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Abstract

Comparative studies of industrial fly ash from coal and biomass co-combustion (50%: mixture of sun-

flower pellets, wood chips, and straw briquettes) and coal ash were conducted. The functional speciation of

metals (Pb, Cd, Zn, Cu) and mobility of chemical fractions of ash (soluble in water, exchangeable, soluble in

acids pHS5, oxide, pseudosulfide, residual) were carried out with a 6-stage sequential extraction and single-

stage mineralization methods. It was found that the addition of biomass to coal results in ash containing more

Zn, a decrease in the content of Cd, and no major changes in total content of Pb and Cu. A mixture of sun-

flower pellets, wood chips, and straw briquettes added to coal as biomass results in an increase of the ash frac-

tions: exchangeable (Pb), pseudosulfide (Pb, Cu), oxide and residual (Zn), reduction in ash fractions: soluble
in acid pH5 (Pb, Cd, Zn), oxide (Cu), pseudosulfide (Zn), residual (Cd). Biomass co-combusted with coal
(50/50 m/m) improves the ash by reduction of the environmental mobility of Pb, Cd and Zn, but does not cause

major changes in the mobility of Cu in relation to coal ash.
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Introduction

The prospect of the exhaustion of natural fossil
resources used as fuel (coal, peat, petroleum, natural gas) as
well as damage to the natural environment caused by the
process of their utilization the resulted in the necessity to
seek an alternative to fossil fuels. Renewable energy
sources are one of these alternatives. Biomass is the most
promising source of renewable energy in Poland. Biomass
as fuel co-combusted with coal has a beneficial effect on
the process of combustion thanks to its high volatility and
reactivity. Overall low sulphur content (0.15 wt.%) in bio-
mass is another advantage of this fuel. On the other hand,
lower carbon and higher oxygen contents compared to solid
fossil fuels means that it has a low calorific value [1, 2].

*e-mail: kalembic@prz.edu.pl

Fly ash is one of the most important energy generation
wastes from the combustion process, because of large-ton-
nage production. The major countries producing coal com-
bustion residues are the USA, China, and India, with pro-
duction estimated to be 129, 125, and 105 million tons per
annum [3], respectively. In Poland production of coal fly
ashes constitutes about 4.0 million tons per annum [4].
There is no data about ash from co-combustion (even
though they appear in increasing numbers).

Chemical composition of ash produced in the process of
coal and biomass co-combustion are directly related to indi-
vidual properties of the burned mixture [5]. For this reason,
co-combustion ash differs from coal ash in terms of prop-
erties and composition. Consequently, these ashes may
exhibit different characteristics in terms of functional spe-
ciation and mobility of metals, making it difficult to predict
their impact on the environment [6, 7].
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Table 1. Physicochemical properties and chemical composition of coal fly ashes (CFA1, CFA2) and ash from co-combustion of coal

with biomass (CBFA).

Physicochemical properties CFA1 CFA2 CBFA | Chemical composition CFA1 CFA2 CBFA
Bulk density[g/cm’] 0.806:0.05 | 0.804+0.04 | 0.836+0.05 C 21.540+0.7 | 8.216+£0.4 | 5.015+0.2
Humidity [%] 2.959+0.04 | 2.977+0.04 | 1.969+0.08 N d.L d.L d.L
Loss on ignition [%] 10.855+£0.4 | 7.281+0.6 | 2.604+0.7 S d.L d.L d.L

H,O (pH 7) 9.74+0.2 | 11.73£0.2 | 12.31+0.1 H d.L d.L d.L
pH 0.01M CacCl, 945+ 03 | 11.82+0.1 | 12.38+0.2 Sio, , 46.1£1.0 | 452409 | 44.9£0.9
IM KCl 9.85£0.3 | 11.92+0.2 | 12.63+0.2 CaO el 2.5540.02 | 2.3240.02 | 2.88+0.02
Solubility in water (pH 7) [%] 2.840.5 2.540.5 1.740.5 Fe,04 7.67+0.06 | 7.93+0.06 | 6.40+0.05
Grain diameter [mm] content [%] K20 3.48+0.05 | 3.36+0.04 | 4.15+0.05
0.25<x<0.5 | 0.09+0.02 | 0.13+£0.05 | 6.45+0.05 Na,O 1.12£0.02 | 1.04+0.01 | 1.204+0.02
0.12<x<025 | 0.82+0.2 1.2940.1 | 15.31+0.2 MgO 2.8540.02 | 2.85+0.02 | 3.25+0.03
?;Zﬂ;ﬁﬁon 0.102<x<0.12 | 135:04 | 1.12+0.1 | 7.45:0.1 Ni 139.3+4.1 | 139.3+4.0 | 139.3+4.0
0.088 <x<0.102 | 1.29+0.5 1.44+0.2 | 4.42+0.05 Cr [mgkg'] | 109.542.0 | 1055419 | 91.5¢1.7
0.088 > x 96.45+0.9 | 96.02+0.9 | 66.37+0.6 Mn 179.0+2.2 | 189.1+2.2 | 208.9+2.2

d.l. — detection limit < 0.05 mg-kg”,

The confidence intervals determined from the t-distribution (n = 3, p = 95%).

Industrial ashes are a source of heavy metals. Coal fly
ash is characterized by metal contents in the range: Pb 56.8-
75 mg'kg!, Cd 3.4-22 mg-kg', Zn 130-148 mg-kg', and Cu
47-112 mgkg' [8, 9]. In ash from coal and biomass co-
combustion, the heavy metal content also is varied.
Grammelis has found in ash from co-combustion of coal and
biomass: 75 (Pb) and 10 (Cd) mg-kg"' (biomass 20%: forest
residue; olive kernels) [9]; Zn — 270 and 1,240 mg-kg’, Cu
— 370 and 480 mg'kg' (biomass 20%, appropriately olive
kernels and forest residue) [9].

Different directions of ash application (reclamation,
construction of embankments, building material produc-
tion, flue gas desulphurization, the production of ceramic
membrane and geopolymers [10-18]) causes, knowledge of
the distribution of heavy metals in the ash as the mobile
fraction is necessary before their use [19], especially for lit-
tle known ash from coal and biomass co-combustion. The
presence of Pb, Cd, Zn, and Cu in ash from co-combustion,
biological activity, and biotoxicology of these metals, the
ability to accumulate in plants, and especially their mobili-
ty were the main reasons for investigation and evaluation of
the impact of biomass on the content of heavy metals in ash
from co-combustion, functional speciation and the ability to
migrate to the solutions from the ash in environmental con-
ditions in relation to coal ash.

Experimental
Fly Ash Samples

The study used a Polish industrial ash (CBFA — fly ash)
sample produced in the process of fluidized co-combustion

of coal (50%) and biomass (50%, mixture of sunflower pel-
lets, wood chips, and straw briquettes) from the Stalowa
Wola Power Plant, CFA1 — fly ash sample produced in the
process of fluidized coal combustion (Rzeszow Heat and
Power Plant), CFA2 — fly ash sample produced in the
process of fluidized coal combustion (Stalowa Wola Power
Plant). The samples of fly ash were collected on electrosta-
tic precipitators. The ashes were conditioned to air-dried
state (room temperature, 14 days) and were grounded in a
mortar and sifted through a sieve (¢ = 0.50 mm). Research
was carried out on three parallel samples (n = 3) for each
ash. Composition and physicochemical characteristic are
presented in Table 1.

Sequential Extraction Procedure

Fractionation of the samples was carried out with a 6-
stage sequential extraction, including the method of Tessier
[20], and the initial stage of leaching with distilled water.
The examination was carried out on 10+0.0001 g for each
ash sample. The extract was separated from the solid phase
by centrifugation, and the solid residue was subject to the
next extraction stage. The examination conditions were pre-
sented in Table 2.

Single Stage Mineralization Procedure
Mineralization in HNO3/HCIO, Mixture
Experiments were carried out in the conditions of the

sixth step of sequential extraction (mineralization of air-
dried ash 104+0.0001 g in the mixture of conc. HNO; and
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HCIO, (2:1) acids, the conditions of sequential extraction
were presented in Table 2). In obtained eluates the content
“close to total” of Pb, Cu, Zn, and Cd was determined [21].
The results are presented in Table 3.

Digestion with Na,CO;

To the platinum crucibles the samples of ash
0.5+£0.0001 g (CFA1, CFA2, CBFA) were weighed. To the
beakers with a capacity of 25 cm?, the 4.0 g of sodium car-
bonate (Na,CO;) and 0.1 g of nitrate (V) sodium (NaNO,)
were weighed. Next, to each crucible containing the ash the
mixture of Na,CO;+NaNO, was added and mixed. The cru-
cibles were heated on a burner (45 min) and then calcined
for 30 min in a muffle furnace at 1070°C. Obtained yellow-
green alloy was leached with 50 cm® of HC1 (1:1). Solutions
were filtered on a Buchner funnel and the filtrate was col-
lected in volumetric flasks. Obtained eluates were analyzed
for total metal content. The results were presented in Table
3.

Determination of Metals

Metals (Pb, Cu, Zn and Cd) were determined in the elu-
ates obtained by sequential extraction, single-stage miner-
alization, and digestion with Na,CO; of industrial ashes
(CFA1, CFA2, CBFA) by atomic absorption spectrometry
(FAAS; A =217.0 nm (Pb), A = 228.8 nm (Cd), A =213.9
nm (Zn), A = 324.8 nm (Cu)). The calibrant solutions con-
taining 0.0, 9.0, 20.0 mg'kg"' Pb; 0.0, 1.0, 1.5, 2.0 mg'kg"
Cd; 0.0, 1.0, 3.0, 5.0, 6.0 mg'kg" Zn; and 0.0, 2.5, 4.0, 5.0
mg-kg' Cu were prepared. The results of metals determina-
tion were corrected for the blank reagent and converted to
dry weight of the ash. The results are presented in Tables 2
and 3. For obtained analytical results (n = 3) the confidence
interval was calculated from the t-distribution (p = 95%).

Instruments and Reagents

Atomic absorption spectrometer PERKIN-ELMER
Model 3100, Radwag MAX 50/1, 50 Hz moisture analyz-
er, WIGO MS 11 HS magnetic stirrer, Elemetron CP-501
pH meter, SML Zalmet Warsaw laboratory drier, high-tem-
perature (up to 1,150°C) muffle furnace FCF 12 SM Czylok
— Jastrzgbie Zdroj (Poland), AJL electronic MLL
547/WM/4 water bath with shaker were used. Analytically
pure reagents, standard solution for AAS determinations
(Pb, Cu, Zn and Cd; Fluka, 10004 mg/1 in nitric acid), and
distilled water were used in research.

Results and Discussion

The total and “close to total” contents of Pb, Cd, Zn,
and Cu in ash from co-combustion of coal with biomass
(CBFA, 50%, mixture of sunflower pellets, wood chips and
straw briquettes) and coal ash (CFA1, CFA2) and their
functional speciation were investigated.

Table 3. Total contents and “close to total” contents of Pb, Cd,
Zn, and Cu in industrial ash.

Pb Cd Zn Cu
[mgkg']
Total contents
CFA1 159.242.1 | 4.97+0.6 | 204.9+4.8 | 39.79+1.0
CFA2 159.342.5 | 4.90£0.5 | 238.9£7.0 | 39.82+1.4
CBFA 159.243.2 | 1.50£0.3 | 244.845.6 | 39.80+1.4

“Close to total” contents

CFA1 127.01.4 | 3.9+0.2 | 181.0+4.4 | 26.4+1.5
CFA2 129.0+£2.1 | 3.9+0.2 | 215.0£6.2 | 27.6£1.5
CBFA 129.0+£2.6 | 1.0+0.1 | 222.0+£2.7 | 28.7£2.0

The confidence intervals determined from the t-distribution
(n=3,p=95%).

Total and “Close to Total” Contents of Metals
Lead

The total content of Pb in the ashes, determined through
digestion with Na,CO,, was 159.2 (CBFA), 159.2 (CFAl),
and 159.3 (CFA2) mgkg'. Biomass co-combusted with
coal (50%) and does not cause changes in total content of
lead in examined ashes in relation to coal ash. However, the
analysis of Pb by single-stage mineralization in a mixture
HNO,/HCIO, [21] showed that the Pb content is lower than
the total content of ashes (Table 3). This may be caused by
incomplete digestion of the sample during the experiment.
The “close to total” content of Pb amounts to 127.0 (CFA1),
129.0 (CFA2), and 129.0 (CBFA) mgkg'.

Cadmium

The total content of Cd changes from 4.97 (CFA1) and
4.90 (CFA2) up to 1.50 mgkg' (CBFA). The addition of
biomass to coal results in a decrease in the content of Cd. A
similar relationship was observed for “close to total” con-
tent of Cd, which varies from 3.9 (CFA1, CFA2) to 1.0
mgkg' (CBFA).

Zinc

The total and “close to total” content of Zn in ashes
changes from 204.9 and 181.0 mgkg' (CFAl), through
238.9 and 215.0 mg'kg' (CFA2), up to 244.8 and 222.0
mgkg' (CBFA). The addition of biomass to coal in the
combustion process results in ash containing more Zn.

Copper
The total and “close to total” content of Cu in ashes

amount to 39.8 and 26.4 (CFA1), 39.8 and 27.6 (CFA2),
and 39.8 and 28.7 (CBFA) mg-kg'. Biomass (50%, mixture
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of sunflower pellets, wood chips, and straw briquettes) co- Cadmium
combusted with coal does not cause major changes in the
contents of Cu in relation to coal ash. The presence of Cd was stated in ash (sum of fractions)
at 4.8 (CFAl), 4.5 (CFA2), and 1.2 (CBFA) mgkg". The
Chemical Fractions of Metals largest amount of Cd was present in the F2 fraction — solu-
ble in acids pH5 and F5 — residual for all examined ashes.
Chemical fractions of Pb, Cd, Zn, and Cu in ash from In the other fractions the cadmium was not detected. The
co-combustion of coal with biomass (CBFA) and coal ashes following orders of Cd in studied fractions were found:
(CFA1, CFA2) were investigated with a 6-stage sequential CFALI — soluble in water, exchangeable, oxide, pseudosul-
extraction method. Fraction: FO — soluble in water, F1 — fide (d.1.) < soluble in acids pH5 (2.2 mg-kg") < residual
exchangeable, F2 — soluble in acids pHS, F3 — oxide, F4 — (2.6 mgkg'); CFA2 — soluble in water, exchangeable,
pseudosulfide, and F5 — residual were investigated. Results oxide, pseudosulfide (d.l.) < soluble in acids pH5 (2.0
are presented in Table 2. mg-kg') <residual (2.5 mg-kg'); CBFA — soluble in water,
exchangeable, soluble in acids pHS, oxide, pseudosulfide
Lead (d.1) <residual (1.2 mg-kg™).
The presence of Pb was stated in ashes (sum of frac- Zinc
tions) in amounts 138.0 (CBFA), 139.0 (CFA1), and 141.0
(CFA2) mgkg'. The largest amount of Pb was present in The presence of Zn was stated in ash (sum of fractions)
the F2 fraction — soluble in acids pH5 (41-52%) and F5 — in amounts 187.0 (CFA1), 220.0 (CFA2), and 230.0 (CBFA)
residual (36-40%) for all examined ashes. The following mgkg". The largest amount of Zn was present in the fraction
orders of Pb in studied fractions were found: CFA1 — solu- F5 — residual (50-61%) for all examined ashes. The follow-
ble in water (d.1.) < exchangeable (1.0 mgkg") < pseudo- ing orders of Zn in studied fractions were found: CFA1 —sol-
sulfide (3.0 mg'kg") < oxide (12.0 mg-kg") < residual (50.0 uble in water, exchangeable (d.l.) < pseudosulfide (17.0
mgkg') < soluble in acids pH5 (73.0 mg-kg"'); CFA2 — sol- mgkg') < oxide (25.0 mgkg") < soluble in acids pH5 (31.0
uble in water (d.1.) < exchangeable (1.0 mgkg") < pseudo- mgkg") <residual (114.0 mg-kg"); CFA2 — soluble in water,
sulfide (3.0 mg-kg") < oxide (19.0 mg-kg") < residual (56.0 exchangeable (d.l.) < pseudosulfide (18.0 mg-kg") < soluble
mgkg') < soluble in acids pH5 (62.0 mg-kg"); CBFA — sol- in acids pH5 (21.0 mg-kg") < oxide (72.0 mg-kg") < residual
uble in water (d.1.) < exchangeable (2.0 mg-kg") < pseudo- (109.0 mg-kg"); CBFA — soluble in water, exchangeable (d.l.)
sulfide (7.0 mg-kg") < oxide (19.0 mg-kg") < residual (54.0 < pseudosulfide (13.0 mg-kg") < soluble in acids pH5 (20.0
mgkg') < soluble in acids pH5 (56.0 mgkg™). mgkg') < oxide (76.0 mgkg"') <residual (121.0 mgkg").
CBFA - F(5) CBFA F(5)
| |
CFA2 _) F(5) CFA2 F{5)
I _ | |
I [ \
0% 20% 40% B0% B0% 100% o 3 60% 80% 100%
| \ \ lE—E' \ @
CBFA Ks) CBFA #(5)
| | | |
CFA2 K(s) CFA2 #(5)
| | | |
CFAl F(5) CFAl _ F(5)
[ \ \ \ \
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

Fig. 1. The percentage contents of Pb, Cd, Zn, and Cu in individual fractions of industrial ashes (CFA1, CFA2, CBFA). Types of the
faction: FO — soluble in water (Pb Cd, Zn, Cu: not detected), F1 — exchangeable (Cd, Zn, Cu: not detected), F2 — soluble in acids pHS5,
F3 — oxide, F4 — pseudosulfide, and F5 — residual.
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Copper

The sums of Cu fractions in ash are 28.3 (CFA1), 29.8
(CFA2), and 30.1 (CBFA) mgkg'. The largest amount of
Cu was present in the fraction F5 — residual. The following
orders of Cu in studied fractions were found: CFA1 — sol-
uble in water, exchangeable (d.l.) < pseudosulfide
(1.3 mg-kg"') < soluble in acids pH5 (5.0 mg-kg"') < oxide
(6.0 mg-kg') <residual (16.0 mg-kg"'); CFA2 — soluble in
water, exchangeable (d.l.) < pseudosulfide (2.0 mgkg")
< soluble in acids pHS5 (2.8 mg-kg") < oxide (7.0 mg-kg")
< residual (18.0 mgkg'); CBFA — soluble in water,
exchangeable, oxide (d.l.) < soluble in acids pHS (5.1
mgkg') < pseudosulfide (9.0 mgkg") < residual (16.0
mgkg").

Mobility of Metals

The mobility of Pb, Cd, Zn, and Cu in ash was charac-
terized as the sum of fractions FO-F2 (soluble in water,
exchangeable, soluble in acids pHS5) able to migrate in envi-
ronmental conditions. It was found (Fig. 1) that in environ-
mental conditions the mobile fraction amounts: Pb — 53%
(CFA1), 45% (CFA2), 41% (CBFA); Cd — 46% (CFAl),
44% (CFA2), 0% (CBFA); Zn — 17% (CFAl), 10%
(CFA2), 9% (CBFA); and Cu — 18% (CFA1), 9% (CFA2),
17% (CBFA) of their total content in the ash.

Conclusions

1. The addition of biomass to coal (50/50 m/m) results in
composition of ash, a decrease in the content of Cd
from 5 to 1.5 mg-kg', and an increase of Zn contents
from 205-239 to 245 mg-kg"': no major changes in total
content of Pb (about 159 mgkg"') and Cu (about 40
mg-kg") occurred in relation to coal ash.

2. The impact of biomass addition to coal in combustion
process on functional speciation of metals (fraction con-
tent) in the ash is observable. The result is an increase
in metal fractions content: exchangeable (Pb), pseudo-
sulfide (Pb, Cu), oxide and residual (Zn), and the
decrease of the fraction: soluble in acid (pHS5) (Pb, Cd,
Zn), oxide (Cu), pseudosulfide (Zn), residual (Cd).
Effect of biomass addition on the content of other met-
als fractions (soluble in water (Pb, Cd, Zn, Cu),
exchangeable (Cd, Zn, Cu), oxide (Pb, Cd), pseudosul-
fide (Cd), residual (Pb)) in the ashes is low .

3. Mobile fractions of metals available for leaching from
coal ash and ash from co-combustion with biomass in
environmental conditions (soluble in water, exchange-
able, soluble in acids pHS5) amounts respectively: 42
and 53% (Pb), 0 and 46% (Cd), 9 and 17% (Zn), 17 and
18% (Cu) of their total content in the ash.

4. Biomass co-combusted with coal (50/50 m/m)
improves ash by the reduction of the environmental
mobility of Pb, Cd, and Zn, but does not cause major
changes in the mobility of Cu in relation to coal ash.
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