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Herbaceous biomass like Cynara is commonly high in potassium, chlorine and ash, which 
has been reported as a source of problems for combustion applications. An appropriate 
management of the potassium fertilisation is suggested as a way of improving the quality 
of the Cynara biomass for solid fuel applications. In this work a factorial experiment was 
designed involving two types of fertilisers, KC1 and K2S04, and two K rates, in order to study 
the effect of potassium fertilisation on the composition and thermal behaviour of Cynara 
biomass. 
The results proved that the potassium content of Cynara biomass increases with the 
potassium fertilisation. The thermogravimetric study showed that sintering phenomena 
can be expected at temperatures higher than 900 °C when the crop has been highly 
K-fertilised, irrespective of the type of fertiliser used, KC1 or K2S04. However, the SEM 
images taken of samples of the four K treatments of this experiment did not reveal signs of 
ash melting, although some particles with crystalline appearance appeared in the samples 
from highly K-fertilised treatments. 

1. Introduction 

Modern society has created unprecedented demands for 
energy based on fossil sources. However, there is a growing 
consensus about the diminishing supply of petroleum sources 
and the negative environmental consequences of burning 
fossil fuels. Issues such as security of supply, climate change, 
employment, or rural development, have led to the need to 
move forward and to support and encourage the use of 
renewable energy sources. It is clear that biomass is currently 
gaining the attention of the European Institutions as part of 
a joint European effort in the promotion of these renewable 
energy sources. There is a need for integrated energy systems 
that can use different feedstocks (such as energy crops or 

biomass residues and wastes) and generate products such as 
fuel, heat and electricity. In this context, solid biomass offers 
an economically attractive alternative to fossil fuels. 

At this time, when bioenergy production is being sug­
gested as one of the causes of the price increases for some 
agricultural commodities, it is necessary to find new crops 
for energy which are not in competition with those utilized 
for food or animal feed. Many countries around the World 
have been developing new crops since the mid 1970s in 
order to increase the biomass resource base for production 
of bioenergy. Since then, the technical feasibility of 
producing energy crops has progressed significantly and 
several bioenergy projects based on energy crops have been 
developed. 



Among the plant species studied as energy crops, Cynara 
cardunculus L. can be considered as one of the crops with the 
most potential for biomass production in rainfed lands with 
Mediterranean climates. As a matter of fact, the species, 
which is a perennial herb with an annual growth cycle, is 
native to the Mediterranean region, where it has been tradi­
tionally grown for horticultural purposes — particularly in 
Italy, France and Spain - since ancient times. In that context it 
is commonly known as "cardoon" but for energy purposes the 
species is grown as a field crop and then the name "Cynara" is 
normally used. The remarkable surge of interest in this crop in 
recent is due to its non-food utilization. 

The Cynara energy crop has demonstrated its adaptation to 
the Mediterranean environment in various European R + D 
projects. A review of it as an energy crop can be found in [1]. The 
research work done has shown the potential of this species for 
biomass production as well as the different applications of the 
crop produce: the lignocellulosic biomass as solid biofuel for 
heat or power generation and even as a substrate for paper 
pulping [2], and the seed oil for biodiesel. The energy and 
traditional applications of this crop are detailed in [3]. 

When it comes to the utilization of the biomass for heat or 
electricity, the lignocellulosic biomass of Cynara (heads con­
taining oil seeds not included) seems to have similar charac­
teristics to other herbaceous biomasses like straw; moisture 
content about 10-15% and low heating value (LHV) between 
15 and 16 MJ kg -1. Recent articles have shown that the quality 
of the biomass harvested from this crop needs to be improved 
for its application as a solid biofuel [4]. 

Much concern has been expressed about some reported 
values of Cynara ash, potassium and chlorine content (5-20%, 
2-2.5% and 0.3-1.7%, respectively) and about the slagging 
problems at temperatures over 750 °C experienced by some 
authors [5]. The high ash content of some samples has been 
attributed to soil contamination as a consequence of the 
harvesting method [1,4] while slagging problems could be 
a consequence of the high contents of potassium and chlo­
rine. High potassium contents have been related to mecha­
nisms of osmotic adjustment in Cynara seedlings [6]. 
However, little is known about the effect of the potassium 
fertilisation, K rate and type of fertiliser on these contents. 
When a biomass is combusted in large-scale power plants, 
a low chlorine and potassium content is desirable, because the 
presence of these compounds reduces the capacity and effi­
ciency of thermal conversion plants [7]. As a guide, contents of 
<0.1% for CI and <7% for K are recommended for unprob-
lematic thermal utilization of biomass fuels [8]. 

Nevertheless, in living plants, large quantities of alkali 
metals are required as nutrients and counter ions. Potassium 
is especially abundant in annual and short-life crops, with 
sodium also present in minor amounts. In the fast growing 
parts of trees (small branches and leaves), the alkali content is 
higher than in the trunk and larger branches. Around 90% of 
the alkali in biomass is present in water-soluble or ion 
exchangeable form and is susceptible to vaporization during 
heating [9]. In thermal conversion plants the release of alkali 
compounds causes the formation of molten salt mixtures on 
accessible surfaces like exposed boiler parts, fly ash particles 
and fluidized bed material. Silica sand is often used as bed 
material during fluidized bed combustion, and low-melting 

eutectic mixtures of alkali compounds and silica may be 
formed. A liquid layer on the bed material particles tends to 
induce agglomeration, which leads to impaired fluidization 
and mixing conditions. Fouling, the formation of ash deposits 
on surfaces like screen tubes and superheaters, is primarily 
associated with the presence of compounds containing 
potassium, chlorine, and silicon. Of the various operational 
problems connected with fouling, the reduction in heat 
transfer rates and accelerated corrosion are often the most 
serious [10,11]. 

Several methods of reducing the detrimental effects of the 
alkali compounds have been proposed. Recent studies have 
shown that additives such as kaolin or dolomite are capable of 
reducing sintering problems by raising the melting point of 
the ash. Alternatively the vaporization of alkali compounds 
may be reduced by a decrease in process temperature or 
a Cynara-coal co-firing. Another approach is to lower the 
content of alkali metals in the feedstock or to change the 
supply of nutrients. Potassium, the most abundant alkali in 
herbaceous biomass, is a macronutrient and, therefore, its 
supply should be optimized in order to meet the needs of the 
crop without permitting excess consumption. So, changes in 
fertilisation strategies are required in order to avoid the 
detrimental effects mentioned above when biomass, partic­
ularly Cynara, is utilized as an energy crop for heat or elec­
tricity production. 

In addition to this, codes of good agricultural practice and 
environmental guidelines should be respected; otherwise 
growing energy crops on agricultural lands will create addi­
tional pressure on biodiversity, soil, and water resources. In 
biomass production, the most negative environmental effects 
are caused by the utilization of chemicals and fertilisers [12]. 
Thus, improvements are necessarily dependent on the opti­
misation of these elements. 

Consequently, the aim of the current study was to inves­
tigate the effect of potassium fertilisation on the thermal 
behaviour of Cynara. Since several authors [13,14] have shown 
that chlorine facilitates alkali release and may, therefore, 
serve as a "potassium carrier" from the fuel to accessible 
surfaces; in this work two distinct potassium fertilisers - KC1 
and K2S04 - were experimented on the Cynara energy crop, at 
two different rates. Thermal analysis of Cynara biomass and 
scanning electron microscopy (SEM) studies of the ash which 
had been obtained in the TGA/DTA analysis was carried out in 
each of the fertiliser treatments in order to evaluate the 
influence of the rate and type of fertiliser on the thermal 
behaviour of Cynara biomass. 

2. Materials and methods 

2.1. Field experiment 

The field trials were carried out in the 2003-04 season in the 
Experimental Fields of the Agroenergy Group of the Poly­
technic University of Madrid, Spain (latitude 40o26'36"N, 
longitude 3o44'18"W, altitude 595 m). The experiment design 
for the field trials was: 2 potassium rates x 2 types of potas­
sium fertilisers (KC1 and K2S04) x 3 replications, plus the 
control (non-K-fertilised treatment). 



The experiment was performed in 40 x 60 x 40 cm 
containers, filled with a low-fertility soil in order to enhance 
the effect of the fertilisation. The soil characteristics were the 
following: sandy texture (77.6% sand, 6.4% silt, 16% clay), pH 
(1:2.5 H20) 8.2, organic matter 0.32%, nitrogen 0.11% N, phos­
phorous (Olsen) 19 ppm P, potassium (1 mol I r 1 ammonium 
acetate) 148 ppmK, chlorine (2:10 soil/water) 135 ppm CI. One 
Cynara plant per container was used. The plants had been 
individually grown from seed for two months in 12 cm 
diameter pots filled with the soil previously described. All the 
plants came from a seed pool of Cynara for biomass produc­
tion (Cynara ETSIA). 

Fertilisation was performed following results of previous 
studies [15]. In this experiment, nitrogen and phosphorous 
nutrients were applied in all the tests equally, at the rate of 
25.2 g N and 7 g P205 per container. Two different rates of 
potassium were experimented: Rate 1 was equivalent to 20.8 g 
K and Rate 2, twice that quantity. Consequently the treat­
ments applied in this experiment were labelled for short as: 
0 K (control), 1KC1, 1K2S04, 2KC1 and 2K2S04. 

The crop was allowed to grow according to the natural 
growth cycle of the species. In August, once the cycle was 
completed and the aerial biomass was dry, the aboveground 
biomass was carefully cut off at a height of approximately 
5 cm above the soil so that soil particles would not contami­
nate it. The plant biomass was fractionated by hand to 
determine the weight of the stalk, as well as the weight of the 
harvestable biomass (cauline leaves + stalk + capitula). Then, 
the stalk fraction was taken to conduct the analytical 
determinations. 

2.2. Analysis of the plant material 

The plant material was processed as received at the labora­
tory; no water washing was performed. First it was dried 
separately at 105 °C until constant weight was achieved 
(ASTM D 2016-65 "moisture content of wood") and then it was 
ground into a fine powder (particle size < 1 mm). 

The effect of the K fertilisation was studied for content in C, 
N, P, K, CI, S and ash. Biomass content in C, N and S was 
determined by elemental analysis. Potassium content was 
determined by flame emission photometry on samples ashed 
at 450 °C for 4 h. Chlorine content was determined by 
Volhard's method according to the norm ASTM D-2361-66. 
Ash content was determined following UNE-CEN/TS-
14775:2004. All results were expressed as a percentage of dry 
weight. Statistical analysis was performed for each variable by 
means of one-way ANOVA in order to test the null hypothesis 
(no difference between treatments). Tukey's test was used to 
separate means whenever statistical significance was found 
(p<0.05). 

2.3. Thermogravimetric analysis 

The sintering/melting behaviour of the Cynara biomass was 
studied using thermogravimetric measurements. Thermog­
ravimetric analysis TG/DTA was attained using a SEIKO TG/ 
DTA 6300 instrument. 

Cynara biomass samples were placed in a platinum sample 
pan and heated from room temperature to 1300 °C at 

a 10 ° C min - 1 using a 50 ml min - 1 flow of air. The performance 
of the system was regularly checked by measuring the three 
decomposition steps of calcium oxalate monohydrate. 

The continuous on-line records of weight loss and 
temperature were obtained to plot the TG curve. Differential 
thermal analysis (DTA) is a technique that involves recording 
the difference in temperature between a substance and an 
inert reference material as the two specimens are subjected to 
identical temperature regimes in an environment heated at 
a controlled rate. The record obtained is called a DTA curve 
and, provided that the substance is thermally active in the 
temperature range used, shows a series of peaks. In this curve 
any physical or chemical process which involves an energy 
change (consumption or release), is represented as either 
endothermic or exothermic peaks. Therefore, this technique 
allows us to detect any sintering, melting or other phenom­
enon that could occur in the sample when it is heated from 
room temperature up to 1300 °C with a constant heating rate. 

2.4. Scanning electron microscopy and energy dispersive 
X-ray analysis (SEM-EDX) 

Lumps of Cynara ash were collected from the thermogravi­
metric experiments after the end of each test and then 
examined using scanning electron microscopy (SEM). The SEM 
utilized was a Digital Scanning Microscope DSM 960 Zeiss 
which has micro-probe equipment, based on energy disper­
sive X-ray fluorescence analysis giving the elemental 
composition at chosen points on the sample surface. 

Some carbon paint was first applied to the sample holding 
discs. Each sample was then placed on the carbon paint to 
obtain good conductivity between the sample and the disc 
surface. All the samples were then coated with gold-
-palladium alloy in order to avoid charging and to obtain 
better images during the SEM analysis. The coated samples 
were placed into the SEM for image and energy dispersive 
X-ray analysis. The acceleration voltage was set to the level of 
20 kV and the back-scattered electron image was used for the 
whole analysis. Magnifications in the range of 100-2000x 
were selected, depending on the visual field that needed to be 
examined. To obtain a good quality image, the contrast level 
that discriminates between the background and the sample 
was also adjusted and the SEM picture was then taken. 

3 . Results 

3.1. Analysis of plant material 

Mean results of the biomass production and the analysis of 
plant material, and the statistical significance between the 
treatments tested, are shown in Table 1. The values obtained 
for N, K, CI, S and ash were more adequate for solid biofuel 
applications than the values reported in the literature [4,16]. 
This fact can be attributed to the harvesting process, because 
the mechanical harvesting of Cynara with conventional 
machinery has until now always implied soil contamination. 
That problem was also stressed by other authors [4]. The 
biomass in this experiment, however, was harvested by hand. 



Table 1 - Mean results of the Cynara experiment and 
analysis of the variance (ANOVA). BDW = biomass dry 
weight (cauline leaves + stalk + capitula) at the end of 
the growth cycle; C, N, P, K, CI, S, and ash = carbon, 
nitrogen, phosphorous, potassium, chlorine, sulphur and 
ash content (weight% d.b.). 
Parameter 

BDW (g) 

Stalk proport ion (%) 

C (%) 

N (%) 

P (%) 

K (%) 

CI (%) 

S (%) 

Ash (%) 

Mean 

178.5 
39.2 
38.9 
0.50 
0.18 
1.18 
0.31 
0.11 
6.87 

ANOVA 

ns 

ns 

ns 

ns 

ns 

p = 0.0114 

ns 

p = 0.0003 

ns 

ns : no significant differences. 

Even so, our Cynara plant material contained more N, P, K, S, 
CI and ash than woody solid biofuels [17]. 

The results in Table 1 show the effect of the K fertiliser on 
the quality of the biomass. Significant differences were found 
for the biomass content in K and S. No statistical significance 
was found, however, for the chlorine content. 

In Table 2 the average values of K, S and ash content 
obtained for each fertiliser treatment are given. The ash 
values were within the range of other herbaceous materials 
like straw; they were in the range of 6.3-6.8% for all the 
treatments except for the 2K2S04 treatment. As with [18], 
K fertilisation resulted in an increase of the stalk K content in 
comparison to the control (non-K-fertilised treatment), which 
could be related to the type of fertiliser. With the same type of 
fertiliser, Rate 2 resulted in higher values than Rate 1; 
however, no statistical differences were found either for the 
KC1 trials or for the K2S04 ones. For the purpose of solid 
biofuel, the values found for the K content of the different 
treatments are considered high, although they are lower than 
the values reported by different authors [4,16]; these values 
suggest that sintering problems could arise in the course of 
the biomass combustion. 

As regards sulphur, all the K-fertilised treatments resulted 
in higher S stalk contents versus the control; this could be 
attributed to an effect of the balance between the different 
macronutrients. The value obtained for Rate 2 of K2S04 

fertiliser was statistically different to the other K-fertilised 

Table 2 - Mean results (weight% d.b.) of the Cynara 
biomass content in potassium, sulphur, chlorine and ash 
obtained for each fertilisation trial. In each column the 
values followed by the same letter are not statistically 
different according to Tukey's test. 

Treatment K (%) 

Control 

1KC1 

1K2S04 

2KC1 

2K2S04 

0.66b 

1.13ab 

1.33a 

1.20ab 

1.57a 

S (%) 

0.06c 

0.12b 

0.12b 

0.11b 

0.16a 

CI (%) 

0.17 
0.22 
0.35 
0.60 
0.21 

Ash (%) 

6.38 
6.77 
6.26 
6.41 
8.53 

treatments but there were no significant differences between 
Rate 1 of that fertiliser and the KC1 trials. This fact suggests 
that the use of K2S04 at Rate 1 instead of KC1 would not result 
in a lower quality biomass, from the point of view of the 
sulphur. With regard to the chlorine a high level of variation 
was observed within each treatment. Hence, no significant 
differences were obtained between treatments in spite of the 
fact that the KC1 fertiliser applied at Rate 2 resulted in higher 
chlorine contents. 

3.2. Scanning electron microscopy and energy dispersive 
X-ray (SEM-EDX) and DTA analysis 

Fig. 1(a) depicts the morphology of the ash particles of the 
control sample that appear to be rough and irregular. As can 
be seen from Table 3, the ash particles contain mainly 
calcium. This element may be in the form of calcium 
carbonate since in Fig. 1(b) the DTA curve shows two endo-
thermic peaks in the temperature interval 639 "C-874 °C. This 
endothermic reaction is associated with a weight loss starting 
already at lower temperatures. The weight loss at 570 °C is 
attributed to the decomposition of Ca (OH)2, which is sup­
ported by the characteristic DTA peak. The presence of CaC03 

is proved by the DTA peak at 874 °C and the release of C02 at 
the same temperature [19]. This leads us to the conclusion 
that the main reaction causing these effects is the C02 
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Fig. 1 - Non-K-fertilised treatment (Control): (a) SEM-EDX 
photo of particles (Point 1 and Point 2), and (b) DTA curve. 



Table 3 - SEM-EDX analysis of particles (PI and P2) found 
in the non-K-fertilised treatment (Control). 
Sample 
(%) 

Si0 2 

A1203 

K 20 

N a 2 0 

CaO 

MgO 

P2O5 

composition 

ip = imperceptible. 

PI 

0.6 

ip 
5.9 

ip 
87.9 

5.3 

ÍP 

P2 

3.2 

0.9 

2.2 

13.6 

40.6 

ÍP 
39.1 

Table 4 - SEM-EDX analysis of particles (P2 and P3) found 
in the sample corresponding 
Sample 
(%) 

Si0 2 

A1203 

K 20 

N a 2 0 

CaO 

MgO 

P2O5 

composition 

ip = imperceptible. 

to Treatment IKCl. 
P2 P3 

1.6 1.3 

ip ip 
4.1 8.0 

1.3 1.4 

88.1 83.2 

4.8 6.0 

ÍP ÍP 

evolution from carbonates, above all CaC03, a conclusion 
which is in agreement with [20]. 

In the case of Treatment IKCl, the SEM picture shows that 
the particles are very similar to those observed in the control, 
both in morphology and composition, as can be seen in Fig. 2 
and Table 4, respectively. 

However, in Treatment 2KC1, among a mass of amorphous 
particles with high calcium content, some particles with 
crystalline appearance also appeared. As can be seen in 

Fig. 2 - SEM-EDX photo of particles found in the sample 
corresponding to Treatment IKCl: (a) Point 2 and Point 3, 
and (b) detail of Point 3. 

Table 5, the composition of these particles was dominated by 
silicon, potassium and aluminium, in much the same way as 
has been observed in other biomass (rape, wheat or barley 
straw). These findings are in agreement with those reported 
by other authors [21] who showed that the ash from rape 
straw was mainly crystalline with a relatively high ash 
melting point, whereas the ash produced from wheat and 
barley contained significant amounts of amorphous material 
Fig. 3. 

In contrast, the thermogravimetric study shows different 
sample behaviour depending on the KC1 rate. As can be 
observed in Fig. 4, when the IKCl treatment was applied, only 
the peak corresponding to the C02 release was observed. 
However, when the 2KC1 treatment was utilized, two endo-
thermic peaks appeared at high temperatures (947 °C and 
1094 °C). Given the chemical composition of the particles with 
crystalline appearance observed in this sample (Table 5), these 
peaks could be due to the formation of low melting eutectics 
between the silica and potassium compounds. This is in 
agreement with [10], who have reported that at higher 
temperatures part of the silica in the ash material forms 
calcium silicates by a reaction with calcium oxide, and also 
concurs with [22] who have shown that alkalis and alkali earth 
metals tend to react with silicon in the form of silica (Si02), 
and create low melting point silicates. 

Concerning the samples fertilised with K2S04 some hard, 
brittle particles appeared in those fertilised at Rate 1 (Treat­
ment 1K2S04) (see Fig. 5), with potassium as the main 
compound (92.8%), and lower amounts of sodium (7.1%). 

Table 5 - SEM-EDX analysis of particles with crystalline 
appearance (PI and P2) and amorphous particles (P3) 
found in the sample corresponding to Treatment 2KC1. 

Sample composition 
(%) 

PI P2 P3 

Si0 2 

A1203 

K 20 

N a 2 0 

CaO 

MgO 

P2O5 

ip = imperceptible. 

43.8 

9.8 

24.9 

3.7 

9.5 

6.8 

ÍP 

40.2 

27.7 

31.1 

0.9 

ÍP 

ÍP 

ip 

1.1 

ip 
11.4 

1.4 

79.1 

7.0 

ÍP 



Fig. 3 - SEM-EDX photo of particles from the sample 
corresponding to Treatment 2KC1. 

As with the particles present in the ash of samples corre­
sponding to Treatment 1KC1 and according to the DTA curve 
(see Fig. 6) which showed a peak at around 880 °C, these ash 
particles are probably carbonates, since at that temperature 
C02 release occurs. Nevertheless, as also can be seen in Fig. 6, 

*&zm 

Fig. 5 - SEM-EDX photo of a particle found in the sample 
corresponding to Treatment 1K2S04. 

the DTA curve of the sample corresponding to Treatment 
1K2S04 presented a clear endothermic peak at 1086 °C. This 
might be due to a melting of crystalline particles; however, 
this kind of particles does not appear in the SEM-EDX analysis. 

Finally, the SEM-EDX analysis of the samples correspond­
ing to Treatment 2K2S04 showed two different kinds of 
particles (Fig. 7), some isolated hard particles with a crystal­
line appearance which presented higher potassium contents 
and others with an amorphous aspect and a very high calcium 
content (Table 6). 

As can be observed in Fig. 6, the DTA curve of these 
samples showed two endothermic peaks around 812 °C and 
900 °C, the first one probably due to the C02 release as 
a consequence of the decomposition of the calcium carbon­
ates present in the amorphous particles. Besides, from 1000 °C 
upwards a sharp fall occurred, in a similar way to the sample 
corresponding to Treatment 2KC1. This fall could be indicating 
the beginning of a great endothermic peak which was 
impossible to detect, due to the technical limits of the TG/DTA 
utilized, and could represent the melting of particles with 
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Fig. 4 - DTA curves of the samples from Treatments 1KC1 
and 2KC1. 
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Fig. 6 - DTA curves of the samples from Treatments 
1K2S04 and 2K2S04. 



a - < ^ 

»,m£ 

Fig. 7 - SEM-EDX photo of particles from Treatment 
2K2S04: (a) Point 1 and Point 2, and (b) detail of Point 2. 

crystalline appearance observed in the SEM-EDX analysis of 
both type of samples. According to the results shown in the 
DTA curves (Figs. 4 and 6), several endothermic peaks 
appeared in all the fertilisation treatments. Peaks around 
600 °C were attributed to the decomposition of Ca(OH)2 and 
the endothermic peaks around 850-900 °C proved the pres­
ence of CaC03 and the release of C02, although they could also 
be attributed to alkali release [9]. However, melting tempera­
ture eutectics were only produced at elevated temperatures 
when Cynara was fertilised with the highest potassium rate, 
with both KC1 and K2S04. This is supported by the SEM-EDX 

Table 6 - SEM-EDX analysis of amorphous particles (PI) 
and particles with crystalline appearance (P2) found in 
samples corresponding to Treatment 2K2S04. 

(%) PI 

Si0 2 

K 20 

CaO 

MgO 

p2o5 

ip = imperceptible. 

1.1 

3.0 

92.3 

2.7 

ÍP 

P2 

1.2 
73.8 
6.9 

ÍP 
13.1 

analysis of these samples, which shows particles with crys­
talline appearance and high potassium content. 

On the other hand, although crystalline particles were not 
detected in the SEM-EDX analysis, the DTA curve of the 
sample corresponding to Treatment 1K2S04 showed a small 
endothermic peak at 1086 °C. 

If the potassium contents showed in Table 2 are taken into 
account, a relationship between the potassium content of the 
plant and the presence of melting temperature eutectics in the 
DTA curve must be considered. This appears to indicate that 
the appearance of these eutectics and so, possible sintering 
phenomena, depends on the potassium contained in the plant 
which in turn depends on the potassium fertilisation rate, 
independent of the type of fertiliser, KC1 or K2S04 (see Fig. 8). 
Nevertheless, besides the potassium content, as has already 
mentioned, the presence of other elements like silica or 
chlorine is also important. Thus, in the present study 
Treatment 2KC1 presents the worst behaviour in the thermo-
chemical process. This could be due to the high silicon 
concentration in its ash (see Table 5) and to its high chlorine 
content (see Table 2) since this element acts as a facilitator 
increasing the mobility of potassium [13]. According to these 
authors, potassium chloride is among the most stable 
high-temperature gas-phase alkali-containing species, while 
the amount of chlorine often dictates the amount of alkali that 
can be vaporized during combustion. 

In the case of Treatment 2K2S04, although the SEM-EDX 
picture shows the presence of particles with crystalline 
appearance, these particles have high potassium contents but 
their silicon content is very low (Table 6) and the chlorine 
content of the biomass from that treatment was also low 
(Table 2). So, further studies utilizing complementary tech­
niques such as the optical heating microscope, thermo-
mechanical analysis (TMA) or X-ray diffraction, would be very 
helpful in order to corroborate the presence of crystalline 
particles and their fusibility temperature in those treatments 
which have presented endothermic peaks in their DTA curves 
at temperatures higher than 900 °C. 
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Fig. 8 - DTA curves of the samples from Treatment 2KC1 
and 2K2S04. 



4. Conclusions 

The results of this work showed tha t the potass ium fertilisa­

tion applied to the Cynara energy crop, and the m a n a g e m e n t 

of the b iomass at harvest , play an impor tan t role in the quality 

of the Cynara b iomass . The potass ium conten t of the Cynara 

b iomass increases with K fertilisation. By us ing potass ium 

sulphate fertilisers instead of po tass ium chloride fertilisers 

and by prevent ing soil contaminat ion at harvest , b iomass 

contents of 1.33% K, 0.12% S, 0.35% CI and 6.26% ash (wt.% d.b.) 

can be achieved. According to the thermogravimetry study, 

sintering p h e n o m e n a can be expected w h e n a high rate of 

po tass ium fertiliser is utilized, irrespective of the type of fer­

tiliser, KC1 or K2S04 . However, the SEM images performed on 

samples of the four K t r ea tmen t s in this exper iment did not 

reveal signs of ash melting, a l though some particles with 

a crystalline appearance appeared in the samples from highly 

K-fertilised t r ea tments . 

On the other hand , taking into account tha t the mel t ing 

t empera ture eutectics observed in the DTA curves occur at 

t empera tu res higher t h a n 1000 °C, Cynara could be utilized in 

thermochemica l processes tha t do no t reach such high 

tempera tures , like for example fluidized bed combust ion. 
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