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Abstract

In this paper, the ash behaviour of some typical Mediterranean agricultural residues, such as peach
stones, cotton gin wastes and grape residues is studied via simultaneous, (DTA/TG), thermal analy-
sis methods. Furthermore, the effect of various pre-treatment techniques, such as fractionation and
leaching, on the ash behaviour of the specific residues is also studied.

Fractionation improves some of the main biomass properties such as calorific value, volatiles
and ash content but deteriorates significantly the ash chemical composition of the remaining ash
fraction.

Leaching improves both the main properties of the treated biomass samples and the chemical
composition of the remaining ash fraction, while the combination of the two pre-treatment methods
results in a merge of their main advantages leading to an even larger improvement of the ash thermal
behaviour.
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Introduction

The use of agricultural residues and wastes as primary and/or supplementary fuels for en-
ergy production via combustion and gasification processes appears to be an attractive op-
tion. These fuels are largely CO,-neutral because of their short regeneration time and due
to the fact that they contribute to CO,-increase only through the fossil fuels consumed
during their cultivation and transport to the energy production plants. However, the pres-
ence of large amounts of alkali and alkali earth metals, (Na, K, Ca), chlorine and sulfur in
their ash increase its reactivity and enhances the formation of ash-related problems, e.g.
agglomeration, deposition, corrosion, etc., during their thermochemical treatment. All
these phenomena affect the efficiency and/or availability of the power plant and conse-

* Author for correspondence: E-mail: sa@kt.dtu.dk

1388-6150/2003/ 8 20.00 Akadémiai Kiadd, Budapest
© 2003 Akadémiai Kiado, Budapest Kluwer Academic Publishers, Dordrecht



1020 ARVELAKIS et al.: ASH BEHAVIOUR OF AGRICULTURAL RESIDUES

quently the power costs. It becomes obvious that the accurate prediction of the ash behav-
iour of these bio-fuels can contribute significantly to their safe and economical exploita-
tion for heat and energy production [1-5, 24].

The ash behaviour of an ash sample is usually studied using a variety of methods
such as the conventional coal ash fusion tests, or using methods based on electrical
resistivity or conductance measurements of the ash during heat up.

However, all these methods have been proved not to be very suitable for bio-
mass fuels showing significant difficulties in application and low reproducibility and
reliability concerning the produced results [6—11].

On the other hand, thermal analysis methods, (DSC/DTA/TG/DMA/TMA), have
been proved to be a very useful tool regarding the analysis and the characterization of the
thermal properties of various fuels such as biomass, coals and wastes [12-22, 26].

In this paper the ash behaviour of three different Mediterranean agricultural resi-
dues, peach stones, cotton gin wastes and grape residues produced as by-products from
different agro-industrial processes, such as juice and wine production and the production
of cotton for the garment industries in Greece, has been studied using simultaneous ther-
mal analysis, (DTA/TG), in combination with SEM-EDX analytical technique.

All three residues constitute a very significant portion of the agricultural bio-
mass available in the Mediterranean region and comprise a set of unique characteris-
tics such as large availability, lack of transportation expenses and high energy value,
which make them ideal candidates as feeding streams for small decentralized power
plants especially in the scale of 0.5-5MWe.

The performed study includes also the influence of two different pre-treatment
techniques, fractionation and leaching, on the ash behaviour of the specific agricul-
tural residues using the thermal and SEM analysis methods.

Experimental

Two different pre-treatment techniques fractionation and leaching were applied to the
various agricultural residues in order to study their effect on the ash behaviour of each
residue. Fractionation includes the splitting of the original material in two fractions one
with particle size above 1 mm, which was selected for the study, and one with particle
size below 1 mm. The splitting was performed using a screen with 1 mm openings and a
laboratory mechanical shaker. On the other hand, leaching includes the treatment of the
original material with tap water in order to achieve partial removal of the inorganic con-
stituents included in the biomass such as potassium, sodium, chlorine and sulfur partly or
mainly as water-soluble salts, and thought to be responsible for the formation of ash
problems during the thermal treatment of biomass [4, 5, 23, 24].

In our case, the leaching of the samples was performed using tap water at room
temperature. The samples were put into a 200 mesh plastic grid and were submerged
into the tap water for 24 h. The water mass ratios used were 45, 200 and 120g/g for
peach stones, cotton gin residues and grape residues respectively. Additional infor-
mation regarding the leaching process can be found elsewhere [23-25].
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In total, nine different biomass samples were studied regarding their ash thermal
behaviour using simultaneous thermal analysis methods (DTA/TG) followed by
SEM-EDX elemental analysis. The ash samples studied were prepared according to
the ASTM D-1102-84 standard method, using a laboratory muffle furnace. The peach
stones samples are encoded as P, PF and PFL, the cotton gin residues samples as C,
CF and CFL, while the grape residue samples as G, GF and GFL for use in the next
pages of the paper. The codes P, C and G are used for the original untreated samples,
while the codes PF, CF and GF for the fractionated samples and the codes PFL, CFL
and GFL for the fractionated and leached samples respectively.

The thermal analysis measurements were carried out in a Netzsch STA 429C (si-
multaneous thermal analyzer-STA), which was used in the differential thermal analy-
sis/thermogravimetric analysis (DTA/TG) mode. The experiments were performed
using air atmosphere and open top alumina crucibles. The heating rate applied during
the experiments was 10°C min ' and the final temperature 1050°C, while the amount
of the ash placed in the sample crucible was varying from 15-30 mg depending on the
density of the sample. After the end of each test the alumina crucible was visually in-
spected in order to determine the final condition of the ash sample and possible reac-
tions with the alumina crucible. The heated ash sample was kept for SEM-EDX anal-
ysis and characterization using a JEOL 6300 electron microscope.

Results and discussion

Table 1 presents the main characteristics and Table 2 the ash elemental analysis of the
specific biomass samples. The values appeared in the Tables are the means of two re-
petitive measurements differing by less than 1% in each case. As it is seen from Table
1 all the biomass samples show high values of volatiles, heat content and nitrogen,
while the amounts of chlorine and sulfur appear to be low to average. The ash fraction

Table 1 Characterization of various biomass samples (% dry basis)

Proximate analysis P PF PFL C CF CFL G GF GFL

Moisture 853  7.62 7.7 6.06 6.53 6.7 737 874 755
Ash 0.65 038 035 10.68 644 482 7.5 579 294
Volatiles 81.3 80.54 80.8 73.05 7698 80.2 70.7 70.32 749
Fixed carbon 18.1 19.08 18.85 16.27 16.58 1498 21.8 23.89 22.16
Ultimate analysis

Nitrogen 079 089 093 173 121 132 200 199 194
Carbon 51.95 5266 53.13 44.1 4655 4697 498 526 563
Hydrogen 5.76 6.1 6.77 496 6.8 7.02 52 559  6.07
Sulfur <0.01 <0.01 <0.01 044 026 <0.01 030 028 0.26
Chlorine 0.14 0.1 <0.01 028 032 006 024 012 0.07
Oxygen 40.7 39.87 38.81 37.81 38.71 39.81 3496 3373 324
GCV (MJ/kg) 21.55 22,02 21.02 2008 2256 2275 21.02 2122 21.67
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Table 2 Ash elemental analysis of various biomass samples (% dry basis)

Samples K,0 Na,O CaO MgO SiO, Al,O4 Fe,04 TiO, SO, Cl
P 38.45 0.07 7.14 2.73 5.97 0.47 0.52 0.15 5.24 0.06
PF 45.78 0.07 6.13 1.4 5.03 0.03 0.63 0.08 5.09 0.03
Difference% 19.07 0 —-14.11 -48.8 —-15.92 -93.1 19.83 -51.6 -2.88 508
PFL 21.24 0.02 19.32 2.53 10.47 0.02 0.086 0.04 3.16 0.02
Difference% —44.74 76 170.58 -7.25 75.15 -95.9 -83.6 -72.0 -39.7 —60.6
C 23.17 1.88 20.92 1.89 21.71 5.09 1.75 0.16 6.9 2.88
CF 24.53 1.23 21.05 1.88 19.74 4.01 1.59 0.08 7.2 2.95
Difference% 5.86 -34.5 0.62 —0.64 -9.07 212 -9.14 -51.6 435 243
CFL 5.7 0.04 30.10 1.55 37.5 0.55 1.98 0.26 4.80 0.58
Difference% —75.39 -97.8 43.86 —-18.1 72.73 -89.2 13.46 59.25 -30.3 -80

G 43.05 0.29 24.02 243 15.52 2.32 0.31 0.1 3.77 0.47
GF 45.86 0.24 25.82 2.14 14.42 0.02 0.36 0.05 4.33 0.45
Difference% 6.53 -16.3 7.47 -11.9 —7.08 -99.2 14.19 -48.3 14.75 -5.32
GFL 4.78 0.05 38.82 1.49 35.10 0.02 0.29 0.05 3.49 0.31
Difference% —88.88 -81.4 61.62 -38.7 126.2 -99.2 —8.55 =50 745 =33
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in the case of the peach stones samples appears to be very low (<1%w/w), while in
the case of the other two sets of samples varies from average to high (7-10%w/w).

Both fractionation and leaching, pre-treatment methods appear to have a posi-
tive effect to the main properties of the original biomass samples. Fractionation de-
creases in all cases the amount of ash contained in the original biomass samples by
more than 20%, while it also causes a low increase of calorific value and volatile con-
tent in most of the cases. On the other hand, leaching appears to have a small effect on
the ash content in the case of the PFL sample, while it decreases the ash content of the
CFL and GFL samples significantly. Furthermore, leaching appears to decrease the
amounts of chlorine and sulfur in all cases, while calorific value and volatiles appear
to remain at the same level or to be slightly improved compared to the original sam-
ples in all cases.

The results in Table 2 show that the ash of all the original biomass samples, (P, C
and ), appears to be highly reactive containing large amounts of alkali metals and
sulfur, with C and G samples to contain also large amounts of chlorine, calcium and
silicon, while the amount of these elements varies from small in the case of silicon
and calcium to traces in the case of chlorine for the P sample. Moreover, elements
such as magnesium, iron, aluminum and titanium are also present in all the cases in
amounts below 2%w/w. Fractionation appears to deteriorate the ash chemical compo-
sition and subsequently to increase the ash reactivity in all cases leading to a small to
medium increase of the amounts of alkali metals, chlorine and sulfur contained in the
ash of the different biomass samples. The only exception to the rule appeared in the
case of the PF sample, where the chlorine content appears to decrease by 50% com-
pared to the case of the P sample. However, this is believed to have no effect on the
ash reactivity of the peach stones samples due to the very low content of chlorine.

On the contrary, leaching shows to affect positively the ash chemistry of the dif-
ferent biomass samples in all cases. Alkali metals and chlorine appear to decrease
from 30-99% depending on the material, while also the amount of sulfur in the ash
appeared to decrease up to 40% in the case of the peach stones PFL sample, which
may lead to improved ash thermal behaviour during thermal conversion of biomass.

Peach stones

Figures la—c present the results from the thermal treatment of the three different
peach stones samples P, PF and PFL using simultaneous thermal analysis.

As it is seen from Fig. 1 the DTA curve of the ash P sample shows a small endo-
thermic peak in the area of 650-729°C accompanied by a mass loss of 6.3%w/w
probably due to the decomposition of calcium carbonates. The DTA curve starts to
bend down rapidly after 800°C showing the initiation of a melting effect among the
ash constituents. The effect seems to continue until the temperature of 1050°C where
the test terminates. The results from the ash thermal analysis of the fractionated PF
sample appeared to follow the same pattern as in the case of the P sample according to
Fig. 1b. The DTA curve shows a large endothermic peak at the beginning of the heat-
ing process due to increased moisture content that is accompanied by a simultaneous
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Figs 1a—c Simultaneous thermal analysis of various peach stones ash samples:
a— P sample, b — PF sample, ¢ — PFL sample

mass loss of almost 12%w/w. A further mass loss of almost 3%w/w described from
the TG curve in the temperature range of 300—750°C is not accompanied by the pres-
ence of a peak in the DTA curve probably due to the large temperature area under
which this change occurs. However, the DTA curve starts to bend sharply showing
signs of melting after the temperature of 750°C. The specific change in the DTA
curve is accompanied by a mass loss of almost 3%w/w probably due to the partial
melting and evaporation of alkali compounds (carbonates, chlorides, sulfates) present
in the ash material, while the phenomenon seems to terminate at 1050°C.

On the contrary, the thermal behaviour of the leached PFL sample appears to be
improved according to the results depicted in Fig. 1c. The ash of the PFL sample ap-
pears to show melting tendency after the temperature of 850°C that is higher com-
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Table 3 SEM-EDX elemental analysis of various thermally treated (STA) ash samples

Samples Kzo NaZO CaO MgO S102 A1203 FGQO3 P205 SO3 Cl

P 43.65 0.00 17.62  6.75 328 0.23 7.41 18.59 446  0.00
PF 61.30  0.00 9.65 6.71 038 0.26 032 1844 195 0.00
PFL 21.2 035 414 13.00 053 0.08 0.00 2138 2.06 0.00
C 1493 147 2842 10.55 21.00 5.46 3.29 942 518  0.00
CF 4923 2.1 1724 546 711 1.51 1.09 1199 426  0.00
CFL 391 1.01 4261 934 1919 753 3.37 742 498 0.14
G 71.03  0.00 4.5 0.00 179 3.02 1.76 0.00 1.57  0.00
GF 7833 0.00 855 149 086  0.00 0.00 6.71 384  0.17
GFL 356 0.00 74.67 3.14 2.13  0.00 1.54 9.15 154  0.00

pared to the cases of the P and PF samples, while also the DTA curve shows to bend
down in a slower and less sharp mode.

The visual inspection of the three thermally treated ashes after the end of the
STA tests verified the results appeared in Figs 1a—c showing that the ash material has
turned from a loose material to a partially sintered deposit. The SEM-EDX analysis
of the different ash samples presented in Table 3 showed that potassium in combina-
tion with phosphorus and also calcium are the main elements forming the produced
ash deposits in all cases. However, the PFL sample appeared to contain significantly
lower amounts of potassium and to have a less compact structure compared to the P
and PF samples. This indicates a significant improvement of the ash thermal behav-
iour, complying also with the results from the STA test. Potassium content in the case
of the PF sample appeared to be almost 50% higher compared to the case of the P
sample indicating a deterioration of the ash behaviour caused by fractionation

Cotton gin residues

The results from the thermal analysis of the cotton gin residues ash samples are pre-
sented in Figs 2a—c. The ash of both the C and CF samples appears to show melting
behaviour around of 800°C. In both cases the DTA curves show the presence of small
endothermic peaks appeared at almost the same temperature of 600—700°C accompa-
nied by a mass loss of 6% and 7.6%w/w respectively as it is seen from the TG
curves.This is probably due to the partial calcination of the large amounts of calcium
carbonates these samples contain according to Table 2. The observed melting ten-
dency in the DTA curve is sharper in the case of the CF sample, while it follows a
slower pattern in the case of the C sample. The melting process appears to start at the
temperature of 800°C in the case of the CF sample and at 850°C for the C sample, in-
dicating an increased ash reactivity in the case of the CF sample. The melting curves
in both cases are accompanied by a mass loss of 4 and 10%w/w respectively, due to
the partial evaporation of mainly alkali chlorides as it is also indicated by the large
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Figs 2a—c Simultaneous thermal analysis of various cotton gin residues ash samples:
a— C sample, b — CF sample, ¢ — CFL sample

amounts of potassium and chlorine contained in the specific ash samples according to
Table 2. Inspection of both ash samples after the end of the heating process showed
that the ash material has been agglomerated. The SEM-EDX analysis revealed that
the main elements participating in the structure of the C and CF thermally treated ash
samples are potassium, calcium, silicon, phosphorus and sulfur, which form a low
melting point silicate mixture.

The results presented in Fig. 2¢ and in Table 3 regarding the ash thermal behaviour
of the leached CFL sample reveal a totally different behaviour. The DTA curve presents a
small endothermic peak at the temperature range 600—733°C together with a mass loss of
8.6%w/w mainly due to the dissociation of calcium carbonates, while it does not show
any signs of melting processes until the end of the heating process. A small endothermic
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peak appeared after the 750°C accompanied by a mass loss of almost 3%w/w is attrib-
uted to the partial evaporation of mainly potassium chlorides and also to the dissociation
of potassium carbonates due to the small amounts of potassium and chlorine still present
in the specific ash sample according to Table 2. The inspection of the material after the
end of the STA test showed that the ash preserves its original, grainy, loose structure. The
results from the SEM-EDX analysis presented in Table 3 showed that very low amounts
of alkali metals were detected on the surface of the ash particles. Calcium, silicon and
phosphorus appeared to be now the dominating elements in the ash structure.

Grape residues

The results from the thermal analysis of the G, GF and GFL ash samples are pre-
sented in Figs 3a—c. As it is seen from the STA analysis of the G sample depicted in
Fig. 3a, the DTA curve presents one small endothermic peaks at the 100-300°C seg-
ment accompanied by a mass loss of 5%w/w due to moisture evaporation. A small
peak is observed around 630°C accompanied by a very small mass loss in the range of
1.3%w/w probably due to the decomposition of calcium carbonate.The DTA curve
starts to show signs of a melting process at the level of 780°C where it starts to bend
down. The process was seen to continue until the end of the heating treatment and is
accompanied by a simultaneous mass loss of approximately 4.0%w/w that is attrib-
uted to the evaporation of probably melted alkali chlorides due to the high amounts of
alkali and chlorine observed in the specific ash sample. The inspection of the ash ma-
terial after the end of the STA test revealed that the ash has been turned to a green col-
ored hard agglomerate. The SEM-EDX analysis showed that potassium and silicon
appear to be the main forming elements as it is presented in Table 3 verifying the for-
mation of a low melting point silicate during the thermal treatment of the G ash.

Furthermore, the results from the STA treatment of the GF ash sample show a
deterioration of its thermal behaviour compared to the original G ash sample. The ash
melting process starts now at the temperature level of 720°C accompanied with a
small mass loss and it continues until the end of the STA test at 1050°C without
showing signs of conclusion. A higher mass loss of almost 7%w/w is observed now
in the temperature range 800—1050°C probably due to the higher release of potassium
chloride during the thermal process. The inspection of the ash material after the end
of the process shows that again the original loose ash material has been transformed
to a green colored hard agglomerate. The SEM-EDX analysis showed that the chemi-
cal composition of the agglomerate is similar to that observed in the case of the G ash
sample. The content of potassium and calcium in the ash material showed a small in-
crease compared to the G ash sample.

The results from the STA measurement of the leached GFL ash sample showed a
completely different melting behaviour compared to the G and GF ash samples. Ac-
cording to Fig. 3¢ the DTA curve shows the formation of a large endothermic peak
between 600 and 800°C accompanied by a large mass loss reaching the 25%w/w as it
is seen from the TG curve. This peak is attributed to the dissociation of carbonates
and complies with the ash elemental analysis of the GFL sample presented in Table 2
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Figs 3a—c Simultaneous thermal analysis of various grape residues ash samples:
a— G sample, b — GF sample, ¢ — GFL sample

where it is seen that calcium accounts for almost 40%w/w of the ash material. After
the end of the endothermic process the DTA curve does not show signs of other endo-
thermic or exothermic processes until the termination of the measurement at 1050°C.
The inspection of the ash material after the cooling down of the STA furnace revealed
that the ash material does not show any signs of reaction and has the original, loose,
grainy structure.

The SEM analysis of the heated GFL ash sample shows that the main elements
participating now to the formation of the ash structure are calcium up to 70%w/w and
phosphorus, while the amount of potassium appears to be at the same levels (3.5%)
with the amount in the initial GFL ash sample as it is seen from Table 2.
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These results show a clear and significant improvement of the ash thermal be-
haviour in the case of the leached GFL biomass sample compared to both the original
G and the fractionated GF samples.

Conclusions

STA proved to be a valuable technique for the determination of the ash thermal be-
haviour of the various agricultural residues studied. The produced results appeared to
be in good agreement with the elemental analysis of the ash samples before and after
the heating treatment.

The observed mass loss remained low in most cases probably due to the low
amounts of chlorine present in the ash, to the complex melting interactions among the
different ash constituents leading to the formation of silicates and/or due to the miner-
alogical form of the majority of the ash forming constituents.

All the agricultural residues studied showed to have a very reactive ash compo-
sition that is expected to cause severe ash-related problems during combustion or
gasification.

Fractionation pre-treatment appeared to improve some of the main properties of
the different biomass samples such as calorific value, volatiles and ash content. On
the other hand, fractionation increased the amounts of alkali metals, chlorine and sul-
fur present in the ash of the biomass samples. This resulted in a greater reactivity of
the ash material and in the deterioration of the ash thermal behaviour. As a result the
use of this pre-treatment method is considered to be unsuitable for the improvement
of the biomass ash behaviour.

Leaching, showed to improve both, the main properties of the treated biomass
samples, and the chemical composition of the remaining ash fraction. The amounts of
alkali metals, chlorine and partly sulfur, were reduced significantly resulting in a sub-
stantial improvement of the ash thermal behaviour. Furthermore, the combination of
the two pre-treatment methods, fractionation and leaching, was seen to result in a
merge of their main advantages leading to an even larger improvement of the ash
thermal behaviour
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