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Abstract: The bottom ash and fly ash from the co-combustion of wood residues and peat at a bubbling fluidised bed boiler (296 MW)
contained only quartz (SiO,), microcline (KAISi;Og) and albite (NaAlSi;Og). Thus, X-ray powder diffraction (XRD) was not useful
for clarifying the difference in the release of associated heavy metals from ash matrices. In order to assess the release of heavy metals
from ashes under changing environmental conditions, they were sequentially extracted and fractionated by the BCR-procedure into
acid soluble/exchangeable (CH;COOH), reducible (NH,OH—HCI) and oxidizable (H,O,/CH;COONH,) phases. The CH;COOH
extractable fraction in conjunction with the total heavy metals concentrations were used to calculate the risk assessment code values
for heavy metals leaching from the ash matrix. The leaching studies indicate that the heavy metals in the bottom ash and fly ash are
bound to different fractions with different strengths. From the environmental and utilization perspectives, heavy metals in ashes
posed different levels of environmental contamination risk. Only As in the bottom ash posed a very high risk. High risk metals were

Cd in the bottom ash as well as As, Cd and Se in the fly ash.
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1 Introduction

Energy generation from biomass fuels such as clean
forest residues (i.e., bark, woodchip and sawdust) and
peat is a sustainable and environmentally friendly
alternative to the use of fossil fuels such as coal or heavy
fuel oil, since they are domestic and usually local
fuels [1]. Fly ash and bottom ash arise as a result of
organic residue combustion for energy recovery. Before
the utilization or landfill disposal of ash, its total and
extractable heavy metal concentrations have to be
known [2]. Although the determination of total
concentration of heavy metals in wastes is undoubtedly
important to know, the total concentration of heavy
metals does not give any information about the
solid-phase partitioning and potential bioavailability or

mobility of metals in waste [3,4], because these
properties are basically dependent on the different
chemical forms of binding between the metals and solid
phases of the sample [4]. Availability, mobility and the
potential risk of contaminants are strongly affected by
the manner of appearance of elements, the so-called
speciation. Operational fractionation methods like
sequential extraction have been applied for a long time to
determine the solid phase speciation of heavy metals in
industrial samples and today are the most frequently
applied analytical methods for studying the solid phase
speciation of environmentally relevant heavy metals [5].
The three-step sequential extraction scheme
developed by the European Commission’s Community
Bureau of Reference (BCR), which includes acetic acid
(CH;COOH), hydroxylamine hydrochloride (NH,OH—
HCI), and hydrogen peroxide (H,0,) digestion following
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the ammonium acetate (CH3;COONH,) extractable
fractions, has been demonstrated to be a successful
method for determining the speciation of heavy metals in
various environmental samples [6,7]. This extraction
scheme distinguishes the metals correspondingly into the
acid soluble/exchangeable, reducible and oxidizable
fractions. The basic assumption of sequential extraction
is that the reagents used are able to dissolve one mineral
phase selectively without solubilising the others [8]. This
extraction scheme is validated by inter-laboratory
comparison experiments and certified reference
materials [9]. In view of this, the above mentioned
three-step sequential extraction procedure, which is also
known as BCR-extraction, is commonly applied in
environmental studies for assessing the potential
bioavailability of heavy metals in various environmental
samples, e.g., in wastes [7].

The objective of this study was to assess the
distribution, mobility and potential ecological risks of
heavy metals in bottom ash and fly ash fractions
originating from the co-combustion of wood residues and
peat at an industrial-scale (296 MW) bubbling fluidised
bed (BFB) boiler. To address this objective, a three-stage
BCR-sequential extraction procedure was used in
combination with the risk assessment code (RAC). The
RAC considers the different binding strengths of metals
in various BCR fractions. It assesses the availability of
metals in solution by applying a scale to the percentage
of metals in the acetic acid (CH3;COOH) extractable
fraction [10,11]. This kind of environmental risk
assessment, which is based on the use of RAC, has not
yet been published for Finnish bottom ash and fly ash
fractions, hence the motivation for this study.

2 Experimental

2.1 Collection and preparation of ashes for chemical

analyses

The bottom ash and fly ash investigated in this
study originated from the co-combustion of wood
residues and peat at an industrial-scale (296 MW) power
plant which uses a bubbling fluidised bed boiler for
energy production. During the sampling period, when
bottom ash was sampled from the outlet of BFB boiler
and fly ash from the boiler’s electrostatic precipitator
(ESP), approximately 61% of the energy produced by the
BFB boiler originated from the incineration of clean
forest residues (i.e., bark and woodchips), and 39% of it
from the incineration of commercial peat, which was of
domestic origin. The bark and woodchips were mostly
derived from pine (Pinus sylvestris) trees, and the
proportion of spruce (Picea abies) was only a few
percent. Sampling of the bottom ash and fly ash fractions
was carried out over a period of 4 d, with individual

daily samples of 1 kg. The sampling period represented
normal process operating conditions for the power plant,
for instance in terms of O, content and temperature. The
incineration temperature in the BFB boiler is about
850 °C, while in the electrostatic precipitator it is about
145 °C. After sampling, the samples were stored in
plastic bags in a refrigerator (4 °C). A coning and
quartering method [12] was repeatedly applied to
reducing the ash samples to a size suitable for conducting
laboratory analyses. All chemical analyses were carried
out at a sieved (<2 mm) sample.

2.2 Determination of relevant physical and chemical
properties of ashes

To determine the mineralogical composition of the
ashes, X-ray diffractograms of powdered samples were
obtained with a Siemens D 5000 diffractometer (Siemens
AG, Karlsruhe, Germany) using Cu K, radiation. The
scan was run from 2° to 80° (26 scale), with increments
of 0.02° and a counting time of 1.0 s per step. The
operating conditions were 40 kV and 40 mA. Peak
identification was carried out with the DIFFRACplus
BASIC Evaluation Package PDFMaint 12 (Bruker axs,
Germany) and the software package ICDD PDF-2
Release 2006 (Pennsylvania, USA).

The pH of the ashes was determined using a pH/EC
analyser equipped with a Thermo Orion Sure Flow pH
electrode (Turnhout, Belgium). The determination of pH
was carried out according to European standard SFS-EN
12880 at a solid-to-liquid (i.e., ultrapure H,O) ratio of
1:5. The moisture content of the ashes was determined
according to European standard SFS-EN 12048 [14].
Determination of the dry matter content of the ashes was
carried out according to European standard SFS-EN
12880, in which a sample was dried overnight to a
constant mass in an oven at 105 °C. A comprehensive
review of the standards, analytical methods and
instrumentation is presented in our previous paper [13].

2.3 Determination of total nutrient and heavy metal

concentrations in ashes

To determine the total nutrient (P, Ca, Na, K, Mg,
Zn and Cu) and heavy metal concentrations in the ashes,
the dried sample was digested with a mixture of HCI
(3 mL) and HNO; (9 mL) in a CEM Mars 5
microprocessor-controlled microwave oven with a CEM
HP 500 Teflon vessels (CEM Corp., Matthews, USA)
using USEPA method 3051A [14]. The cooled solutions
were transferred to 100 mL volumetric flasks and the
solutions diluted to volume with ultrapure water. The
ultrapure water was generated by an Elgastat Prima
reverse osmosis and Elgastat Maxima ion exchange
water purification system (Elga Ltd; Bucks, England).
All reagents and acids were superpure or of pro-analysis
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quality. Apart from Hg, the total nutrient (P, Ca, Na, K,
Mg, and Zn) and heavy metal concentrations in ashes
were determined with ICP-OES (Thermo Fisher
Scientific iCAP6500 Duo, UK). The concentration of Hg
in the ashes was determined with a Perkin Elmer
Aanalyst 700 cold-vapour AAS equipped with a Perkin
Elmer FIAS 400 and AS 90 plus auto-sampler. A more
comprehensive review of the standards, analytical
method and instrumentation was provided in our
previous paper [13].

2.4 Determination of solid phase speciation of heavy

metals in ashes

The solid phase speciations of heavy metals in the
bottom ash and fly ash fractions were carried out
according to three-step sequential extraction BCR
scheme, which is fully described in Refs. [7,15]. Briefly,
the extraction was performed by sequentially extraction
of 0.5 g of the bottom ash and fly ash in a 50 mL
centrifuge tube at room temperature using a mechanical
shaker with 20 mL 0.11 mol/L acetic acid (CH;COOH)
(16 h shaking), 20 mL 0.1 mol/L. hydroxylamine
hydrochloride (NH,OH-HCl) in nitric acid (HNO;)
medium (16 h shaking), a two-fold 5 mL 9.8 mol/L
hydrogen peroxide (H,O,) (pH 2-3) digestion at 85 °C
and subsequently extraction with 25 mL 1 mol/L
ammonium acetate (CH;COONH,) (16 h shaking). In
order to minimize possible chemical and/or
microbiological changes in the ashes, the extraction was
carried out using a sample as such, instead of a dried
sample, since according to KOSSON et al [16], it is
preferable to avoid sample drying before extraction.

After shaking, the suspension was each time
centrifuged at 3000 r/min and the supernatant solution
was decanted, filtered through a 0.45 pm membrane
filter (47 mm diameter; Schleicher & Schuell, Dassel,
Germany) and put aside for analysis. After each of the
first two steps, the ash residue was washed each time
with 10 mL ultrapure H,O (15 min). After centrifuging,
the washing solution was carefully decanted and
discarded. In order to avoid loss between the extraction
stages, the filters and adhering ash particles from the
previous extraction stage were also included in the next
stage. After the addition of 200 uL of 65% HNO; to the
supernatant phase, it was stored under dark and cool
(4 °C) conditions in the laboratory. The heavy metal
concentrations in the extracts were determined with
ICP-OES (Thermo Fisher Scientific iCAP6500 Duo,
UK).

2.5 Quality control of BCR extraction procedure

The accuracy of the BCR extraction procedure
consisted of calibration standards, standard solutions
analyzed as an unknown (quality control solutions),

method blanks and a certified reference material of lake
sediment BCR-701, which is developed especially for
BCR extraction by the Institute for Reference Materials
and Measurements of the European Commission (Geel,
Belgium). The BCR extraction procedure and methods
for heavy metals determination in the extracts of the
reference material were the same as for the ash fractions.

3 Results and discussion

3.1 Relevant physical and chemical properties of

ashes

According to the results in Table 1, the pH values of
bottom ash and fly ash were 12.7 and 12.8, respectively.
The high alkaline pH value of the ashes agrees with the
findings of PAN and EBERHARDT [17], who reported
that the high pH value is consistent with the high
concentrations of alkaline (Na, K) and alkaline earth
metals (Mg, Ca, Ba). According to van HERCK and
VANDECASTEELE [18], the high pH indicates the
occurrence of basic metal salts, oxides, hydroxides,
and/or carbonates in the ash. However, the X-ray
diffraction powder (XRD) data of crystalline phases in
the ashes do not support the findings of van HERCK and
VANDECASTEELE [18], because they contained only
silicate minerals such as silicon oxide (quartz; SiO,),
potassium aluminium silicate (microcline; KAISi;Oy),
and sodium aluminium silica (albite; NaAlSi;Oyg). This is
because the X-ray spectrometer is normally operated
with a limit of detection of 1%—2% and is not able to

Table 1 Relevant physical and chemical properties (n=1), total
(USEPA 3051A) nutrient concentrations (#=3) and crystalline
mineral phases in bottom ash and fly ash fractions (» means
number of replicates)

Property Bottom ash Fly ash

pH 12.7 12.8

Dry matter content (105 °C)/% 100 100

Loss-on-ignition (550 °C)/% <0.5 <0.5

Total organic carbon/(gkg ) <2.0 <2.0

Electrical conductivity/(mS-cm™") 9.7 13.6
w(P)/(mg-kg ") 3257+ 105 7280+ 76

w(Ca)/(mg-kg ") 52567 +416 84900 + 2306

w(Na)/(mgkg ") 3013+64  3553+99
w(K)/(mgkg ") 5453 £ 117 6470 + 246
w(Mg)/(mgkg™") 4970 £20 9597 £228
w(Zn)/(mg-kg ") 401.0+13.9 2953+3.1
w(Cu)/(mgkg™) 21.1+02  63.6+16

w(S10,)/% 39.4 17.1

w(KAISi;05)/% 34.0 14.5

w(NaAlSi;Og)/% 26.6 68.4
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identify non-crystallised phases. The higher amount of
quartz in the bottom ash fraction compared with that of
the fly ash fraction was to be expected because the bed
material of BFB-boiler consists of silica sand. The
silicate minerals in these ash fractions may also be partly
due to sand and soil particle contamination of forest
residues  during harvesting, transportation and
handling [19]. In addition, it may partly derive from the
decomposition of plant tissue-derived Si-based minerals
during incineration, such as phytolith (SiO, x nH,0),
which is often a structural component of plant tissues,
deposited between and within plant cells [20].

According to Ref. [21], quartz and microcline are
typical mineral phases in finnish ashes originating from
the co-combustion of wood and peat, although oxide and
sulphate are also observed. The high (100%) dry matter
content of the ash fractions is a disadvantage if these
residues are to be physically handled or transported to do
their likely dusting characteristics. However, it is
possible to avoid dust problems if ashes are watered
before handling. The very low total organic carbon
(<2.0 g/kg) and loss-on-ignition (<0.5%) values in the
ash fractions indicate the efficient combustion of organic
matter in our BFB-boiler. Additionally, as indicated by
the electrical conductivity of 13.6 mS/cm, the extraction
solution of fly ash had a higher ionic strength than that of
the bottom ash (9.7 mS/cm).

3.2 Total nutrient and heavy metal concentrations in
ashes

The total nutrient (P, Ca, Na, K, Mg, Zn and Cu)
and heavy metal concentrations in the bottom ash and fly
ash fractions expressed on a dry mass and means of
triplicate samples are presented in Tables 1 and 2,
respectively. Except for Zn which was 295.3 mg/kg in
the fly ash and 401.0 mg/kg in the bottom ash, the other
nutrient concentrations in the fly ash were between 1.2
(Na and K) and 3.0 (Cu) times higher than those in the
bottom ash (Table 1). Although the Zn concentration in
the fly ash is generally elevated compared with that in
the bottom ash, we have observed the opposite
phenomenon also in our previous study [13], in which
wood residues and peat were also co-incinerated in a
BFB-boiler. This phenomenon is probably partly due to
the semi-volatile property of Zn [17]. If we disregard
those heavy metals where the concentrations were below
the detection limits, the heavy metals concentrations in
the fly ash were between circa 1.5 (Mn) and 5.9 (Pb)
times higher than those in the bottom ash (Table 2). The
high enrichment of Pb in the fly ash is due to the fact that
it is volatile and forms gaseous species even at relatively
low temperatures ranging from 550 to 725 °C [17],
which are much lower than that of the BFB-boiler
(850 °C) investigated in this study. According to

BOGUSH et al [22], the presence of elements in specific
species and their concentrations in the fly ash definitely
depends on the type of combusted material, its content of
chloride, sulphur and water, the oxidation level,
incineration time and temperature, as well as the boiling
point of the different phases. Since this phenomenon is
well known and reported elsewhere [20—23], we do not
focus on it in the present work.

3.3 Solid phase speciation of heavy metals in ash
fractions

Metal speciation and solubility affect the mobility
and bioavailability of metals significantly [24]. Metal
speciation using a sequential extraction procedure is
applied to estimating the potential release of metals
under changing environmental conditions [25]. Table 2
presents the chemical speciation of heavy metals in the
bottom ash and fly ash fractions into acid
soluble/exchangeable (step 1: CH3;COOH), reducible
(step 2: NH,OH-HCI in nitric acid medium) and
oxidizable (step 3: H,0,/CH;COONH,) phases.
However, Hg is not fractionated, because of the very low
total Hg concentrations in both ash fractions.

The extraction step 1, in which acetic acid
(CH3COOH) is used as extractant, releases relatively
weakly adsorbed heavy metals from the solid surface of
ash particles that can be released by ion-exchangeable
processes [4,26]. Metals in this fraction are easily
mobile and are assumed to be highly available.
According to KOUASSI et al [11], this phase may pose
the main risk for the environment because metals in this
fraction are easily leached in neutral or slightly acidic
conditions. If we compare the extractable heavy metal
concentration into the acid soluble/exchangeable (step 1)
phase (Table 2), we notice that, the highest individual
extractable concentrations were observed for Zn
(107 mg/kg), Mn (88.3 mg/kg), Al (25.5 mg/kg) and Ba
(16.8 mg/kg) in the bottom ash, whereas in the fly ash
the highest concentrations were as follows: Mn
(239 mg/kg), Zn (32.3 mg/kg) and Al (19.7 mg/kg).

The extraction step 2, in which a reducing agent of
hydroxylamine hydrochloride (NH,OH—HCI) is used as
extractant, releases heavy metals from the matrix, which
are bound to easily reducible phases, e.g., Fe and Mn
oxides [5,27]. This fraction is moderately mobile. The
metals in this fraction are sensitive to redox potential
changes and represent a fraction which can be solubilised
under reducible conditions [4,28] or caused by oxygen
deficiency [29].

If we compare the extractable heavy metal
concentration into the reducible (step 2) phase, we notice
that, the highest individual extractable concentrations
were observed both in the bottom ash and fly ash
fractions for the same heavy metals as follows: Al (8170
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Table 2 Total (USEPA 3051A, n=3) and extractable (n=1) heavy metal concentrations in bottom ash and fly ash fractions among
fractions CH;COOH (step 1), NH,OH—HCI in nitric acid medium (step 2) and H,O,/CH;COONH;, (step 3)

Extractable concentration

Extractable concentration

I:;g concentration/(mg-kg ") in bottom ash/(mg-kg ") in fly ash/(mg-kg ")
Bottom ash Fly ash Step 1 Step 2 Step 3 Step 1 Step 2 Step 3
Al 13500 + 100 25867 + 709 25.5 8170 650 19.7 7970 2700
As 7.6+0.3 13.0+0.3 5.3 1.6 <0.8 5.9 32 <0.8
Ba 350.7+4.5 744.7 + 18.5 16.8 270 12.9 4.0 480 109
Be <1.0 <1.0 <0.2 0.3 <03 <0.2 0.5 <0.3
Cd 0.5+0.1 29+0.1 0.2 <0.1 <0.1 0.9 0.5 0.1
Co 32+03 6.6+0.1 0.6 <0.2 <0.3 0.4 <0.2 <0.3
Cr 332+1.7 66.9+ 1.0 1.5 3.5 1.1 1.1 2.5 1.2
Fe 27500 + 500 91867 + 1850 1.1 5430 1170 <1.0 3980 515
Mn 1803 £21 2746 + 65 88.3 660 227 239 495 242
Mo 1.1+0.1 3.8+0.2 0.3 <0.2 <03 0.8 <0.2 0.7
Ni 120+0.2 324403 3.6 0.6 <03 2.8 0.9 0.5
Pb 49+02 28.7+1.0 <0.6 2.0 <0.8 <0.6 6.2 2.7
Sb <3.0 <3.0 <0.6 <0.6 <0.8 <0.6 <0.6 <0.8
Se <3.0 3.1+0.2 <0.6 <0.6 <0.8 1.4 <0.6 <0.8
Ti 516.7+49.3 976.7 + 60.3 <1.0 4.1 23.6 <1.0 12.5 <15
\% 30.1+0.5 92.7+1.9 4.5 16.3 <0.5 4.1 48.1 6.0
Zn 401.0+13.9 2953 +3.1 107 61.2 12.3 323 27.6 8.1
Cu 21.1+£0.2 63.6+1.6 39 5.7 1.1 3.7 8.5 2.7
Hg <0.04 0.03 - - - - - -

and 7970 mg/kg), Fe (5430 and 3980 mg/kg), Mn (660
and 495 mg/kg), and Ba (270 and 480 mg/kg).

The extraction step 3, in which the sample is first
digested with hydrogen peroxide (H,O,) and after that
extracted with ammonium acetate (CH;COONH,),
releases those heavy metals from the matrix, which are
complexed by organics and/or associated with
sulphides [27]. The metals in this phase would be
released if conditions become oxidizing [4]. According
to KARAKASEVA et al [28], this fraction is temporarily
inaccessible and it can be solubilized by chemical
oxidation. However, according to SMICHOWSKI
et al [30], the organic fraction released in this extraction
step is not considered to be very mobile and available. If
we compare the extractable heavy metal concentration
into oxidizable (step 3) phase, we notice that, the highest
individual extractable concentrations were observed for
different heavy metals in the bottom ash and fly ash
fractions. In the bottom ash, they were as follows: Fe
(1170 mg/kg), Al (650 mg/kg), Mn (227 mg/kg) and Ti

(23.6 mg/kg), whereas in the fly ash they were as follows:

Al (2700 mg/kg), Fe (515 mg/kg), Mn (242 mg/kg) and
Ba (109 mg/kg).

3.4 Risk assessment of heavy metals leaching from
ash fractions
The mobility and stability of heavy metals in waste

depend on binding forms in different phases. It is evident
from the results of the BCR-extraction study that the
heavy metals in the bottom ash and fly ash fractions
investigated in this study are bound to different solid
phases with different strengths. Risk assessment code
(RAC), is a method which can be used for evaluating the
potential environmental risk of heavy metals leaching
from the sample matrix [10,31]. It classifies the risk
levels based on the chemical speciation of heavy metals
using the BCR-sequential extraction procedure. The
RAC determines the availability of heavy metals in the
ash residue by applying a scale to the percentage of
heavy metals in the exchangeable/acid-extractable phase
(step 1: CH;COOH extraction), because this extraction
phase is considered to be the most unstable and reactive
and has therefore greater potential for adverse effects on
the environment compared to the other phases [10,31].
According to RAC classification [10,31], for any metal,
when the ratio of the heavy metal concentration in
exchangeable/acid-extractable phase (step 1: CH;COOH
extraction) is less than 1% compared with the total metal
concentration of this metal, the heavy metal has no
adverse impact on the environment. If the ratio is
between 1% and 10%, a low risk is defined, while
medium risk is 11%-30%, and 31%—-50% indicates a
high risk. A higher ratio than 50% of the metal indicates
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that the hazard is very high and the heavy metal is very
easily to release from the sample matrix and poses a very
high risk to the environment [10,31].

If we disregard those heavy metals where
concentrations were below the detection limits,
according to results in Table 3, only As in the bottom ash
poses a very high environmental risk, whereas Cd both in
the bottom ash and fly ash poses a high risk, as well as
As and Se in the fly ash. Medium risk is caused by Mo
and Zn in the fly ash and also by Co, Mo, Ni, V, Zn and
Cu in the bottom ash. In the bottom ash, heavy metals
such as Ba, Cr and Mn as well as Co, Cr, Mn, Ni, V and
Cu in the fly ash exhibited a low risk. Although the total
concentrations of Al (13500 mg/kg) and Fe (27500
mg/kg) in the bottom ash, as well as Al (25867 mg/kg)
and Ba (744.7 mg/kg) in the fly ash are very high, they
pose no environmental risk, because their leachabilities
into the acid soluble/exchangeable (CH;COOH) phase
are low enough not to cause higher risk. Our results
agree with the findings of PAN et al [31] that the heavy
metal in ash which has a low total concentration may
pose a very high or high environmental risk if it is
loosely bound into the ash matrix and easily extractable
using CH;COOH.

Table 3 Risk assessment category and classification of risk
assessment code (RAC) wvalues [10,31] as well as
environmental risk of heavy metals leaching from bottom ash
and fly ash fractions investigated in this study

Category RAC/% Risk Bottom ash Fly ash
1 <1 No risk Al, Fe Al, Ba
. Co, Cr, Mn,
I 1-10 Low risk Ba, Cr, Mn Ni, V. Cu
. . Co, Mo, Ni,
11 11-30  Medium risk V. Zn, Cu Mo, Zn
v 31-50 High risk Cd As, Cd, Se
v >50  Very high risk As

3.5 Quality control results of BCR-701 certified

reference material

The quality BCR-extraction
procedure was evaluated using the certified reference
material BCR-701 (lake sediment). Validation of the
three-step sequential extraction procedure used in this
study was carried out using this reference material,
because this reference material is certified in an

control of the

inter-certification campaign for extractable Cd, Cr, Cu,
Ni, Pb and Zn in the three steps of the BCR scheme [32].
The extractable concentrations and recoveries in each
extraction step of the standard reference material
BCR-701 are presented in Table 4. The accuracy of
concentrations in each extraction step was assessed by
the five replicate analyses.

Except for Pb in the third extraction step
(H,0,/CH3COONH,), our extractable concentrations
(mean + standard deviation) of other heavy metals in the
reference material are generally in good agreement with
the certified values and are considered satisfactory. In the
first extraction step (CH;COOH), the recoveries of
metals were between 96.8% (Pb) and 102.7% (Cu).
Furthermore, in the second extraction step (NH,OH—
HCI), the recoveries were between 99.2% (Cd) and
104.8% (Cu), and in the third extraction step
(H,0,/CH3COONHy,) they were between 85.5% (Pb) and
101.4% (Cr). This suggests that the extraction procedure
and the instrumental analysis of the extraction were
accurate.

Except for Pb in the third extraction step, our
recovery values for the reference material BCR-701
agree well with the findings of OZCAN and
ALTUNDAG [33], who reported values between 92.5%
and 103.4% for heavy metals in this reference material,
as well as those of SUNGUR et al [34], who observed
values between 92.6% and 104.0%. However, our

Table 4 Certified and measured (n=5) values of heavy metals in reference material BCR-701 (lake sediment) between fractions
CH;COOH (step 1), NH,OH—HCI in nitric acid medium (step 2) and H,O,/CH3;COONHy, (step 3) (All concentrations are expressed

as mg/kg on a dry mass basis)

Step Value Cd Cr Cu Ni Pb Zn
Certified 7.34+0.35 2.26+£0.16 49.3+1.7 15.4+0.9 3.18+0.21 205+6
1 Measured 7.16+£0.37 2.32+0.92 50.71.4 15.5£3.5 3.08+£5.1 2004£2.9
Recovery/% 97.5 102.7 102.8 100.6 96.8 97.6
Certified 3.77+0.28 45.7+£2.0 12443 26.6+1.3 126+3 11445
2 Measured 3.74£2.0 47.4+2.5 130£1.6 27.0£3.5 1274+4.1 114+£5.4
Recovery/% 99.2 103.7 104.8 101.5 100.8 100
Certified 0.27+0.06 14347 55.2+4.0 15.3+0.9 9.3£2.0 45.7+4.0
3 Measured 0.26+8.4 145+7.8 54.9+6.5 15.4+5.4 7.95£1.5 45.0+ 6.0
Recovery/% 96.3 101.4 99.5 100.7 85.5 98.5
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relatively low recovery value of 85.5% for Pb in the third
extraction step is consistent with the value of 88.2%
observed by SILVA et al [35] and with the value of
84.9% observed both by LACAL et al [36] and by
CAPPUYNS et al [37]. The exact reasons for low Pb in
the third extraction step is not possible to know.
According to CHI [38], the low recovery value for Pb
could be explained for example by the possible matrix
effects, spectroscopic interference during analysis and
incorrect concentration or volume of reagent added, as
well as the washing of samples with water between
extraction steps.

4 Conclusions

1) The bottom ash and fly ash from the
co-combustion of wood residues (i.e. bark, woodchip and
sawdust) and peat at a large-sized (296 MW) bubbling
fluidized bed (BFB) boiler were investigated to
determine the characteristics, leaching behaviour and
risks of heavy metals to biota. The X-ray powder
diffraction was not able to clarify the difference in the
mineral composition of the ashes because both ashes
contained only quartz (SiO,), microcline (KAISi;Og) and
albite (NaAlSi;Og). Therefore, for clarifying the
difference in the release of associated heavy metals from
ash matrices, the BCR sequential extraction procedure, in
which heavy metals were partitioned between acid
soluble/exchangeable (CH;COOH), reducible (NH,OH—
HCI) and oxidizable (H,O,/CH3;COONH,) phases, was
applied.

2) The leaching studies indicate that the heavy
metals in the bottom ash and fly ash are bound to
different fractions with different strengths. From the
environmental and utilization perspectives, heavy metals
in ashes pose different levels of environmental
contamination risk. According to the risk assessment
codes, which were applied to assessing the
environmental risk of the leaching of each heavy metal
from the ashes, only two metals in the bottom ash (Al
and Fe) and fly ash (Al and Ba) showed no risk for the
environment if they leach out from the ash matrix. Low
risk is caused by three metals (Ba, Cr and Mn) in the
bottom ash and six metals (Co, Cr, Mn, Ni, V and Cu) in
the fly ash. Medium risk metals were Co, Mo, Ni, V, Zn
and Cu in the bottom ash and Mo and Zn in the fly ash.
Cadmium (Cd) in the bottom ash poses a high
environmental risk, whereas in the fly ash they are As,
Cd and Se. Only As in the bottom ash posed a very high
risk.

3) The results of this study show that the three-step
BCR sequential extraction procedure together with a risk
assessment codes can be used as valuable tools to
provide information about the differentiation of the

relative bonding strength of the metals in ash matrix to
various solid phases and the potential reactivity of the
metals under  different  physic-chemical  and
environmental conditions. This kind of information can
be utilized for example in environmental permit
applications and in the decision making process of
environmental authorities because in Finland and
elsewhere in the EU, the utilization of ash needs an
environmental permit.
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