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Abstract

In this paper coal—fuel oil ash has been characterized in terms of leaching behaviour and reactivity against lime and gypsum in hydratory
systems for the manufacture of building materials. Its behaviour was also compared to that of coal ash. Metal release was measured in a
dynamic leaching test with duration up to 16 days. The results have shown that coal—fuel oil ash behaves very similarly to coal ash. The
reactivity of coal—fuel oil ash against lime and gypsum was measured in mixtures containing only lime and in mixtures containing both lime
and gypsum. These systems were hydrated at 25 an@d éder 100% R.H. The results have shown that the main hydration products are the
same as those that are usually formed in similar coal ash-based systems. That is, calcium silicate hydrate in coal—fuel oil ash/lime systems
and calcium silicate hydrate plus calcium trisulphoaluminate hydrate in coal—fuel oil ash/lime/gypsum systems. From the quantitative point of
view, hydration runs showed that the amounts of both chemically combined water and reacted lime measured in the case under investigation
are very similar to those found in similar coal ash-based systems. Finally, the measurement of unconfined compressive strength proved that
the systems have potentiality for the manufacture of pre-formed building blocks.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction power plants. As environmental issues are becoming more
and more relevant, the evaluation of the overall effectiveness
Pulverized coal is surely one of the cheapest fuels for the of electric power generation by means of this new process
generation of electric power, but it causes such problems asrequires the classification and characterization of the ash pro-
bridging or channelling in a hopper or choking of piping duced. This pointis essential inview of environmental impact
in pneumatic transportation, and it is difficult to sustain a assessment.
long and stable operation of furnaces. Overcoming these dif-  Coal—fuel oil ash has not yet been classified as a waste.
ficulties to get improved and more effective operation can In fact, the European Waste Catalogue lists fuel combustion
be achieved by means of modern combustion technology,residues as fly ash from coal (code 10.01.02), fuel oil (code
for example turning fuel supply in favour of coal-fuel oil 10.01.04*) and emulsified hydrocarbons (code 10.01.13%).
mixtures[1]. These mixtures can be more easily pumped to No entry is found for coal-fuel oil ash, and its classification
burners and give higher combustion effectiveness, providedshould be necessary for management purposes. At least, it
that proper promoters are added to the fagl should be made clear whether it is hazardous (as fuel oil ash)
In Italy, the national electricity board (ENEL) has carried or not (as coal ash). Furthermore, the extent to which it will
out the above fuel substitution to some extent in selected be produced in the near future is likely to increase, and this
makes classification an urgent issue.
* Corresponding author. Tel.: +39 081 674028; fax: +39 081 674090. Itis well known that coal ash has enough good pozzolanic
E-mail addresssantoro@unina.it (L. Santoro). activity to be used as natural pozzolanas substitute for the
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manufacture of blended cements and concfate]. This Table 2 -
possibility relies on the high silica content and the prevalent Cumulative amounts of metals released (mg/l)

presence of amorphous fraction, which both favour coal ash Ba Cd Co Cr Cu N Pb V 2Zn
reactivity against added lime to form calcium silicate hydrate coal-fuel 884 - 386 465 02 02 - 37 03
(CSH)[9,10]. In addition, it was proved in previous work that oil ash

the alumina contained in this ash is able to react with addedCcalash 135 - 153 242 03 02 05 88 04

lime and gypsum to give calcium trisulphoaluminate hydrate

(TSH) [1|1]. This product is analogous to nqtural e_ttringr;]ite hydratory systems containing lime and gypsum, are present
(6Ca0AI205-3S0Cs-32H;0) and adds to CSHimproving the significantly lower content with regard to coal ash. Other

binding properties of the final prqduct. . differences are a much higher content of MgO and,50
Due to the lack of coal-fuel oil ash characterization, it is and a very little content of CaO.

not known whether or not the above us.eful propgrties of coal The two types of ashes have also been characterized from
ash are retained by the waste under investigation. Concerny,o point of view of release behaviour. To this scope, the

about t_h|s is due to t_he fact that wh(_en §l_me|tted to chemical Italian dynamic basic waste characterization leaching test has
analysis, coal-fuel oil ash shows a significantly lower content ., employeflL2]. This test makes use of distilled water in
of silica and a much higher content of magnesium oxide in 5:1 weight ratio with renewals at 2, 8, 24, 48, 72, 102, 168
comparison to coal ash. To make this important issue clear, ;4 384 (16 days). Liquid—solid separation is carried out by
coal-fuel oil ash has been characterized and tested in hydrag; i, a4ion with 45.m paper filter. The amounts released after
tory systgms cgntammg lime alone or I|me'—gypsum MIXWUreS. gach leaching step are summed to get cumulative final values.
Comparison with coal ash has been carried out too. These results, relative to heavy metals, are reportédbife 2
and show that, from the point of view of leaching behaviour,
coal—fuel oil ash is very similar to coal ash. This implies that
in Italy coal—fuel oil ash could be addressed towards matter
recovery as well as coal ash.

Coal-fuel oil ash has been tested for hydration behaviour
in hydratory systems containing lime alone or lime and gyp-

2. Materials and methods

The characterization of coal-fuel oil ash starts with chem-
ical analysis. A small sample of the ash was melted with

alkaline carbonates and then dissolved with hydrochloric g The compositions of all the systems tested are reported
acid. Aliquots of the resulting solution were then used for ;, tople 3 Hydration was carried out at 25 and 4D and

the determination of the content of metals by atomic absorp- 1qqo, R.H. for times ranging from 1 to 28 days. Cylindri-
tion spectroscopy, §i|ica by precipitation and gravimetry and samples of size @ h = 2 x 3cn? were prepared for each
sulphates by turbidimetry. The results are reportethile 1 - oy nerimental condition. At any hydration, time hydration
where a comparison is made with a typical coal ash. It is a5 stopped by grinding the sample under acetone and then
seen that both silica and alumina, the compounds that cangying with diethyl ether. Stopped samples were stored in
be exploited for matter recovery due to their reactivity in 5 gesjccator. Hydration kinetic was studied testing stopped
samples by means of quantitative determination of chem-
ically combined water and reacted lime. The former was
obtained by loss on ignition (LOI) at 105C, while the
latter by extraction and titration of residual lime accord-

Table 1
Chemical composition of coal-fuel oil and coal ashes (wt%)

Coal-fuel ol Coal ing to the Franke method.3]. Hydrated samples were also

Loss on ignition at 1050C 10.20 1204 qualitatively characterized by means of simultaneous ther-
|\S/||;)<2) ﬁ'gi 4;1‘2‘ mogravimetric and differential thermal analysis (TGA/DTA).
Al,O3 11.47 28419 The scope was the identification of new phases formed upon
Fe03 9.47 461 hydration.
NaO 3.25 059 Cubic samples of 4cm size were prepared and cured
K20 1.38 081 28 days for the determination of unconfined compressive
CaO 0.45 32
MnO 0.32 -
CuO 0.21 - Table 3
NiO 0.15 — Compositions of the systems tested (wt%)
PbO 0.14 - System Coal-fuel oil ash Lime Gypsum \Wigtio
Cr0s3 0.13 -
ZnO 0.04 _ ALy 60 40 — 0.43
CoO 0.02 _ AL, 70 30 - 0.50
cdo 5y 10-3 _ ALKGL 60 32 8 0.43
TiO, _ 147 ALpGH 60 27 13 0.43
SO 14.75 075 AL GL 70 24 6 0.50

AL Gy 70 20 10 0.50
Total 99.50 o7

a Water to solid ratio.
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strength (UCS). Three replicates of this measurement were
carried out for each hydrated system.

3. Results and discussion

Fig. 1shows the results of DTA for the system coal—fuel ol
ash/lime Aly hydrated at 40C. The formation of calcium
silicate hydrate is visible as early as after 1-day-hydration
(small endothermic peak at about 1@). This peak grows
significantly at 28-days-hydration. Correspondingly, lime is
strongly consumed (endothermic peak at about450The
endothermic peaks at about 80D are due to the decom-
position of calcium carbonate. This is produced at lower
temperature by reaction of unreacted lime with carbon diox-
ide formed by oxidation of unburned coal—fuel oil mixture.

The same qualitative results have been obtained for the
system Al hydrated at 25C, as well as for the system
AL hydrated at both 25 and 4C, in agreement with the
hydration behaviour of similar systems containing coal ash
instead of coal-fuel oil asfi1,14]
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Fig. 1. Thermograms of samples of systemiAthydrated at 40C.
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Fig. 2. Thermograms of samples of system & hydrated at 40C.
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Fig. 3. Kinetics of hydration of system containing 60% ash at@5(a)
above; (b) below.

Fig. 2shows the results of DTA for the system coal—fuel ol
ash/lime/gypsum ALG, hydrated at 40C. In this case, the
hydration products are calcium silicate hydrate (endothermic
peaks of intensity increasing with hydration time at about
100°C) and calcium trisulphoaluminate hydrate (endother-
mic peaks of increasing intensity at 120-185). The con-
sumption of lime and gypsum is clearly seen. The sequence
of endotherms of decreasing intensity at about45@ due
to unreacted lime; the sequence of endotherms of equally
decreasing intensity at about 180 is due to unreacted gyp-
sum.

Again, these qualitative results are confirmed in other
experimental condition of temperature and composition of
the systems containing lime and gypsum. Furthermore, these
systems behave similarly to systems containing coal ash
instead of coal-fuel oil asji1-14]

Quantitative data of reactivity in terms of chemically com-
bined water are reported iig. 3a for the systems containing
60% ash, thatis AL, ALHGL and AL4Gy, cured at 25C. It
is clearly seen that the presence of gypsum strongly increases
the observed amount of chemically combined water. In fact,
the values for the systems AIG, and ALyGy are more
than twice as-much-as those for the systenyAThe positive
effect of gypsum on hydration is confirmed by the highest val-
ues of chemically combined water observed in the case of the
system Al Gy, richest in gypsum. This result is obviously



104 R. Cioffi et al. / Journal of Hazardous Materials B124 (2005) 101-106

due to the formation of TSH beside CSH. The former, in fact,
forms with a much higher content of crystallization water. @) v
The results of reacted lime are reportedrig. 3b and show 60 |- v/
an even greater positive effect of gypsum on lime conversion
in the systems containing 60% ash cured at@5In fact,

in this case a nearly seven-fold increase of reacted lime is
observed when gypsum is added to the ash—lime mixture.

Differently from chemically combined water, no signifi-
cantdifference is found in lime consumption between the two
systems containing gypsum in different amounts (/&
and ALLGp).

At 25°C the systems richer in ash behave slightly better
from the point of view of the amount of chemically combined
water. In fact, the 28-day values were found 8, 18.1 and 25.7%
for the systems AL, AL| G and AL Gy, respectively.

The behaviour of the above systems in relation to reacted
lime was not the same. The effect of increased content of ash
was positive for the system AL In fact, the 28-day value
of reacted lime was 14% in this case. On the other hand, the
conversion of lime was found lower in the case of the system
richer in ash containing gypsum. In fact, the values found
for the systems ALG, and AL_Gy were 22.7 and 18.4%,
respectively.

The reason for this may be due to the fact that the main
hydration products, CSH and TSH, formed by two indepen-
dent reactions whose kinetics may well be such that their
relative rates depend on the composition of the reacting sys-
tem. L L. Fig. 4. Kinetics of hydration of system containing 70% ash at@o(a)

Quantitative data at 40C are reported irFig. 4a and b above; (b) below.
for the systems AL, AL G. and AL Gy. These figures
make it clear that hydration is strongly favoured at this higher lime were found almost independent of composition at
temperature. The values of both chemically combined water 40°C.

(Fig. 4a) and reacted limeHg. 4b) are much higher than The effect of composition and temperature on reactivity
at 25°C. Furthermore, carrying out the hydration at°4D is outlined inTables 4 and Bvhere the quantitative data of
strongly reduces the effect of composition. In fact, the quan- chemically combined water and reacted lime are reported for
titative data of both chemically combined water and reacted all the systems studied.

Chem.ly combined water, wt%

Reacted Ca(OH),, wt%

Hydration time, days

Table 4
Chemically combined water (wt%)
Hydration time (days) AL (°C) AL (°C) AL{GL (°C) ALH{GH (°C) AL_LG. (°C) AL .Gy (°C)
25 40 25 40 25 40 25 40 25 40 25 40
1 0.0 20 0.0 31 26 12 27 59 10.3 63 12.6 67
3 13 20 0.0 38 9.9 31 100 6.9 11.3 94 14.3 166
7 4.2 29 11 40 104 124 113 138 16.1 182 20.5 274
14 4.9 116 6.5 157 116 257 125 256 17.6 424 20.9 585
28 6.7 234 8.0 267 134 386 171 448 18.1 434 25.7 661
Table 5
Reacted lime (wt%)
Hydration time (days) AL (°C) AL (°C) AL{GL (°C) AL{GH (°C) AL G (°C) AL Gy (°C)
25 40 25 40 25 40 25 40 25 40 25 40
1 1.2 71 4.5 12 19.0 13.5 104 10.6 10.8 R 4.8 10.1
3 14 79 5.4 9.0 255 25.8 28.2 24.8 15.4 x 101 26.5
7 1.7 Q0 57 172 34.3 38.7 32.9 321 21.8 4B 170 41.6
14 3.9 130 101 186 35.4 43.4 34.3 39.4 22.1 50 171 452
28 4.2 149 140 201 37.0 54.5 38.3 61.6 22.7 66 184 50.0
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4. Conclusions

N
T

The work carried out in this paper shows that coal-fuel oil
ash has potentiality for an environmentally and technolog-
ically sound application for the manufacture of pre-formed
building blocks. This is proved not only by the raw exper-
imental results, but also by their comparison with those
obtained with similar systems containing coal ash.

From the environmental point of view, the release of heavy
metals was found very similar to that of typical coal ash.

From the chemical point of view, the main hydration
products were the same as those formed in similar systems
containing coal ash, i.e. calcium silicate hydrate and cal-
cium trisulphoaluminate hydrate. Furthermore, the kinetics
of hydration was similar too.

Fig. 5. Mechanical strength of systems ash-lime—gypsum, hydrated at ~From the technological point of view, the results of UCS
40°C. measurements showed that the systems studied are suited for
the manufacture of classified building blocks at@D
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A final remark on the quantitative aspects of hydration
regards the comparison with systems containing coal ash
instead of coal-fuel oil agii1,14,15] Although the compo-
sition of the systems studied in the papers referred to above
was not exactly the same as that of the systems under inves-
tigation, it is possible to say that coal-fuel oil ash behaves [} US. Department of Energy, Power Technology 2003 Data-

! . ; o book, 2003, Online version, web sittp://nrel.gov/analysis/power
very closely to coal ash when hydrated in mixtures containing databook/
lime and gypsum. This is a remarkable result in as-much-as [2] J. Choung, Z. Xu, J. Szymanski, An integrated approach for coal
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