility of
contaminants in soil or sediment, and thus reduce the potential
accumulation or uptake of contaminants by biota, is an effective
in situ remediation strategy.9,10 Among the amendments, acti-
vated carbon (AC) has shown a great potential for immobilizing
contaminants, such as PCBs, PAHs and DDTs, in sediments.11–14

Lately, AC is being increasingly used for the immobilization of
hydrophobic organic contaminants in soils.15,16 Earthworm
accumulation of PCBs and plant uptake of PAHs were signi-
cantly decreased in the soils amended with AC.17,18 The strong
sorption capacity of AC is because of its high porosity and large
surface area.19 Generally, powder AC (PAC) performs better than
granular AC (GAC) in reducing the bioavailability of contami-
nants such as PAHs in soil.18,20 However, reports on whether AC
can immobilize volatile compounds are limited.15,21 Moreover,
reports on the comparison of the immobilizing potential of PAC
and GAC for volatile compounds in soil are rare. Volatile
This journal is © The Royal Society of Chemistry 2015
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compounds, such as lower chlorinated CBs, show different
environmental behavior as compared to less volatile
compounds, such as PCDD/Fs or PCBs, in soil.22 One hypothesis
is that the volatile compounds in soil could migrate and easily
diffuse to the strong sorbents of the large or small AC particles.
If so, GAC may perform the equivalent immobilizing effect as
PAC for volatile compounds in soil.

The objective of this study was therefore to test whether AC
could immobilize the volatile compounds in soil and to
compare the immobilizing efficacies of PAC and GAC. A lower
chlorinated and easily volatile CB, i.e. 1,2,4-TCB, as well as a
higher chlorinated and relatively less volatile CB, i.e. hexa-
chlorobenzene (HCB), were selected as model compounds for
this study. The immobilization effectiveness was evaluated by
spiking soil with the CBs, followed by determining their resi-
dues and volatilization over time and by determining the
bioavailability changes of CBs in soil with mild solvent
(butanol) extraction and a bioassay (earthworm accumulation)
study.

Materials and methods
Chemicals

The CBs standards (>99.5% purity) were purchased from Dr
Ehrenstorfer (Augsburg, Germany). The physico-chemical
properties of HCB and 1,2,4-TCB are shown in Table S1
(ESI†). The solvents and all other chemical reagents,
purchased from Nanjing Chemical factory (Nanjing, China),
were of analytical grade. Anhydrous sodium sulfate was oven-
dried at 400 �C for 4 h.

Soil sampling

An agricultural soil (Ferri-Udic Argosols, as referred to in
Chinese Soil Taxonomy) was collected from a vegetable eld in
Nanjing, China. The soil was sampled from the upper 20 cm
layer, and passed through a 2 mm sieve before storage at 4 �C.
The soil had a pH of 7.56; total carbon content of 3.10%; clay
content of 13.61%, silt content of 63.11% and sand content of
23.28%.23

Activated carbon preparation and characterization

A commercial AC was purchased from Shanghai Chemical
Company. The AC was ground and sieved into two parts, powder
AC (PAC) with particle size <150 mm, and granular AC (GAC)
with particle size between 425 and 850 mm. The elemental C, N
and H compositions of AC were determined by a CNH analyzer
(Vario MICRO, Germany elementar, Germany), and O content
was estimated by mass difference (100% – (C, H, N and
ash %)).24 The specic surface areas of PAC and GAC were
determined by applying the Brunauer–Emmett–Teller (BET)
method to nitrogen adsorption isotherms, whereas the pore
volume and size were determined using Barrett–Joyner–
Halenda (BJH) adsorption and desorption analysis. The func-
tional groups of AC were determined using a Fourier transform
infrared (FTIR) spectrometer (NEXUS 870, Thermo Nicolet,
USA). The samples for FTIR analysis were prepared in 2% KBr
This journal is © The Royal Society of Chemistry 2015
wagers. The infrared spectra were obtained with 2 cm�1 reso-
lution with 64 scans between wavenumbers of 400–4000 cm�1.

Soil amendment experiment

Note that articially contaminated soil was used in this exper-
iment. The mixed standards of CBs (HCB and TCB) were dis-
solved in acetone, and then applied to an aliquot of 15 g (dry
weight) of soil in a 50 mL glass beaker. Aer the evaporation of
acetone, 15 g of spiked soil was mixed, and then transferred into
a 1000 mL glass beaker, which already contained 282 g (dry
weight) of equilibrated soil (20% soil moisture content, 25 �C
for 1 week), and the contents were mixed by stirring carefully
with a spatula. Then, 3 g each of PAC or GAC (1% amendment
rate, w/w) was added into different glass beakers to obtain a
total amount of 300 g (dry weight) of amended soil. The spiked
soil and amendments were thoroughly mixed with a spatula
again and transferred to a 1000 mL incubation ask. The water
content was adjusted to 28% soil moisture content. Then, 2 g
(dry weight) of the spiked soil was sampled to analyze the initial
concentrations of CBs in the soil. The remaining soil was
compacted to a volume equivalent to 1.3 g cm�3 of soil density.
The ask was tightly closed with a rubber plug, which contained
inlet and outlet tubes, and incubated at 25 �C for 48 weeks in
the dark. The soil spiked by HCB and TCB but unamended with
AC was used as control. Therefore, there were a total of 3
treatments, namely, Control (unamended), PAC (1% PAC
amendment) and GAC (1% GAC amendment). The concentra-
tions of CBs in each treatment were 1.72 � 0.05 mg g�1 and
7.33 � 0.27 mg g�1 for HCB and TCB, respectively. Data of
Control before 24 weeks was obtained from previous studies.23,25

Note that all the treatments were conducted in triplicates.
During the incubation period, the asks were aerated once in

a week for 20 min at an exchange rate of 0.4 L min�1, in a closed
laboratory trapping system,2 to ush out and trap the volatilized
CBs. Aer aeration, 10 g of soil was sampled for CBs residues
and butanol extraction analysis at a specic pre-determined
interval. For earthworm bioassay experiment, 25 g of soil was
sampled aer 1 week and 48 weeks of incubation.

Earthworm bioassay

The earthworm (Eisenia foetida) uptake of CBs in soil was con-
ducted as a bioassay experiment.27 Briey, 10 adult worms with
clitellum were exposed to 25 g of (dry weight) soils, adjusted to
30% soil moisture content with deionized water in a 100 mL
glass jar, and covered with aluminum foil with several holes.
The soils were maintained under constant room light at 25 �C
for 14 days. Aer exposure, the worms were rinsed and allowed
to purge their gut contents for 48 h on moistened lter papers.
The worms were weighed, frozen dried, and ground with 7 times
their weight of anhydrous sodium sulphate and an equal weight
of quartz sand, followed by accelerated solvent extraction and
gas chromatography (GC) analysis.

Accelerated solvent extraction

The residues of CBs in soil were extracted by accelerated solvent
extraction (ASE 200, Dionex, USA) and were expressed as the
Environ. Sci.: Processes Impacts, 2015, 17, 74–80 | 75
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total concentrations of CBs in soil. Briey, 2 g of soil samples
were homogenized with 5 g of diatomaceous earth and extracted
with hexane/acetone (4 : 1, v/v) at a temperature of 100 �C and a
pressure of 1500 psi. The extracts were rotary evaporated at
45 �C to about 2 mL, and then applied to a silica gel/anhydrous
sodium sulfate column, followed by elution with 15 mL hexane/
dichloromethane (9 : 1, v/v). Finally, the eluate was rotary
evaporated to 1 mL for the subsequent GC analysis.
Mild solvent extraction

Amild solvent extraction, butanol extraction, was used to assess
the immobilizing efficiencies of PAC and GAC, and expressed as
bioavailable fractions.26 Briey, 2 g of soil samples were
extracted with 15 mL butanol in a glass centrifuge tube by
shaking on an orbital shaker at 200 rpm for 2 h, followed by
centrifugation at 1448�g for 30 min. The butanol supernatants
were discarded and the soil, aer extraction, was washed by
centrifugation with 10 mL deionized water for 10 s. Then, the
washed soil was exhaustively extracted by ASE as described
above. The concentrations of CBs in the butanol extract were
calculated by subtracting the concentration in soil aer butanol
extraction from the total concentration in soil before extraction.
Volatilization of CBs from soil

At the various sampling points, the volatile fractions of CBs
were trapped in two trapping bottles, each containing 15 mL
hexane. The two hexane trapping solvents were then pooled
together, dried with anhydrous sodium sulfate and concen-
trated to 1 mL for subsequent GC analysis.
GC analysis

The concentrations of CBs in all the samples were measured by
a GC (Agilent 6890, USA) equipped with a DB-5 capillary column
(30 m length � 0.32 mm internal diameter � 0.25 mm lm
thickness), a 63Ni electron capture detector and an HP 7683
auto-sampler. Nitrogen (purity > 99.999%) was used as the
carrier gas at a ow rate of 1.5 mL min�1. The column
temperature was programmed from 60 �C (1 min) to 140 �C at
20 �C min�1, and then to 280 �C (5 min) at 8 �C min�1. The
injector and detector temperatures were 220 �C and 300 �C,
respectively, and the injection volume was 1 mL in the splitless
mode.
Data analysis

The dissipation of CBs in soil data was tted into a modied
rst-order kinetics equation as follows:23

C ¼ C0[l + (1 � l)e�kt] (1)

where C (mg g�1) and C0 (mg g�1) are the concentrations of CBs
in soil at time t and time 0 (initial concentration), respectively; l
is the coefficient of non-bioavailable fraction of CBs in soil; and
k is the rst-order rate constant (week�1).

The extent of the earthworm accumulation of CBs was
expressed using a bioaccumulation factor (BAF) as follows:28
76 | Environ. Sci.: Processes Impacts, 2015, 17, 74–80
BAF ¼ Cworm/Csoil (2)

where Cworm (mg g�1) and Csoil (mg g
�1) are the concentrations of

CBs in earthworm (dry weight) and in soil (dry weight),
respectively.

All the statistical data were compared using analysis of
variance (ANOVA) and the least signicant difference (LSD) post-
hoc comparison testing with statistical product and service
solutions (SPSS 17.0), and the signicance level was p < 0.05.
Results and discussion
Properties of the AC

As shown in Table 1, the AC had a total C content of 89.60%,
indicating a high carbonization degree. The high aromaticity of
AC could also be ascribed to the low H/C ratio because H is
primarily associated with original organic matter.19 The low O/C
ratio of AC indicates the low degree of hydrophilicity of the AC.19

As a commercial activated carbon, both PAC and GAC have a
large specic surface area and pore volume, indicating that AC
has ne-pore structure created through a well-controlled acti-
vation process. Due to the high degree of carbonization, in
addition to the aromatic rings (1590 cm�1) and aromatic
C–H (1200–1110 cm�1) stretching bands, few distinguishable
bands for AC were observed between 3600 and 700 cm�1.
Dissipation of CBs in soil

To check whether AC could immobilize CBs in soil, the changes
in the residues of CBs over time were monitored. As shown in
Fig. 1, the dissipations of CBs in PAC or GAC amended treat-
ments were signicantly lower than the control (p < 0.05),
throughout the whole incubation period. Moreover, the dissi-
pations of CBs in soil tted well into the modied rst-order
kinetics model (Table 2). Aer 48 weeks of incubation, the
residues of CBs in soil were in the order of PAC > GAC > Control
for each compound. The non-bioavailable coefficient l in AC
amended treatments were signicantly higher than that in the
Control treatment, indicating that AC amendment reduced the
bioavailability of CBs in soil. The value of l for HCB in PAC
treatment was signicantly higher than that in GAC treatment,
whereas there were no signicant differences in the values of l
for TCB between PAC and GAC treatments. This indicates that
PAC performed better than GAC in reducing the bioavailability
of HCB in soil, while PAC performed equally as GAC in reducing
the bioavailability of TCB in soil.

In this study, l is the non-bioavailable coefficient, which also
represents the immobilization ability of the amendments in
soil. The lower the chlorination level of CBs, the more hydro-
philic and degradable they are in soil under aerobic condi-
tions.29 Therefore, the higher dissipation rate k and lower values
of l were observed for TCB, regardless of the treatment.
However, the relative factors of l in AC amended treatments to
unamended treatment were higher for TCB (9.75–10) than that
for HCB (3.25–3.94). This indicates that the immobilization
abilities of the AC amendment were more pronounced for lower
chlorinated (thus volatile) CBs.
This journal is © The Royal Society of Chemistry 2015
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Table 1 Physico-chemical properties of powder activated carbon (PAC) and granular activated carbon (GAC)

pH

Elemental composition (%) Molar ratio

Specic surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Pore width
(nm)C H O N H/C O/C

(O +
N)/C

PAC 7.50 89.60 3.83 4.55 0.82 0.51 0.04 0.05 796.14 0.179 3.98
GAC 753.84 0.111 3.71

Fig. 1 Time course of the residues of chlorobenzenes in unamended
soil (control) or soils amended with powder activated carbon (PAC)
and granular activated carbon (GAC) ((a) HCB; (b) TCB; dots: measured
data; curves: modified first-order kineticsmodel fitted; Data of Control
before 24 weeks was sourced from previous studies23,25).

Table 2 Residues and regression equations of the dissipations of chlorob
activated carbon (PAC) and granular activated carbon (GAC)

Treatment Residue (%)

Modi

C0
a

HCB Control 15.64 � 3.31 1.77 �
PAC 62.50 � 2.83 1.73 �
GAC 50.63 � 2.52 1.81 �

TCB Control 1.39 � 0.80 7.06 �
PAC 38.55 � 4.53 7.52 �
GAC 32.96 � 4.49 7.27 �

a C0: concentrations of CBs in soil at the start time. b l: coefficient of non

This journal is © The Royal Society of Chemistry 2015
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Volatilization of CBs from soil

As shown in Fig. 2, the volatilization ratios of both HCB and
TCB in the amended treatments were signicantly lower than
the control, indicating that sorption reduced the volatilization
of CBs. The volatile fraction of CBs in the control was in the
order of TCB > HCB, agreeing with the order of their vapor
pressures (Table S1†). The lower the chlorination level of CBs,
the faster their volatilization from soil occurs. Aer the
amendment, the relative reduced percentages of TCB in both
PAC and GAC treatments to control were signicantly higher
enzenes from unamended soil (control) or soils amended with powder

ed rst-order kinetics model tted

lb kc R2

0.16 0.16 � 0.01 0.19 � 0.01 0.98
0.09 0.63 � 0.02 0.14 � 0.03 0.97
0.08 0.52 � 0.02 0.15 � 0.03 0.99
0.48 0.04 � 0.02 0.69 � 0.08 0.99
0.32 0.40 � 0.02 0.25 � 0.02 0.99
0.45 0.39 � 0.03 0.26 � 0.03 0.98

-bioavailable fraction of CBs in soil. c k: rst-order rate constant.

Fig. 2 Cumulative volatilization of chlorobenzenes from unamended
soil (control) or soils amended with powder activated carbon (PAC)
and granular activated carbon (GAC) after 24 weeks of incubation, and
the relative reduced percentages in PAC and GAC treatments to
control. Data of control was sourced from previous studies.23,25

Environ. Sci.: Processes Impacts, 2015, 17, 74–80 | 77
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Fig. 3 Butanol extraction of chlorobenzenes from unamended soil
(control) or soils amended with powder activated carbon (PAC) and
granular activated carbon (GAC) after 1 week (a) and 48 weeks (b) of
incubation, and the relative reduced percentages in PAC and GAC
treatments to Control. Data of control in (a) was sourced from previous
studies.23,25
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than HCB. This demonstrates that AC amendment could
effectively reduce the volatilization of volatile CBs and that with
higher volatility of CBs, higher is the reduction in volatilization
aer amendment. The relative reduced percentage of HCB in
PAC treatment was signicantly higher than that in GAC treat-
ment, whereas there were no signicant differences in the
relative reduced percentages of TCB in both PAC and GAC
treatments. This indicates that PAC performed better than GAC
in reducing the volatilization of HCB from soil, while PAC per-
formed equally as GAC in reducing the volatilization of TCB
from soil.

Butanol extraction of CBs from soil

The amendment resulted in the high residues of CBs in soils
(Fig. 1); however, these total concentrations of CBs extracted by
the exhaustive solvent extraction, such as ASE, could not reect
the actual bioavailable concentrations of CBs in soil.30 However,
the mild solvent extraction, such as butanol extraction, reects
the changes of the bioavailability of CBs in amended soil.23 The
butanol extraction efficiencies of CBs in PAC and GAC treat-
ments were signicantly lower than those in the control at each
interval (Fig. 3), indicating that amendment with AC could
effectively reduce the bioavailability of CBs in soil. There were
no signicant differences in the butanol extraction efficiencies
between PAC and GAC treatments for each compound, indi-
cating the equivalent effect of PAC and GAC. Aer aging for 1
and 48 weeks of incubation, the relative reduced percentages of
HCB in PAC and GAC treatments to control were lower than that
for TCB, indicating that the immobilizing effect of the amend-
ments was more apparent for TCB. The lower chlorinated CBs
had relatively higher aqueous solubility (Table S1†) and faster
mass transfer, which enabled them to easily diffuse to the AC
particles in soil and get strongly sorbed. A similar congener
effect has also been observed in studies with PCDD/Fs and PCBs
in soils.15,17

Earthworm accumulation of CBs in soil

The BAFs of CBs in PAC and GAC treatments were signicantly
lower than those in the control, regardless of incubation time,
indicating that amendment with AC could effectively reduce the
earthworm accumulation of CBs (Fig. 4). There were no signif-
icant differences of the BAFs between PAC and GAC treatments
for each compound, indicating that PAC and GAC performed
equally in reducing the accumulation of CBs by earthworms. As
shown in Fig. 4, the relative reduced percentages of BAFs in PAC
and GAC treatments to control aer 1 week of incubation were
48–53%, which were increased to 80–97% aer 48 weeks of
incubation. This indicates that the long term effect of AC
amendments on reducing the bioavailability of CBs in soil was
more apparent than the short term effect. This could be
ascribed to the fact that the volatile compounds, such as CBs,
could diffuse in soil towards amended particles and get strongly
sorbed over a period of time.15 Moreover, aer 48 weeks of
incubation, the reductions in the BAFs of TCB were higher than
that for HCB, conrming that the lower chlorinated CBs expe-
rienced more efficient immobilization by AC.
78 | Environ. Sci.: Processes Impacts, 2015, 17, 74–80
Environmental implication

The low volatilization (Fig. 2), low butanol extraction (Fig. 3) and
low earthworm accumulation (Fig. 4) of CBs in amended treat-
ments, all of these indicate that a low level of AC amendment of
soil could effectively immobilize CBs, especially the more
volatile CBs. Both in PAC and GAC treatment, the relative
reduced volatilization, relative reduced butanol extraction and
relative reduced BAFs for HCB were lower than those for TCB.
Therefore, for hydrophobic volatile compounds, AC amend-
ment could be an effective in situ soil remediation strategy.
Immobilization is a less destructive strategy compared to the
existing alternatives of ex situ remediation such as removal and
landll application or incineration. Immobilization results in
the reduced bioavailability of contaminants in soil and reduced
uptake by both ora and fauna.31 Moreover, it is reported that
amendment with AC does not reduce the degradation potential
of PAHs in soil.32 It has been shown that a biolm, which is not
inuenced by pollutants, could be formed on the surface of
This journal is © The Royal Society of Chemistry 2015

https://doi.org/10.1039/c4em00486h


Fig. 4 Bioaccumulation factors (BAF) of chlorobenzenes in earth-
worm from unamended soil (control) or soils amended with powder
activated carbon (PAC) and granular activated carbon (GAC) after 1
week (a) and 48 weeks (b) of incubation, and the reduced percentages
in PAC and GAC treatments compared to control. Data of control in (a)
was sourced from previous studies.23,25
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AC.33 Black carbon can also be used as a bacteria carrier for
bioaugmentation,34 and this offers remediation possibilities for
volatile compounds: AC immobilizes the volatile compounds in
soil and then the inoculated bacteria degrades them. This is a
potentially effective and sustainable approach for the elimina-
tion of volatile compounds in soil while avoiding air pollution
caused by the soil–air exchange of volatile compounds.

In this study, for HCB, differences between PAC and GAC
treatments were visible as higher residues and lower volatili-
zation of HCB in PAC than those in GAC, but not for butanol
extraction and earthworm accumulation of HCB. However, for
TCB, PAC showed no signicant differences with GAC in resi-
dues, volatilization inhibition and bioavailability reduction,
conrming the hypothesis that GAC performed equally as PAC
in immobilizing volatile compounds in soil. Some studies
reported that with smaller particle size, more effective is AC in
reducing the bioavailability of contaminants,13 but these studies
were based on low-volatile compounds such as PAHs.18
This journal is © The Royal Society of Chemistry 2015
However, for volatile compounds, such as TCB, they could
diffuse in soil towards GAC particles and get sorbed. It has been
reported that at longer contact times, the effectiveness of small-
sized and large-sized ACs can be compared for reducing the
bioavailability of organic contaminants.15 The results suggest
that for the immobilization of volatile compounds, 1% appli-
cation rate of GAC was considerably effective. The addition of
PAC to soil may affect the soil structure and ecological envi-
ronment. For example, PAC amendment had a negative effect
on plant growth, whereas GAC increased the growth rate of
plants.18 PACmay have clogged the soil pores, which are initially
lled with air and water, leading to less aeration and a higher
soil density. However, GAC amendment resulted in a coarser
and more aerobic soil structure.18 Note that PAC may leach and
possibly contaminate ground water.20 Therefore, considering
the ecological risk, GAC is better than PAC in immobilizing
volatile compounds in soil.
Conclusions

AC could effectively immobilize CBs in soil, and the amend-
ment of soil with AC signicantly reduced the volatilization and
bioavailability of CBs compared to the unamended soil, espe-
cially for the more volatile 1,2,4-TCB. GAC and PAC showed an
equivalent efficacy in the immobilization of more volatile
compounds.
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