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0Oil shale and fly ash collected from two thermal power plants located in Huadian, the northeast city of
China were subjected to fraction distribution, translocation regularity and toxicity assessment to provide
preliminary assessment of suitability for land application. By Tessier sequential extraction, the results
showed that Ni, Cr, Pb and Zn were mostly bounded with iron-manganese and organic bound in oil
shale, but Cu and Cd were mostly associated with iron-manganese bound and residue fraction. Through
circulated fluidized-bed combustion, high concentration of heavy metals (Cu, Cd, Ni, Cr, Pb, and Zn) was

gﬁ/:vhzrlis: found in iron-manganese bound and residue fraction in fly ash. There was accumulation of all studied
Heavy metal metals except Ni and Cr in fly ash and translocation mass of metals were as follows: Pb>Zn>Cu>Cd
Fly ash during circulated fluidized-bed combustion. Fly ash was contaminated with Cd higher than the pollution
Translocation concentration limits listed in GB15168-1995, China. This work demonstrated that it was unadvisable way
STI model to carry out landfill without any treatment. By means of STI model, toxicity assessment of heavy metals

was carried out to show that there was notable increase in toxicity from oil shale to fly ash.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The exploitation of alternative energy sources has attracted
more and more attention in the world since a serious decrease of
fossil fuels such as coal, petroleum and natural gas due to over-
use has been noted. As a possible energy resource substitute, oil
shale, which is a natural sedimentary rock with a few of organic
matter and rich in ash, has been used to generate electricity and
extract oil for several decades [1,2]. In China, more than 5% oil
yield is mainly encountered in Huadian of Jilin province, Fushun
of Liaoning province and Maoming of Guangdong province [3]. The
by-product of oil shale ash is considered as a serious environmen-
tal problem [4]. In China, the total annual discharge of oil shale
ash is estimated to be more than 800,000 tons. Amount of aban-
doned oil shale ash have occupied a great deal of cultivated land and
have deteriorated environmental quality. Previous studies showed
that there was clear accumulation of Pb, Cd, Zn, Tl and As in the fly
ash [5]. Taken Maoming city in China for example, the concentra-
tion of heavy metals in oil shale ash overran mean values of soil in
Guangdong, especially Cu, Zn, Mn, Ni, Pb, Cd and Cr. The discharge of
large quantities of heavy metals into water resources has an adverse
impact on the environment [6]. The ecological condition deteri-
orated by abandoned oil shale ash will endanger human health
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in different ways, such as the use of polluted surface water and
the consumption of any eatable species living in polluted aquatic
ecosystem [7].

According to Tessier theory, the heavy metals often occur in
five fractions, like exchangeable (EXC), carbonate bound (CAR),
iron-manganese bound (Fe—-Mn), organic bound (ORG) and residual
(RES) fraction, in which the three formers are liable to decompose
and others are relatively stable [8]. Because of these, the knowledge
of heavy metal content and its fraction in oil shale and fly ash is the
most important factors in selecting disposal alternative [9].

Through fluidized-bed combustion, a great quantity of oil shale
ash is used to product cement, brick, ceramisite agitator and
adsorbent for construction and chemical materials [10-17]. Accom-
panying with this recycling process, heavy metals are transferred
into new products, in which potential toxicity cannot be ignored.
When heavy metal content is in superscale, secondary pollution
will be caused in industrial application of oil shale ash. Mean-
while, manpower and material resources will be drained. For the
thermal and chemical treatment of oil shale ash, the research on
heavy metal content and its form will be carried onto provide
information for innocent treatment and resource recycling of fly
ash.

The present study was carried out to measure the concentration
of heavy metals with different fractions in oil shale and oil shale
fly ash (OSFA). The main aim of our study is to investigate the dis-
tribution regularity and migration mechanism of heavy metal from
circulated fluidized-bed combustion of oil shale, and make toxicity
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Fig. 1. The particle distribution of OSFA collected from thermal power plants located in Huadian, China.

assessment on OSFA in order to find out whether it is a relatively
safe way to product building materials or make landfill without any
treatment of OSFA.

2. Materials and methods
2.1. Experimental samples

Oil shale and OSFA in experiment were collected from two ther-
mal power plants of various sizes ranging from 65 to 85 tons per
hour located in Huadian, the southeast city of Jilin province, China.
0Oil shale samples were crushed into particles (<75 wm) to investi-
gate concentration of heavy metals and their fractions, respectively.
Through mechanical grading, OSFA was divided into five fractions.
As shown in Fig. 1, the mass of fly ash with particles size <75 wm
is 4.65 times more than others of size ranging from 75 to 850 wm.
For further study on chemical and architectural application, OSFA
with particles size <75 wm was selected to measure concentration
of heavy metals with different fractions.

2.2. Reagent and apparatus

The extracting solution was prepared from analytical reagents
and was checked for possible heavy metal contamination. The ana-
lytical reagents in experiments were HNO3, HClO4, HCl, MgCl,,
NH,OH-HCl, NaOAc, NH4Ac, HOAc and 30% H,0,. All reagents
matched were performed with deionized water. Glassware used
for the experiments was cleaned beforehand with washer solvent
by ultrasonic cleaner for more than 20 min and rinsed three times
with deionized water.

Apparatus for preparing extractant and separating supernate
were given as follows: Leici PHS-25 pH-meter (Shanghai, China),
JJ3000 analytical balance (Changshu, China), Sartorious BT 25 S
analytical balance (Beijing, China), Guohua SHC-A constant temper-
ature shaker (Changchou, China), Xiangyi L500 centrifugal machine
(Changsha, China). The elements concentrations in all supernates
were analyzed by Perkin Elmer Analyst 700 atomic absorption pho-
tometer (San Diego, USA).

2.3. Extracting methods

Referring to Tessier theory and researches on heavy metal con-
tamination [8,18-20], extracting procedure in this work was given
as follows:

Step I: 8 ml solution of MgCl, (1 molL~!, pH 7.0) was added to 1¢g
of OSFA sample in a 10-ml glass container, continuously shaken
for 1h at 25°C. The extract was separated from the solid sample
by centrifuging at 3000 rpm for 30 min and then the supernate
was filtered through 0.45 wm cellulose nitrate filter. The super-

nate was analyzed by Perkin Elmer Analyst 700 atomic absorption
photometer. The solid sample was washed with deionized water
and underwent next step.

Step II: 8 ml solution of NaOAc (1 molL-1, pH 5.0) was added to
residue from step I in a 10-ml glass container, continuously shaken
for 1 h at 25°C. Other extraction procedure was then performed as
described above.

Step III: 20 ml solution of NH,OH-HCI (0.04 molL~1) in 25% HOAc
(v/v, pH 5.0) was added to residue from step Il in a 50-ml glass con-
tainer, continuously shaken for 6 h at 96 + 2 °C. Other extraction
procedure was then performed as described step 1.

Step IV: 3ml HNOs (0.02molL~1) and 5 ml 30% H,0, was added
to residue from step Il in a 50-ml glass container. The mixture
was adjusted to pH 2.0 with HNO3 and shaken occasionally for 2 h
at 85°C. Then, 3 ml 30% H,0, was added to mixture, adjusted to
pH 2.0 with HNO3 and shaken occasionally for 3 h at 85°C. After
cooling, 5ml NH4Ac (3.2 molL-1) was added to mixture, contin-
uously shaken for 0.5h at 25°C. Other extraction procedure was
then performed as described above.

Step V: 4ml strong HNO3 and 1 ml HClIO4 were added to residue
from step IV. After digestion of residue, heavy metal concentrations
in the supernate were determined as described step I.

2.4. Enrichment factor of heavy metals

Translocation mass of heavy metals from oil shale to OSFA is one
of the key components of pollution level. In our study, the mass vari-
ation of heavy metals between oil shale and OSFA was described by
enrichment factor, calculated according to the following formula:

Z?ﬂ M;_fp — ZL] m;_os

Eef = n
> i1 Mios

where ¢, is the enrichment factor of heavy metal; m;_gy is the mass
of heavy metal with ith fraction in OSFA; m;_qg is the mass of heavy
metal with ith fraction in oil shale; n is the number of fractions in
metal component, according to extraction procedures.

(1)

2.5. Statistical analysis

Principal component analysis (SPSS, version 15.0) of heavy met-
als was calculated based on the correlation matrix, which was
performed in different fractions such as EXC, CAR, Fe-Mn, ORG and
RES. Principal component analysis was performed for five fractions
as variables (EXC, CAR, Fe-Mn, ORG, and RES) to summarize the
translocation regularity of heavy metals from oil shale to OSFA.
This method produces factors that have high correlation with one
smaller set of variables and little or no correlation with another set
of variables [8].
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3. Toxicity calculation by Synthesis Toxicity Index model

To express concentration of the heavy metals in experimental
samples, different models were used to perform toxicity assess-
ment of trace metal mixtures [7,21,22], for example, toxic unit
(TU) model, potential ecological risk index (RI) model and Index of
Geoaccumulation (Igeo) model. In TU model, toxicity assessment of
multimetal pollution is performed by their median effective con-
centration (EC50), which is 50% concentration of individual metals
in mixture [23]. R model pays more attention to potential ecologi-
cal risk caused by the total concentrations and toxicity coefficients
of heavy metals in mixture. For Igeo model, the total concentrations
of heavy metals in mixture have an important effect on pollution
level. The calculating methods such as TU, RI and Igeo perform tox-
icity assessment by virtue of the partial or total concentrations
of heavy metals in mixture, which are considered to be pseudo
digestion [19]. In fact, the effective concentration of heavy metal
which have an impact upon toxicity calculation depends strongly
on their specific chemical forms or ways of binding [24]. A ratio-
nal toxicity assessment model should consider these parameters
determining the mobility of trace metals, their bioavailability and
related eco-toxicity to plants. In our study, Synthesis Toxicity Index
(STI) model was presented to perform the toxicity assessment of
present and potential contamination caused by heavy metals with
different fractions and quantities [25]. The STI model is expressed
as

n m
T= Z T ZEiQ; % 1076 2)
r=1 i=1

where n is the number of heavy metal components in sample; T
is the toxicity coefficient of rth metal component in sample; m
is the number of fractions in individual metal component, m=5
(according to Tessier theory); E; is the bioavailability coefficient of
ith metal form; Q} is the mass of ith form in rth metal component,
mg/kg.

According to criterion presented by Lars Hakanson, the toxic-
ity coefficient T, reflects ecosystem sensitivity to pollution caused
by heavy metals (Table 1). Compared with other methods of tox-
icity assessment, bioavailability pays more attention to influence
of heavy metals in different fractions on aquatic ecosystem which
plants and animals live in. Previous studies show that bioavailability
fraction of metals decreases with time and with increase in pH, clay
and organic matter contents [26,27]. In STI model, it is suggested
that organic matter have a negligible impact on potential toxicity
and pH exert a great influence on valid toxicity of heavy metals.
Therefore, the bioavailability coefficient E; is primarily determined
by pH adjusted in each extraction procedure (Table 1). For the resi-
dent step, metals extracted are generally considered neither mobile

Table 1

The toxicity coefficient and bioavailability coefficient of heavy metals in STI model.
Heavy metal T;
Zn 1
Cu 5
Ni 5
Cr 2
Pb ]
Ccd 30
Fractions E;
EXC 7.00
CAR 5.00
Fe-Mn 5.00
ORG 2.00

RES 0

nor bioavailable. It is unlike that any naturally occurring processes
could dissolve these metals [28]. Consequently, the bioavailability
coefficient in resident fraction is defined E; = 0.

4. Results and discussion
4.1. Total concentration of heavy metals in oil shale and OSFA

The concentration of heavy metals with different fractions in
oil shale and OSFA were measured by Tessier sequential extrac-
tion (Table 2). In the first oil shale sample (OSI), abundance of total
heavy metals was followed by Pb, Zn, Ni, Cr, Cu and Cd, whereas
in case of the second oil shale sample (OSII) the abundance was
as follows: Zn >Pb > Ni > Cr > Cu > Cd. The total concentrations of Pb
and Zn were quite higher than those of other metals investigated in
experiment. Through circulated fluidized-bed combustion, abun-
dance of total heavy metals in OSFA (OSFAI and OSFAII) was as
follows: Pb>Zn>Cu>Ni>Cr>Cd. The total concentrations of Pb
and Zn were higher than 250 and 210 pgg~!, respectively. Com-
pared with oil shale, there was notable accumulation of Pb, Zn and
Cu in OSFA.

4.2. Distribution of heavy metals with different fractions

Many studies on sequential extraction from soils and sewages
sludge have usually been carried out to investigate metal mobility
and availability [8,20,29]. In this study, the mobility and availability
of heavy metals in oil shale and OSFA were studied by their differ-
ent fractions. As shown in Fig. 2A, the maximum level of Cu, Cd,
Pb and Zn in OSI were bound with Fe-Mn, whereas Ni and Cr were
found mainly in organic bound. A large quantity of Cr, Pb and Zn in
OSII mainly existed in organic bound, while Cd and Ni were mainly
bound with Fe-Mn, and Cu was mostly found in residual fraction
(Fig. 2B). However, percentages of Pb and Ni with exchangeable frac-
tion in OSFA increased significantly to perform more availability in
nature. As shown in Fig. 2, heavy metals (Ni, Cr, Pb, Zn) bounded
with ORG were prone to be converted to compounds bounded with

Table 2
Heavy metals extracted from oil shale and OSFA in thermal power plants located in
Huadian, China.

Different fractions ~ Heavy metals (ngg™!)

Cu Ccd Ni Cr Pb Zn
0SI
EXC 2503 0340 0.528 1.987 34.621 1.739
CAR 2347  0.320 1.979 2.167 17.483 9.673
Fe-Mn 6.188 1.299 10.122 7.318 56.012 74.746
ORG 5566  0.320  13.832 10.788  48.953 67.282
RES 5618  0.530 1.040 2539  21.109 14.930
oslI1
EXC 2762  0.176 1.540 0.588 16.047 2.007
CAR 2147 0324 2.399 3.030 16.070 3.446
Fe-Mn 5.717 0.816 15.485 11.543  36.996 47.702
ORG 6.292 0240 10.893 13.440  49.442 79.169
RES 7.950  0.575 1.285 0.835 16.336 15.131
OSFAI
EXC 2319 0400 3.598 0.983  71.985 1.231
CAR 3.358 0.236 6.533 1.123  20.957 25.586
Fe-Mn 5.798  0.740 8.956 5777  96.187 105.174
ORG 12.797  0.656 1.403 2.750  51.372 55.257
RES 25.588  1.035 5.432 1449  15.807 27.615
OSFAIl
EXC 5.078 0.100 3.466 1.059  67.000 1.394
CAR 3.959 0.136 5.477 0.799 18.849 22.433
Fe-Mn 12.795  0.640 4.568 5.467  94.682 113.563
ORG 10.876  0.208 1.559 2.894  59.692 50.129
RES 11296  1.180 3.503 6.106 11.688 30.996
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Fig. 2. Chemical speciation of heavy metals investigated on oil shale and OSFA from thermal power plants in Huadian, China.

Fe-Mn and RES due to complicated oxidation reaction in combus-
tion.

Previous studies showed that the elemental contents of fly ash
were closed to the melting and boiling points of the elements (met-
als or compounds) concerned. In general, the lower melting and
boiling points for either elements or compounds (oxides, sulfates
and chlorides), the higher contents of the corresponding elements
in the fly ash [30]. Melting point of metals such as Zn, Cd and Pb
and their metal compounds were below the combustion temper-
ature range. It may be supposed that heavy metals in OSFA may
originate from the volatilization chlorides and sulfates of Cu, Cd,
Ni, Cr, Pb and Zn and their oxides.

4.3. Translocation of heavy metal from oil shale to OSFA

Seen from Table 3, the translocation mass of metals from oil shale
to OSFA were as follows: Pb >Zn > Cu > Cd. According to the enrich-
ment factor, the values of translocation mass for all studied metals
varied from each other between oil shale and OSFA. After circu-
lated fluidized-bed combustion, there was accumulation of heavy

Table 3
Translocation mass and enrichment factor of heavy metals from oil shale to OSFA.
Metals OSI-OSFAI OSII-OSFAIl

T™ (pgg™") Eef EL T™ (pgg™") Eof EL
Cu 27.630 1.244 o 19.136 0.770 o
Ccd 0.257 0.092 * 0.133 0.062 *
Pb 78.130 0.438 * 117.020 0.868 A
Zn 46.493 0.276 > 71.060 0.482 >

“Enrichment level: *minimal (0<e&,<0.1); **medium (0.1 <&,<0.8); *** maximal
(Eef> 0.8).

metals at different level. Accumulation quantity of particular heavy
metal ion depends strongly on the melting and boiling point of its
chemical compounds. Due to high melting point and boiling point
of oxides, there was no accumulation of Ni and Cr in fly ash. Cal-
culated enrichment factor (Table 3) shows that there was notable
accumulation of Cu and Pb in OSFA, where the accumulation of
other metals was in the order Zn > Cd.

Principle component analysis for heavy metals with different
fractions in oil shale and OSFA indicated that two principle compo-
nents (Fe-Mn and EXC) accounted for 89.60% of the total variance in
the complete data set (Fig. 3). This result showed that heavy met-

Component Plot

1.0+
EXC
o
0.54
o~
=
2 CAR Fou
eMn
8. 0.0 = 5
1= ORG
o
) RES
-0.54
-1.01
T T T T
-1.0 -0.5 0.0 0.5 1.0

Component 1

Fig. 3. Principle component analysis of heavy metals with different fractions in oil
shale and OSFA.
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Table 4

Toxicity assessment of heavy metals on oil shale and OSFA by STI model.
Experiment samples STI

0sI 0.00542
osll 0.00394
OSFAI 0.00806
OSFAIl 0.00790

als with EXC and Fe-Mn were liable to be generated in oil shale
combustion.

4.4. Toxicity assessment of heavy metals on oil shale and OSFA

By means of STI calculation, the toxicity index is significantly
enhanced from oil shale to OSFA (Table 4). The main reason is
that there was accumulation of heavy metals (Cu, Cd, Pb, and Zn)
in OSFA, especially Pb and Zn. In addition, a significant increase
in the concentrations of heavy metals with unstable fractions is
undoubtedly prone to have an adverse impact on aquatic ecosys-
tem. According to principle component analysis, there were notable
accumulations of heavy metals with EXC and Fe-Mn, which led to
significant increase in mobility and bioavailability of toxic metals.
Among heavy metals in OSFA, Cd exceeded the pollution concentra-
tion limits (GB15168-1995, China). Previous studies have identified
that accumulation of Cd in human bodies through food chain has
caused human health problems, such as renal dysfunction, hyper-
tension, thyropathy and cancer [31-33]. Therefore, it is apparently
showed that environmentalists should pay more and more atten-
tion to the danger to aquatic ecosystem and plants around power
factory [7]. Because of a potential threat to human health posed by
toxic metal irons that enter into biosphere, it was an unadvisable
way to carry out industrial application or landfill of OSFA without
further treatment.

5. Conclusion

The present study clearly specifies that there were notable accu-
mulation of heavy metals such as Cu, Pb and Zn in OSFA after
circulated fluid-bed combustion. Among toxic heavy metals, Cd sur-
passed the range defined by environmental quality standard for
soils of PRC (GB15168-1995). It is necessary that some effective
measures should be taken to reduce possible contamination caused
by Cd.

Calculated by STI model, the toxicity level of heavy metals
in OSFA was significantly enhanced after circulated fluidized-bed
combustion. The strong toxicity of heavy metals in OSFA is an
obstacle to the direct application without any treatment. The main
limitation of this model is that a number of interactions between
metals were neglected. Compared with other models, STI model is
more useful in carrying out toxicity assessment relating to realistic
environment due to consideration of metals with different fractions
and quantities.
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