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The widely existing fly ash and soot produced during the process of combustion, which are often known
as waste but also an important source of black carbon (BC) in the environment, were treated by HCl and HF
solution for this study, and recorded as FC and SC, respectively. A series of experiments were carried out to
investigate the toxicity of pentachlorophenol (PCP) in sediment, influence of various BCs in sediment with
different contents (0%, 0.5%, 1%, 2%, 5% and 10%) on the extractability and toxicity of PCP (50 mg/kg), and
toxicity of various BC in sediment. The results demonstrated that the PCP exposure to wheat seed exhib-
ited a dose-dependent behavior, and the extractability and toxicity of PCP decreased with the increasing
content of BC in sediment. The PCP extractable rate was significantly (P<0.01) influenced by the higher
content of BCs. Noticeably, each BC had no toxic but stimulative effect on root elongation and early
seedling growth. Furthermore, it was found that the inhibitive effect on the extractability and toxicity
of PCP and the stimulative effect on root elongation and early seedling growth caused by SC were more
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evident than FC.
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1. Introduction

Black carbon (BC), accounting for approximately 9% of the total
organic carbon (TOC) in sediments, originates from incomplete
combustion of biomass and fossil fuels [1-4]. It is ubiquitously
present in the environment due to its wide-spread production
and its chemical and microbiological inertness [5,6]. There is an
extensive body of literature in which BC dominated the sorp-
tion and desorption of organic pollutants to BC in soil/sediment,
such as polychlorinated naphthalenes (PCNs), polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs),
octachlorostyrene (OCS), hexachlorobenzene (HCB), hexachloro-
cyclohexane (HCH), 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane
(DDT), and some pesticides [6-13]. Furthermore, it has been
reported that the addition of biochar in soil/sediment could reduce
toxicity/bioavailability of organic contaminants (such as PAHs,
PCBs, diuron, chlorpyrifos, pyrethroid, carbofuran, etc.) [6,14-18],
but the effect of BC in wastes of fly ash and soot on toxicity of
contaminants has received relatively little attention in the envi-
ronment.

Fly ash, produced during the combustion of coal in the elec-
tricity generation process, is mainly collected from thermal power

* Corresponding author. Tel.: +86 571 88982502; fax: +86 571 88982502.
** Corresponding author.
E-mail addresses: loulp@zju.edu.cn (L. Lou), yxchen@zju.edu.cn (Y. Chen).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2011.03.073

plants and disposed predominantly in landfills [19,20]. A survey
about fly ash production and utilization in different countries dur-
ing 2005 showed that China generated higher production of fly ash
(100 million tonnes/year) and utilized lower percentage of fly ash
(45%) comparing to other countries except India [19]. Soot, pro-
duced as an unwelcome byproduct in many practical combustion
systems, usually generates from the exhaust of the diesel engine
and has been found to make up a significant fraction (2-20%) of the
total carbon in marine sediments [8,21-23]. Emissions of fly ash
and soot were known to cause major environmental problems (e.g.
contributing to the global warming, carrying carcinogenic com-
pounds and causing serious health risks) [6], because they have
been reported to contain toxic elements (as B, Se, Ni, Mo and Cd)
[19] and PAHSs [22]. However, in recent years, fly ash and soot have
been suggested to be important sorbents for organic contaminants
in various environments, since they are low cost, ubiquitous, and
have strong affinities for organic chemicals [22,24-28]. Moreover,
fly ash has been reused for building material and soil amendment
[19,24,29], but like soot, it has rarely been applied to reduce the tox-
icity of organic pollutants in soil/sediment. Consequently, owing to
the ubiquity and large mass of BC, it is necessary to investigate the
feasibility of applying BC in wastes to reduce the mobility and toxi-
city of organic pollutants in soil/sediment, and the combined effect
between BC and organic contaminants in the environment.

Our former research showed that BC is a supersorbent for con-
taminants [30], and to provide a basis for the feasibility of applying
BC in wastes to control the contaminant of organic pollutants in
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Table 1

Physical and chemical properties of the tested sediment.
HA KG (%) BC Moisture content (%) CEC (cmol/kg) OM (g/kg) pH Sand Silt (%) Clay
0.57+0.04 1.72+0.13 0.37+£0.04 55.01+0.61 10.94+0.22 9.64+0.08 6.76+0.05 7.12+£1.6 13.84+1.9 79.04 £6.8

soil/sediment, the influence of fly ash and soot on the toxicity
and extractability of HOCs was investigated, and the toxicity of
fly ash and soot themselves was also studied. In this paper, pen-
tachlorophenol (PCP) was chosen as a representative HOC because
of its stable aromatic ring structure and high chlorine content
[31-34]. The wheat seed germination, root elongation and early
seedling growth were adopted as toxicity of PCP and BC tests
according to the U.S. EPA [10]. The water extraction was studied
in order to validate the effect of BC on the mobility of PCP. Lastly,
the discrepancies between fly ash and soot were also studied.

2. Materials and methods
2.1. Sediment and BC particles

The sediment was obtained with a clam sampler from the
Qiantang River. The sampling depth was 1-10cm from the sur-
face of the sediment. The fresh sediment was air dried, ground,
and sieved through a 0.15-mm mesh to remove stones, other
particles, etc. A comprehensive procedure consisting of major
steps of demineralization, base extraction, and chemical oxida-
tion, was developed in this study to quantify contents of humic
acid (HA), kerogen (KG), and BC [13]. Oven-dry moisture con-
tent was determined by drying the soils for 48 h at 105°C [10].
The NH4CI-C3;Hs0H method and K;Cr, 07 oxidation method were
used to determine the cation exchangeable capacity (CEC) and the
organic matter content (OM), respectively [35]. Sediment pH was
measured in deionized water using a 1:1 (w/v) soil-to-solution ratio
[36]. The physico-chemical properties of the sediment are shown
in Table 1. Moreover, there was pollution in the sediment, such
as PCB (0.0459 mg/kg), Cr (0.0429 mg/kg), Zn (0.1683 mg/kg), Cd
(0.0021 mg/kg), and Cu (0.0764 mg/kg), but the sediment did not
contain a detectable quantity of PCP [37].

The fly ash, produced during the combustion of coal (at 1400 °C),
was collected on electrostatic filters (Hangzhou Thermoelectric
Plant, Zhejiang province, China). Soot was purchased from Degussa
Company, Germany. To get purified BC, these samples were treated
in 2 M HCl and 1 M:1 M HCI-HF solutions, then thoroughly washed
with distilled water five times [38,39]. The treated fly ash and soot
were oven-dried overnight at 105°C, and recorded as FC and SC,
respectively.

The elemental composition (C, H, and N) of each BC was
determined with an Element Analyzer (EA 1110, USA). The
Brunauer-Emmerr-Teller (BET) surface area and pore volume of
BCs were measured with a 100CX surface area analyzer (Coulter
Omnisorp, USA) and calculated by the BET equation and monobuoy
cohesion (at P/Py=0.981), respectively. The surface acidity and
basicity were determined using the Boehm’s titration method [30].
The characteristics of FC and SC, determined before, are shown in
Table 2.

2.2. Chemicals and seeds

Pentachlorophenol (PCP), with a purity of >98%, was pur-
chased from Sigma Aldrich (China) and prepared to a concentrated
stock solution with methanol. A solution consisting of distilled
water (pH 7.0+0.1), 1TmM CaCl,, 1TmM MgCl,, and 0.5mM
Na;B407-10H,0 was used to extract PCP in sediment amendments.
Wheat seeds, named as Yangmai 12, were purchased from the

seed technique extension station of Hangzhou, Zhejiang province,
China.

2.3. Toxicity of PCP in sediment

PCP was spiked in the sediment to get a series of concentra-
tions ranging from O (control) to 100 mg/kg using the prepared PCP
methanol solution. After methanol volatilized completely, 30 g con-
taminated sediments with different concentrations of PCP were
weighed in Petri dish (90-mm diameter) and adjusted the maxi-
mum water holding capacity (WHC) to 60% using distilled water,
then each dish was placed at 25°C for 24h in the dark to make
PCP equilibrium. Each treatment was conducted in triplicate. Prior
to testing, fifteen wheat seeds were sown evenly throughout each
Petri dish. After that, all the Petri dishes were incubated in a
controlled environment chamber (model 102F Electrolab), with
the conditions of 25°C/20°C day/night temperature, 14h/10 h day
night cycle and 65% air humidity. In our test, the experiments were
terminated after 72 h of growth on the basis that the primary root
of the control group was 18.2 mm, which was up to the standard
of ending experiment. At the end of incubation, germinated seeds,
the root and shoot lengths of emerged seedlings were determined
[10,40]. In order to make toxicity of PCP clear, the inhibition rate
(%) of germination, shoot and root length of seedlings growing in
the test sediments was calculated as follows:

control value — sample value
control value

Inhibition rate (%)=

2.4. Extractability of PCP by BC

To achieve amendment rates of 0% (control), 0.5%, 1%, 2%, 5%
and 10% (dry weight basis), the sediment was mixed with specific
quantities of FC and SC, respectively. The sediment amendments
were thoroughly mixed and then spiked with the PCP stock solu-
tion to achieve a concentration of 50 mg/kg [42,43]. After that,
the spiked sediment amendments were incubated in the dark at
254 1°C for the same period of time as in the germination test
[10,36], then the aqueous extract of PCP was conducted with pre-
pared distilled water based on the ratio of soil/water to 1:2.5. The
mixture was shaken on a horizontal shaker at 200 rpm at 25+ 1°C
for 24 h (enough for the reaction to reach the apparent equilibrium)
in the dark and the resulting slurry was separated by centrifugation
at 3000 rpm for 20 min. An aliquot of 1 mL of the supernatant lig-
uid was filtered through a 0.45 pm Millipore membrane and then
analyzed using high performance liquid chromatography (HPLC,
Agilent 1100, USA). A mixture of methanol and 1% acetic acid
(90:10, v/v) was used as a mobile phase at a flow rate of 1.0 mL/min,
and the injection volume was 20 p.L [35].

2.5. Influence of BC in sediment on toxicity of PCP

The sediments amended with FC and SC (the content ranged
from 0% to 10%) were spiked with the PCP stock solution to
achieve a final concentration of 50 mg/kg. Then, the germina-
tion test was conducted following the same protocol as described
in Section 2.3 except that the sediment was replaced by sedi-
ment amended with FC and SC, and each treatment was repeated
three times. The germination rate, shoot and length of seedlings
were expressed to observe the effect of BC on toxicity of PCP
directly.

x 100% [41].
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Table 2

Physical and chemical properties of two BCs.

Basic group
(mmol/g)

Acidic group (mmol/g)

Average pore
size (nm)

Porosity
(mL/g)

Surface

Elemental composition (%)

BC

area (m?/g)

Quinonyl
0.490
0.016

Phenolic
0.000
0.161

Lactone
0.000
0.240

Carboxyl
0.494

0.000

20.53

0.0387
0.170

21.0

0.26

29.68
91.46

FC
SC

0.000

1.014

19.87

50.5

0.97
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Fig. 1. Inhibitive effects of PCP concentrations on the germination, shoot and root
length of wheat seeds. Error bars represent standard deviations (n=3).

2.6. Toxicity of BC in sediment

Germination tests of FC-amended and SC-amended sediments
without PCP were carried out to examine whether BC would show
toxicity to seed germination. Germinated seeds, root and shoot
length of emerged seedlings were determined in the same way as
described above. Each treatment was also done in triplicate.

3. Results and discussion
3.1. Toxicity of PCP in the sediment

The inhibition rate of germination, shoot and root length in the
PCP contaminated sediment is plotted in Fig. 1. It is showed that
the inhibitive effects of germination and root length were quite
evident and enhanced along with increasing PCP concentration,
but a weaker inhibitive effect of shoot length was shown. More-
over, it is found that the inhibition rate of germination was below 0
when the concentration of PCP in sediment was 5 and 10 mg/kg.
This suggested that the toxicity of PCP was stimulatory at low
concentrations but toxic at higher concentrations, which was accor-
dance with “hormesis” effect (a dose-response phenomenon that
is characterized by low-dose stimulation and high-dose inhibition)
[44,45].

Compared a concentration of 50 mg/kg to the control group
(PCP=0mg/kg), the inhibition rate of germination showed sig-
nificant difference (P<0.05), the root length exhibited extremely
significant difference (P<0.01), whereas the shoot length had no
obvious significant difference at 5% level. At a concentration of
100 mg/kg, the inhibition rate of germination and root length was
nearly 90% toxic to wheat seed in the sediment, and showed
extremely significant differences (P<0.01) in comparison with the
control group.

Linear regression analysis was conducted to data in Fig. 1, and
the obtained equation is shown in Table 3. The corelationship anal-
ysis showed that there was significant correlation between PCP

Table 3
Linear relation between PCP concentrations(Cpcp) in sediment and the inhibition
rates of germination (I ), shoot (Is) and root (Iz) length of wheat seeds, respectively.

Inhibition rate Linear equation R? P
Germination I =0.806Cpcp +12.586 0.923 0.0014
Shoot Is=0.430Cpcp +12.309 0.783 0.0128
Root Ir =1.058Cpcp — 10.508 0.983 6.95449E>

P<0.05 means significant correlation, P<0.01 means extremely significant correla-
tion.
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Fig. 2. Extraction ratio of PCP (50 mg/kg) to sediment associated with black carbon
(FC and SC). Error bars represent standard deviations (n=3).

concentrations and inhibition rates of shoot length (P<0.05), and
extremely significant correlation between PCP concentrations and
inhibition rates of germination or root length (P<0.01).

In addition, the LCsq (lethal concentration of 50%) of PCP in
the sediment was 46.42 mg/kg calculated by the linear equation
between PCP concentrations and the inhibition rates of germina-
tion, and based on this, a PCP concentration of 50 mg/kg was chosen
for all subsequent experiments.

3.2. Influence of BC on extractability of PCP

The extractable rates of PCP by aqueous solution extraction
decreased with the increasing content of BC and decreased to
almost 0% as the addition of BC up to 10% (Fig. 2). The variance
analysis indicated that all the sediment amendment rates except
FC content of 0.5% had extremely significant effects (P<0.01) on
the extractability of PCP compared to the control group (sediment
without adding BC at 50 mg PCP/kg).

It was proposed that BC in soils or sediments could act as
supersorbent for contaminants because of its special physical and
chemical properties [2,4,6-8,38,39]. In the current study, the native
BCin the sediment was only 0.37% and the additional BCs were rich
in surface area, porosity and functional group. Owing to the addi-
tion of FC and SC to the sediment, the liquid phase (bioavailable
concentration) of PCP might decrease due to its adsorption and
binding to BCs [4,7,38,46]. Moreover, because of the dissociation
of acidic groups of BC (-OH, —-COOH, etc.), the pH value of system
might decrease. Thus, the proportion of species-PCP" and PCP~ was
altered as well, and the neutral form of PCP, highly sorptive, might
increase in sediment amended with FC and SC [47,48].

Additionally, the extractability of PCP in sediment amended
with SC was lower than FC, which was mainly caused by the higher
surface area, porosity, and functional group of SC.

3.3. Influence of BC on toxicity of PCP

The influence of BC on the toxicity of PCP (50 mg/kg) in the sedi-
ment is shown in Fig. 3. The germination rate, shoot and root length
exhibited a growing tendency along with the increasing BC content
in sediment ranging from 0% to 10%. In comparison with the con-
trol group (the sediment without adding BC at 50 mg PCP/kg), the
addition of FC to the sediment had no statistically significant effect
on the germination rate; whereas FC content up to 5% and 10%,
extremely significant difference (P<0.01) was found in shoot and
root length test. In the SCamendment groups, there was extremely
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Fig. 3. Effects of 50 mg PCP/kg and added BCs (FC and SC) on the germination (a),
shoot (b) and root length (c) of the wheat seeds. Error bars represent standard devi-
ations (n=3); compared with the control, ** represent a significant difference for
P<0.01 and * represent a significant difference for P<0.05.

significant difference (P<0.01) in germination rate, shoot and root
length at SC content from 2% to 10% compared to the control group;
while SC content of 1% had no statistically significant effect on the
germinationrate, but extremely significant effect (P<0.01) on shoot
length and significant effect (P<0.05) on root length.

In general, it has been hypothesized that the strong sorption
and desorption hysteresis caused by BC could be considered as
one of the key factors regulating the bioavailability and the tox-
icity of organic contaminants in soil/sediment [5-7,27,43,49]. In
this study, due to the addition of FC and SC in sediment, the liquid
phase (bioavailable concentration) of PCP gradually decreased with
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Fig. 4. Effects of various BC on the shoot length (a) and root length (b) were deter-
mined in samples including wheat seeds and sediment associated with BC only.
Error bars represent standard deviations (n =3); compared with the control, ** rep-
resent a significant difference for P<0.01 and * represent a significant difference for
P<0.05.

the increasing content of BC and the toxicity of PCP was reduced
accordingly. Therefore, it is concluded that the addition of FC and
SC could reduce the toxicity of PCP in the sediment.

Besides, the influence of SC on toxicity of PCP was found to be
more pronounced than FC. This might be mainly due to the surface
area, porosity, and functional group of SC which are superior to FC
(Table 2). It is inferred that PCP molecules in sediment amended
with SC were better to be locked by the manner of adsorption and
binding of micropore, which was determined by the surface area
and porosity. Consequently, the toxic effect of PCP in sediment
added in SC was lower than FC on the basis of the higher ability
of locking PCP.

3.4. Toxicity of BC in sediment

Effects of BC on the germination test were determined in sed-
iments amended with BC only. The results demonstrated that
the germination rate was almost 100% in all sediment amend-
ments, and was not statistically significantly different; that FC
had no significant effect on the shoot length whereas SC showed
extremely significant effect (P<0.01) in all amendment rates; and
that extremely significantly affect (P<0.01) on root length in all
sediment amendments apart from sediment amended with FC at
rate of 0.5% (Fig. 4). Hence, it can be concluded that there was no
toxic but stimulative effect of BC on growth of wheat seeds within
the test ranges. Moreover, there was no statically significant linear

correlation (P> 0.05) between BC content and growth promoting
action caused by BC.

Meanwhile, the more obvious facilitation was found in SC-
amendment groups compared with that in FC-amendments. It was
reported that BC particles discharged in environment were con-
sidered both nutrient and toxic materials, and the addition of
BC to soil may improve the physico-chemical properties (such as
soil conductivity, organic carbon, microbial activity, soil poros-
ity, etc.) [19,24,29,49]. In this study, due to the tested sediment
was the same, the difference between FC-amendments and SC-
amendments was mainly contributed to the various properties of
FCand SC, which are shown in Table 2. The results may be attributed
to two aspects, one is the characteristics of SC were better than
FC, and SC could hold contaminants (heavy metal, PAHs, PCBs, and
HOCs, etc.) more effectively; the other is FC might have more toxic
elements (as B, Se, Ni, Mo and Cd) generated in process of combus-
tion than SC. To validate the toxic elements, X-ray diffraction (XRD)
analysis was carried out to determine the elements of SC and FC.
The XRD pattern (figures not shown) showed that after repeated
washing, there were still some residual salts like hematite, mullite
and quartz in FC, and which was drawn after repeated operation
and was not accidental. The existence of those substances might
affect the results of the toxicity test, and the difference was also
probably determined by the surface area, porosity, and functional
group of BC. However, owing to the complex system, further study
is still necessary to clarify the exact effect of BC on organisms.

4. Conclusion

Our experimental results showed that PCP had an obvious dose-
dependent behavior for wheat seed, the toxicity of PCP was reduced
gradually with the increasing content of FC and SC in sediment,
and the influence of SC on the toxicity of PCP was more pro-
nounced than FC due to the higher surface area and porosity of
SC. It was also found that each BC had no toxic but stimulative
effect on root elongation and early seedling growth, and the facili-
tation in SC-amendment groups was more obvious compared with
FC-amendments. Furthermore, the addition of BC in sediment was
found to be able to markedly reduce the extractable concentration
of PCP.

It is commonly known that fly ash and soot produced in the
process of combustion are ubiquitous, and usually classified as
waste and utilized insufficiently. The emission of BC particles was
attributed to part of major environmental problems. Conversely,
it was reported to reduce the bioavailability and toxicity of con-
taminants through enhancing sorption capacity and desorption
hysteresis of contaminants in soil/sediment containing BC. There-
fore, the current study could provide insight into more systematic
research on applying the fly ash and soot waste to reduce toxicity
of contaminants and promote growth of organisms.
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