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Abstract: The Thermogravimetric Analysis (TGA) techniques and concretely the study of
the burning profile provide information that can be used to estimate the behaviour of the
combustion of carbonous materials. Commonly, these techniques have been used for the
study of carbons, but are also interesting for the analysis of biomass wastes, due to the
different species present on the wastes affect directly to its thermal properties. In this work,
techniques of thermal analysis have been applied to compare the behaviour of different
wastes coming from olive oil mills. From these results, it is remarkable that the
Concentrated Olive Mill Waste Water (COMWW) presents more unfavourable conditions
for its combustion.
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1. Introduction

Nowadays, the thermochemical processes such as pyrolysis, gasification and combustion are the
most attractive and practical as far as the energy recovery from the biomass is concerned [1], being the
combustion responsible for about a 97 % of the production of bioenergy in the world [2]. In Spain, the
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thermal processes are the option most widely used for the treatment of the waste coming from the
industries for the transformation of agricultural products, specially interesting are the wastes from the
olive oil mills, owing to the big amount produced and its elevated heating value between 20 kJ/kg and
23 kJ/kg dry basis.

To carry out a correct design of the systems for thermochemical treatment and control them
properly, it is important to know deeply the different states and complex transitions that take place in
the biomass wastes as the temperature varies [3].

In the case of the biomass, and similarly to the carbon, the reaction rates are influenced by the
composition and size of the particle size. Therefore, and both in the operation conditions and in the
design procedure of the plant, the knowledge of the reactivity and the combustion kinetics of the fuels
gives a valuable information for the combustion system of the fuel [4].

Considering also that the combustion of the biomass waste differs notably from the combustion of
the conventional solid fuels, it is evident that the system used optimally for these ones are not suitable
for biomass fuels.

Another factor to consider is the heterogeneity existing within the different biomass wastes, which
does not allow to generalize when it comes down to the convenience of thermochemical treatment
systems and general characteristics and dimensions of the equipment involved.

Therefore, it is essential to carry out a specific thermal analysis of the biomass to be used, in order
to predict more accurately how it is going to behave in real systems. The limitations of these methods
regarding their generalization have to be taken into account, since they are carried out in controlled
laboratory conditions and over small samples in comparison with those ones used in real life.

The Thermogravimetric Analysis (TGA) is one of the main techniques used for the study of the
thermal behaviour of carbonous materials and the kinetics of the thermal decomposition reactions of
different solid fuels [5-8], etc. The analysis of the characteristics of the combustion allows obtaining
the "burning profile" of the fuel, defined as the representation of weight loss versus temperature in an
oxidizing atmosphere [9]. From these results the reactivity can be determined as an indicator of the
combustion potential of a carbonous material [1], [10]. Other authors [11], [12], indicate that the
information obtained from the burning profiles in the TGA in the case of fuels like carbon can be used
to estimate the behaviour of the combustion in industrial scale.

In this work, TGA techniques and other characterization tests have been used to evaluate the
thermal behaviour in oxidizing atmosphere of different olive wastes, such as olive pit, pulp, residual
olive cake and Concentrated Olive Mill Waste Water (COMWW).

The behavior of the wastes has been compared in terms of emissions of nitrogen oxides, soiling
phenomenons, corrosion and ash melting problem. Also, it will be shown the thermal behavior of the
wastes and its reactivity in an air atmosphere. In addition, the combustion in an industrial plant of the
different fractions obtained has been studied in order to assess the viability of this process.

2. Materials and Methods

The origin of each of these fractions in the plant is the following one: the two-phases Olive Mill
Solid Waste (two phases OMSW) comes from the olive mill and, once in the installation, is firstly
processed to extract its pits. Once the olive pit has been separated, the two-phases OMSW is processed
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in a three-phases continuous system, obtaining wet olive cake and Olive Mill Waste Water (OMWW).
The olive cake is dried in a rotating dryer. Then, the lightest fraction, called pulp, is separated from the
dry olive cake by a pneumatic system, remaining another fraction consisted of a smaller waste of olive
pit and the most solid part of the pulp, called residual olive cake.

The OMWW is taken to a concentration tower in which the residual heat from the drying process
can be used for the reduction of the moisture. The resulting product, COMWW, presents a moisture of
around 70 %.

The characterization of the four fractions analyzed has been carried out: heating value, ultimate
analysis, proximate analysis, chemical analysis, chemical composition of ashes and ash melting
analysis. Calorific values were measured using a Parr 1351 Adiabatic Bomb. C, H, N, S contents in the
four fuels were analyzed using a Eurovector EA 3000 Elemental Analyzer and chlorine was
determined by the Eschka method. The moisture content of the samples was obtained by drying till
constant weight in a HOLELAB Oven. Ash content and volatile matter were determined after slow
combustion of the samples in a HOBERSAL HD-230 furnace. Finally, the fixed carbon content was
calculated by difference. Cellulose, Hemicellulose and lignin were analyzed acording to standards
LAP-002, LAP-003, LAP-010 and LAP-005. Chemical composition of ashes in the four samples was
measured using X-ray fluorescence spectrometer Philips PW 2400 under standard conditions and ash
melting analysis were carried out in an oxidizing atmosphere by a LECO AF-600. All the analysis
were measured according to the normalized methods ASTM.

For the determination of the combustion profiles of the different wastes, dynamic experiments have
been done in air atmosphere in a TG/DTA thermal analyzer METER TOLEDO TGA/SDTA 851, with
horizontal oven and an only arm. The precision for the TGA is + 0.1 ug and for the SDTA 1is 0.005 °C.
The temperature of the oven in the thermobalance is controlled so that the sample follows the desired
profile. This device has a temperature precision of =0.25 °C.

It is important to remark that in the case of particles smaller than 1mm the chemical reaction
controls the process, whilst in the case of bigger particles heat and mass transfer phenomenons [13-16]
also take part in the control process. Taking this into account, samples of olive pit, pulp and residual
olive cake have been prepared in a centrifuge mill RETSCH ZM 100, choosing a sieve that guarantees
a sample granulometry lower than 1mm.

To ensure the uniformity of the temperature in the sample, its size is recommended to be small [5],
[17], [18]. However, if the sample is not homogeneous a bigger sample mass is necessary. Samples
between 10-30 mg have been chosen in the case of dry waste and 50 mg in the case of the COMWW.
To obtain a noiseless signal the gas flow must be uniform. Therefore, a constant gas flow of 100
ml/min is used to feed the system in all the tests.

The different samples are processed by TGA in air atmosphere. The most common range of ramp
reported by the literature for TGA characterization of biomass appears to be 10-50 °C/min [19-22],
thus 30 °C/min was chosen as an average value in order to make this analysis. Samples are heating
from ambient temperature to 800 °C, in order to ensure no significant further changes above this top
limit. For each experimental point, the reproducibility was checked by at least a duplicate run.

In all the cases the next parameters are determined: initial temperature, corresponding to the point
in which the rate of weight loss is >1%/min after the initial moisture loss peak; maximum temperature,
corresponding to the point in which the weight loss rate of the sample due to the combustion is
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maximum (maximum combustion rate), and ending temperature corresponding to the point in which
the char's combustion is finished (ending temperature was extrapolated from the slope of the
combustion profile in a section where calcination had not started yet). Apart from all these parameters
mentioned, a detailed analysis of the combustion profile is carried out.

3. Results and Discussion
3.1. Physical and Chemical Characteristics

Tables 1, 2 and 3 present the results obtained for the four fractions regarding their heating values,
ultimate analysis, proximate analysis, chemical analysis, chemical composition of the ashes and their

melting temperature.

Table 1. Physical and chemical characteristics of olive pit, pulp, residual olive cake

and concentrated OMWW.
Pit Pulp Residual COMWW
Olive cake
Ultimate Analysis (% dry basis)
Carbon 52.270 55.205 54.895 50.075
Hydrogen 7.485 7.960 8.215 7.795
Nitrogen 0.060 1.995 2.220 2.125
Oxygen 40.097 34.042 34.386 39.752
Sulfur <0.1 <0.1 <0.1 <0.1
Chlorine 0.088 0.798 0.284 0.253
Proximate Analysis (% dry basis)
Volatile 80.94 79.10 77.77 69.29
Ash 0.56 5.60 4.31 18.82
Fixed Carbon 18.50 15.30 17.92 11.89
Moisture (% wet basis) 9-10 6-6.5 5.5-6 70-73
Chemical Analysis (% dry-extractive free basis)
Cellulose 18.6 12.1 12.4 0.6
Hemicellulose 25.1 12.2 14.4 0.6
Lignin 39.3 43.3 42.8 51.3
Higher heating value (MJ/kg, dry basis) 20.61 23.39 22.42 21.36
Higher heating value (MJ/kg, dry-ash free
basis) 20.70 24.35 23.27 26.29
Lower heating value (MJ/kg, dry basis) 18.96 21.64 20.61 19.64

As observed in table 1, the pulp is the by-product with higher heating value (HV), being the olive
pit the one with lower HV.
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Table 2. Ash melting temperatures of olive pit, pulp, residual olive cake and

concentrated OMWW.
Pit Pulp Residual COMWW
Olive cake
Initial (°C) 1165 1185 1165 1040
Deformation temperature (°C) 1320 1195 1185 1050
Hemisphere temperature (°C) 1335 1235 1195 1055
Flow temperature (°C) 1340 1350 1330 1215

Table 3. Ashes composition of olive pit, pulp, residual olive cake and concentrated
OMWW.

Na,O K;O CaO MgO SiO; P;,0s Fe;0O3 MnO TiO  AlLO;
Pit (%) 0.95 42.88 8.44 1.51 1298 3.43 0.91 0.05 0.07  0.90
Pulp (%) 0.38 39.61 7.52 2.04 18.51 6.22 1.37 0.04 0.11 1.95
R. O. cake (%) 0.51 34.62 8.50 1.87 2459 5.64 1.34 0.04 0.13 2.44
COMWW (%) 094 5729 2.84 2.49 1.14 7.84 0.37 0.03 0.04 033

From the ultimate analysis, it is remarkable the presence of high percentages of chlorine in all the
wastes, except for the case of the olive pit. This fact could produce soiling phenomenons and the
formation of dioxins if the combustion temperatures are low. The admissible percentages of chlorine
for the proper use of the biomass are: 0.1%, to avoid corrosion problems and emissions of HCI; and
0.3 %, to avoid the formation of dioxins and furans [18]. From the results obtained for the different
wastes, and except for the case of the olive pit, all the by-products can present problems of corrosion
and emissions during their combustion. However, the formation of dioxins and furans is not expected a
priori, since the combustion temperature must be higher than 500 °C in all the cases (see table 4).

The olive pit is also the waste with lower percentage of nitrogen. Therefore, the emissions of oxides
from this element will be minimum. For the rest of wastes, the values obtained are around 2 %, being
able the formation of oxides from the nitrogen of the fuel. According to Van Loo and Koppejan [23],
percentages of nitrogen higher than 0.6 % can cause problems related to the emissions of nitrogen
oxides.

Finally, as far as the emissions of CO; are concerned, though the variations are not very significant,
the higher H/C ratio in the COMWW (see figure 1) indicates a lower level of CO2 in the gases per unit
energy produced.

Pulp and residual olive cake present a similar chemical composition, showing cellulose and
hemicelluloses proportions lower than that found on the olive pits and higher than the value measured
on the COMWW. Additionally, the highest amount of lignin can be found on the COMWW, being
followed by pulp, residual olive cake and olive pits, respectively. This result confirmed that the ash
free basis heating value of the wastes increases along with the lignin proportion on the sample [24].

From the ultimate analysis, it is remarkable the high percentages of moisture and ash in the
COMWW. The first value will show the need of using an additional fuel for this by-product or the
need of a previous drying process. As for the ash content and its composition, the high presence of
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water-soluble metals such as sodium or potassium, favours its accumulation in the OMWW and, later,
in the COMWW. This fact affects notably the ash melting [23], as can be observed in the analysis of
table 2 and in figure 2, which shows the deformation temperatures, the percentages of ashes and their
K20 content. Literature reports that the increase of K,O amount on the ashes decreases the melting
point [25]. Other elements such as Silicon can decrease either this temperature, appearing on the ashes
as Si0,. Despite the melting point of this oxide is around 1450 °C [26], it can form a eutectics mixture
with the K20 showing a lower melting point around 800°C [27].

Taking into account that the COMWW is also the waste with higher levels of ash, it can be
expected that the fusion and ash removal processes for this by-product cause several problems.

Figure 1. Hydrogen/Carbon ratio for the olive pit, pulp, residual olive cake and
concentrated OMWW.
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Figure 2. Deformation temperature, percentages of ashes and their K20 content for
the wastes analyzed.
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3.2. Thermogravimetric analysis of the olive pit, pulp and residual olive cake.

Figures 3, 4 and 5 show the weight loss velocity with respect to the temperature in oxidizing
atmosphere in the case of the olive pit, the pulp and the residual olive cake.

The first peak observed corresponds to the moisture loss and happens at temperatures between
70 °C and 90 °C, depending on the waste. It decreases at temperatures between 125 °C and 140 °C.
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The olive pit presents the maximum values of weight loss rate corresponding to moisture lost, being
the waste with higher percentage of moisture and with the lower ash content (0.56 % dry basis). After
the drying process, a mass loss in the sample can come about due to the emission of gases absorbed
and the loss of very light volatiles.

Figure 3. Olive pit's combustion profile and temperature variation in the sample.
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Figure 4. Pulp's combustion profile and temperature variation in the sample.
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Figure 5. Residual olive cake's combustion profile and temperature variation
in the sample.
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For temperatures between 180 °C and 200 °C a sudden mass loss happens in the samples, due to the
beginning of the emission of some volatiles and their combustion. In the region of fast combustion the
maximum mass loss takes place. The loss velocity becomes slower immediately for temperatures
between 300 °C and 400 °C for the pulp and the residual olive cake. The olive pit samples present
different behaviour compared to the other two samples.

After this point the burning ratio decreases, and after a short period it increases again, more
significantly in some wastes than in others, producing continuous mass losses until over 500 °C due to
the oxidation of the char. For higher temperatures, reductions in the mass can occur, which can be
attributed to volatile metal loss and carbonate decomposition [28].

However, as can be observed in the DTA curves of figures 3, 4 and 5, the absence of increments in
the temperature indicates that the combustion of the char has already concluded before the beginning
of this last period.

Table 4 shows the different parameters that characterize the combustion profile of the three solid
fractions studied and the COMWW.

The peak and initial temperatures are the most representative ones in the burning profile. The initial
temperature is determined from the profile of the samples, obtaining values of 220 °C, 183 °C and 181
°C for the olive pit, the pulp and the residual olive cake, respectively. This shows that the olive pit is
the waste that takes longer to react with the temperature, needing an increase of 40 °C with respect to
other wastes.

Table 4. Properties of the samples in the combustion process.

Pit Pulp Residual COMWW
Olive Cake
Initial temperature (°C) 220 183 181 161
Maximum combustion rate (%/min) 39.82 63.01 22.81 10.27
Peak temperature (°C) 292 267 295 653
Burnout temperature (°C) 530 509 519 743
Rm (% min 'K™) 7.05 11.66 4.01 1.11

Haykiri-A¢ma [9] presents values of the initial temperature for different biomass wastes, concretely
202°C for the sunflower shell, 150 °C for the colza seed, 202 °C for the pine cone, 150 °C for the
cotton refuse and 200 °C for the olive refuse. Garcia [29] presents values of the starting temperature
between 179 °C and 193 °C for different samples of dry OMSW, very close to the ones obtained for the
samples analyzed.

The value of the initial temperature for coals with different ranges is between 235 °C and 441 °C
[30], corresponding the higher values to the carbons with higher carbon percentage in their
composition. In the case of the waste studied here this effect does not take place, since the olive pit,
the waste with lower carbon content, begins to react at the highest temperature.

In the case of the lignocelluloses material, the temperature of degradation and the thermal
degradation rate of the hemicelluloses and lignin are lower than the values that can be found on the
cellulose [31]. Therefore, the initial temperature of degradation is higher in the olive pits, which
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present a high amount of cellulose in comparison with the pulp, olive cake and COMWW as the
literature reports [8]. In addition, it should be pointed out that a fuel with a higher percentage of ashes
and impurities in his composition, presents a lower initial temperature of degradation, this effect takes
place in the case of the pits, due to a lower amount of ashes on the wastes [32].

As commented previously, the point of the burning profile in which the maximum weight loss
comes about due to the combustion is called peak temperature. This point is considered as an indicator
of the reactivity of the sample. The peak temperature for the different samples are 292 °C, 267 °C and
295 °C for the olive pit, the pulp and the residual olive cake, respectively. The pulp is the waste with
higher value of DTGnax (63.01% min™) followed by the olive pit (39.82 % min™") and finally by the
residual olive cake (22.81 % min™"). From the results corresponding to the analysis of the samples, it is
observed that the olive cake is the waste with lower initial temperature and the pulp is the waste with
higher maximum weight loss velocity.

Haykiri-A¢ma [9] determines the values for the maximum combustion velocity of different biomass
wastes, that is, 5.5 mg min™ for the sunflower shell, 2.8mg min™ for the colza seed, 5.2 mg min™ for
the pine cone, 3.7 mg min™' for the cotton refuse and 3.4 mg min™ for the olive refuse, being the initial
mass of the sample 40 mg. In all the cases, Haykiri-A¢ma [9] obtains much lower values than those
obtained in our study.

Garcia [29] determines the maximum burning velocity of two samples of dry OMSW for three
different heating ramps. With a ramp of 20 °C min™, values of 2.6 mg min™' and 4.3 mg min™ are
obtained for samples with an initial weight of 10 mg, approximately. These values are close to the ones
obtained for the olive pit and the residual olive cake, being lower than the ones obtained when the pulp
sample gets oxidized.

As far as the conventional solid fuels are concerned, Benfell et al. [33] obtained maximum burning
velocities between 25 % min™' and 31 % min™' for different types of carbon with a heating ramp of
15 °C min™" and samples of 5 mg, approximately. This fact shows the higher reactivity of the olive pit,
pulp and residual olive cake in comparison with the carbon.

Taking into account that the reactivity of a fuel can be considered directly proportional to its
maximum weight loss velocity and inversely proportional to the value of temperature for which it
happens [34], it is interesting to introduce a parameter relating both magnitudes [35] and giving an
average value of the reactivity of the fuel. This parameter can be defined according to equation (1) and

represents the weight loss per unit temperature.

R, =100-DTG,, -T," (%min'K") ()

The values obtained for each one of the fuels are presented in table 4. This factor confirms that the
waste with better combustion properties is the pulp, followed by the olive pit and finally by the
residual olive cake.

Another important parameter to consider is the burning temperature, which allows to obtain a
qualitative information regarding the necessary residence time of the fuel that minimizes the unburnts.
Carpenter [36] shows that, in the case of the carbon and from the TGA results, the residence time of
the fuel in a large scale installation can be estimated. If the sample has a low value of the burning
temperature, the presence of unburnts is reduced, whilst samples with higher values of this temperature
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are more difficult to burn and will need higher residence times and higher temperatures for their
complete combustion.

It is necessary to take into account that TGA and DTG curves, compared with the real combustion,
present lower heating velocity and, therefore, the emission of volatiles happens at a lower temperature.
According to Su et al. [37], this fact reduces both the amount of volatile matter that can react with the
fuel and the burning potential. This way, the results obtained from the TGA will show poorer burning
conditions than the ones in a real plant.

In the case of the waste analyzed, the burning temperatures obtained are 530 °C, 509 °C, and 519 °C
for the olive pit, the pulp and the residual olive cake, respectively. These values are close to each other
but slightly lower than in the case of the pulp, which indicates that the residence time of this fuel will
be predictably shorter than in the case of the other wastes. In all the cases burning temperatures lower
than those for the fossil fuels are obtained. Alonso et al. [30] present values between 530 °C and 810
°C for the coal of low-high rank in tests carried out with a ramp of 25°C min™"

3.3. Thermogravimetric analysis of the COMWW.

To study the thermal behaviour of the COMWW, a first test has been carried out in which an
original sample with moisture of 73 % is processed by a heating program of 30 °C/min. The presence
of a big amount of water impedes the analysis of the data obtained, since the moisture loss takes place
until high temperatures, hiding the degradation reactions and producing an important thermal demand.

For that reason a previous drying program in the thermobalance has been carried out, long enough
to guarantee the total dryness of the sample, minimizing the possibility of liberation of other products.
This way, it is determined that this objective is fulfilled with a previous heating of the sample during
35 min at 100 °C and followed by a ramp of 30 °C/min. The results obtained from this test are
presented in figure 6.

Figure 6. Concentrated OMWW's combustion profile and temperature variation
of the sample.
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As can be observed, the mass loss begins when the temperature of the sample increases over 150°C,

due to the beginning of the liberation of some volatiles and their combustion. In the fast combustion

region, a maximum of mass loss occurs. The mass loss velocity becomes lower immediately at
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temperatures close to 350°C and increases slightly, again, between 400°C and 500°C. Alter that point,
the burning ratio decreases and, after a short period it increases significantly, obtaining the maximum
value of the burning velocity due to the oxidation of the char.

Table 4 shows the different parameters that characterize the combustion profile of the COMWW.

The sample presents an initial temperature of 161 °C, lower than the one obtained for el olive pit,
the pulp and the residual olive cake, with values of 220 °C, 183 °C, and 181 °C, respectively.

The peak temperature, temperature with the maximum burning velocity, has a value of 653 °C,
much higher than for the rest of wastes, with values of 267-295 °C for the solid olive residues. This
temperature takes place in combustion zone of the char, not in the volatiles liberation zone, as happens
in the case of the solid wastes.

The COMWW presents a DTGpax value of 10.27 % min-1, being the velocity for the residual olive
cake two times this value, three times higher for the olive pit and more than six times higher in the
case of the pulp. The values obtained for this parameter confirms the lower reactivity of this by-
product in comparison with the solid wastes. The average value of reactivity for this waste is 1.11%
min-1K-1, being 7.05 % min-1K-1, 11.66 % min-1K-1 and 4.01 % min-1K-1 for the olive pit, the pulp and
the residual olive cake, respectively.

Finally, as far as the burning temperature is concerned, it is important to remark the high value of
this parameter in the case of the COMWW, 743 °C, much higher than those obtained in the case of the
solid wastes, 507 °C, 503 °C, and 475 °C, for the olive pit, the pulp and the residual olive cake,
respectively. This effect can be due to the highest amount of lignin presents on the COMWW, that
increases the char yield and consequently the residence time [38], and to the percentage and
composition of the ashes. Rubiera et al. [39] and Vamvuka et al. [40] showed that the demineralised
samples presented lower burnout temperatures than those of the parent fuels. Therefore, the residence
time of this by-product in the combustion chamber has to be longer than in the case of the solid wastes
and the temperatures for the complete combustion has to be higher [36].

4. Conclusions

According to the results obtained and the analysis of the characterization of the wastes, it can be
concluded that:

The high moisture of the COMWW (around 73%) makes it inviable to keep the combustion
process, being necessary the use of an additional fuel.

The percentage of carbon in all the fractions studied is within the normal range for biomass wastes.
As for the nitrogen, chlorine, sodium and potassium contents, the values obtained show that, except for
the case of the olive pit, problems related to the emissions nitrogen oxides, corrosion and soiling are
likely to appear.

As far as the behaviour of the ashes is concerned, the COMWW is the most problematic fraction,
since it presents higher amounts of ashes and lower melting point.

Moreover, taking into account the different combustion profiles of the wastes, it can be concluded
that:

In the case of the COMWW, the highest mass loss velocity takes place in the combustion zone of
the char, instead of in the volatiles liberation zone, which indicates that the combustion of the
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COMWW will be slower than in the case of the other wastes, being also necessary a proper amount of
air for the combustion of the char formed.

The burning temperatures obtained for the solid fractions are similar to each other. For the
COMWW, the burning temperature increases considerably, liberating the most significant amount of
heat in the last period of reaction. Therefore, it will be necessary to guarantee appropriate values of
temperature and residence times in order to take advantage of its heating value.

The reactivity parameters determined show that the waste with better combustion properties is the
pulp, followed by the olive pit, the residual olive cake and finally, with much lower index, by the
COMWW. Considering the Rm parameter as an average value of the reactivity, it can be confirmed
that the solid wastes present a Rm parameter about 4 to 10 times higher than the value observed on the
COMWW.
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