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Abstract 

A comparison between the thermal decomposition of almond shells and their components 
(holocellulose and lignin) was carried out, considering the yields of the most important products, 
under flash conditions, and the decomposition kinetics. 

The yields of the main gaseous products obtained in the fast pyrolysis of almond shells can be 
reproduced from the yields obtained with holocellulose and lignin. The best results were 
obtained with CO, water and CO2. The differences were greater with the minor hydrocarbons, 
CH 4, C2H6, C2H4, etc. 

The kinetics of the slow thermal decomposition (TG DTG) of almond shells cannot be 
reproduced by the sum oflignin and holocellulose. The cellulose from almond shells decomposes 
at lower temperatures than almond shells, and the behavior of isolated lignin is very different 
from that found when it forms part of the raw material, proving the importance of the 
interactions between its components. 
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1. List of symbols 

B 
B1 

B2 

weight of biomass at any moment in kg 
weight ofbiomass of fraction 1 in kg ofbiomass of reaction 1 divided by the 
weight of the initial biomass 
weight of biomass of fraction 2 in kg of biomass of reaction I divided by the 
weight of the initial biomass 
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E 

E1 
E2 
k 
k' 

kol  

ko2  

tl 1 

tl 2 
O.F. 
R 
F 

p' 

T 
t 

V 
V.C. 
W 

Woi 

activation energy in kJ mol 1 
activation energy in reaction 1 in kJ tool 
activation energy in reaction 2 in kJ mol 1 
kinetic constant in min 1 
kinetic constant in min 1 
pre-exponential factor in reaction 1 in min 
pre-exponential factor in reaction 2 in min 
reaction order in reaction 1 
reaction order in reaction 2 
objective function 
weight of residue at any time in kg 
yield coefficient defined as kg of solid formed divided by kg of biomass 
decomposed 
yield coefficient defined as kg of solid formed divided by kg of biomass 
decomposed 
temperature in K 
time in s 
weight of volatiles formed in kg 
variation coefficient in % 
normalized weight at any moment (weight/initial weight) 
normalized weight at time infinity 
initial normalized weight of the fraction i 
yield coefficient defined as kg of volatiles formed divided by kg of biomass 
decomposed 

1. Introduction 

The pyrolysis of biomass has received increasing attention because the conditions of 
the process can be optimized to produce pyrolytic liquid fuels, fuel gas, chemicals and 
active carbon [1]. 

The study of the different fractions of lignocellulosic materials (hemicellulose, 
cellulose and lignin) may give information as to the behavior of the raw material in 
accordance with the different proportions of its components. Shafizadeh and McGinnis 
[2] used TGA to determine the thermal degradation of cottonwood and its compo- 
nents, and concluded that the thermal behavior of the major components ofa  biomass 
could be approximately extrapolated to the original material. Similar results were 
obtained by Williams and Besler [3] using the TG  technique with wood and its 
components. Maschio et al. [4] studied the thermal degradation of poplar wood and 
olive husks in an isothermal semi-batch moving-bed reactor, and concluded that the 
biomass can be analyzed as a sum of its main components. These researchers proposed 
that the pyrolysis behavior of a biomass can be predicted according to the following 
rule 

[Biomass] = a [Cellulose] + b[Lignin] + c [Hemicellulose] 
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The terms in parentheses represent the fraction of the material or component, and a, 
b, c are the weight fractions of the corresponding biomass components in the virgin 
material. 

The conclusions of Shafizadeh and McGinnis, and Maschio et al. could probably be 
applied to many different kinds ofbiomass if it were possible to isolate the cellulose and 
lignin from the raw materials without breaking their structure. Nevertheless, it is very 
difficult to separate the fractions of lignocellulosics without producing depolymeriz- 
ations and structural changes. Besides, in raw material there are always interactions 
between the different fractions which contribute to their properties and that are 
obviously not present in the isolated fractions. 

Thus, the objective of this paper is to compare the behavior of almond shells and 
their fractions, holocellulose and lignin, in the pyrolysis process, considering the 
composition of the products obtained and the kinetics of the thermal decomposition. 
To analyze the different compositions that can be obtained when lignin and holocel- 
lulose are separated or together in the almond shells, a Pyroprobe 1000 was applied 
under fast pyrolysis conditions, because relatively high primary yields of carbon oxides 
and hydrocarbons could be measured with a good accuracy. The TG technique was 
selected for studying the kinetics of breakdown of lignin, holocellulose and almond 
shells, because in slow heating rate conditions it was possible to observe separated 
decomposition processes in different ranges of temperatures, and so analyze and 
compare the kinetic behavior of the components considered. 

2. Experimental 

The raw material used was almond shells. Almond shells, variety marcona, were 
washed with water, dried, crushed and sieved to obtain a uniform material of 
0.297-0.500 mm particle size. The lignin and the holocellulose were obtained from 
almond shells by standard methods [5-7].  The holocellulose used was Kruchner 
holocellulose and the lignin was Klason lignin. 

The separation of lignin from a biomass is a difficult problem and all methods used 
cause alterations to the original structure. According to Evans et al. [8] and Garcia et 
al. [9], it is impossible to isolate lignin from wood without changing its structure; even 
when using the same method, it is difficult to obtain identical samples. Only the method 
based on the enzymatic removal of carbohydrates in samples of finely milled wood 
seems to produce a lignin with an unmodified structure. In practice, however, this 
method is slow and difficult. Details on obtaining lignin can be found elsewhere 
(Caballero et al. [10]). The composition obtained from almond shells is the following: 

cellulose, 37 wt%; hemicellulose, 32 wt%; lignin, 27 wt%; other, 4 wt% 

Experiments under flash pyrolysis conditions were carried out in a Pyroprobe 1000 
CDS instrument. The Pyroprobe 1000 is a pyrolyzer heated by a platinum filament 
which is connected in series with a gas chromatograph. A 4 m long, Porapaq Q column 
was used. The chromatograph apparatus has two detectors: a flame ionization detector 
(FID) and a thermal conductivity detector (TCD). The carrier gas was helium and the 
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flow rate was 45 ml min 1 for TCD and 26 ml rain l for FID. More details on the 
apparatus and the chromatographic method are reported by Garcia et al. [11]. The 
products analyzed were: CO, CO 2, water, methane, ethylene + acetylene, propylene, 
propane, methanol and acetic acid. 

Data on the pyrolysis of almond shells are obtained from Devesa [12] and Font et al. 
[13] and were used in this work to compare them with the results obtained with the 
cellulose and lignin. 

The kinetic analysis was carried out in a Perkin-Elmer thermobalance, model TGA7 
controlled by a PC AT compatible system. The atmosphere used was nitrogen with 
a flow rate of 60 ml min 1. A platinum sample pan, with two compartments, open to the 
nitrogen atmosphere, was used in the TG experiments. This sample pan allowed experi- 
ments to be carried out in which holocellulose and lignin decompose simultaneously 
under the same conditions, without contact between them. A first series of runs was 
performed at 5, 10, and 25°C min 1 with lignin, holocellulose and almond shells. A second 
series of experiments at 25"~C rain 1 was performed with different proportions oflignin 
and holocellulose in order to discuss the behavior of the almond shells. The weight of 
the sample used in all the TG experiments was around 5 rag. In all cases, the experiments 
were duplicated and differences in the weight measured were never higher than 2%. 

3. Results 

3.1. Comparison between the almond shell yields and holocellulose + lignin 
yields obtained with the Pyroprobe 1000 

A set of experiments between 700 and 900°C was carried out with lignin and 
holocellulose using an analytical Pyroprobe 1000 apparatus. The pyrolysis time was 20 
s and the nominal heating rate was 20°C ms 1. Funazukuri et al. [14], Garc{a et al. 
[11], and Caballero et al. [10] deduced that the actual heating rate is within the range 
300 3000"C s 1. The reactant was introduced into the platinum coil of the Pyroprobe, 
and then heated rapidly to the final temperature and held there until the change was 
completed. Products from pyrolysis are analyzed by gas chromatography and the char 
is measured gravimetrically. Under these conditions, the residence time of the volatiles 
in the hot zone is only milliseconds, so the secondary reactions can be neglected. In 
addition, it was confirmed that the pyrolysis time was sufficient to decompose the 
particles completely. 

The experimental yields of almond shells, lignin and holocellulose are presented in 
Fig. 1. 

Taking into account the composition of almond shells (27% lignin and 73% 
holocellulose), and according to the hypothesis of Shafizadeh and McGinnis and 
Maschio et al., the behavior of almond shells should be the sum of lignin and 
holocellulose multiplied by their weight fractions in the raw material. These yields were 
also calculated and plotted in Fig. 1. From the comparison between the calculated 
yields of almond shells from their fractions and the experimental data, the following 
observations can be made. 
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(i) For water, C O  2 and CO, the almond shell yields are close to those calculated from 
the yields from lignin and holocellulose mixture (Figs. la,b,c). 

(ii) The calculated yields of methane are around the mean value of the values 
obtained from the raw material (Fig. ld). 

(iii) From almond shells, yields of other hydrocarbons, acetic acid, and methanol 
+ formaldehyde are higher than those calculated by adding up the yields from 
holocellulose and lignin (Figs. le,f,g). 
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Fig. 1. (Continued). 

It can be concluded that the final yields of CO, water and CO 2 are not significantly 
affected by the interactions between holocellulose and lignin in the raw material. The 
separation process, although altering the structure of the native lignin and holocel- 
lulose, does not modify the final yield of these compounds under flash pyrolysis 
conditions. In the case of CO, CO 2 and water, there is a very good agreement between 
the raw material values and their fractions. 

The situation is somewhat different in the case of hydrocarbon yields. The hydrocar- 
bons from almond shells undergo a great increase in yield around 800°C. This increase 
in yield does not coincide with the calculated values by summing the yields oflignin and 
holocellulose products. When pyrolyzing holocellulose and lignin, there are large 
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increases in the yields between 650 and 750°C [11, 12]. It is possible that in the raw 
material, with a greater extent of polymerization and without any pre-treatment, the 
temperature of decomposition is higher than when pyrolyzing its separated fractions. 
From these results, it seems apparent that there may be an important interaction 
between cellulose and lignin compounds in the hydrocarbon formation. 

Compounds such as methanol and formaldehyde derive from the metoxil groups of 
lignin with a lesser proportion deriving from holocellulose. In previous works, Garcia 
et al. [11] and Caballero et al. [10] found that these products reached their maximum 
yield, under flash conditions, at temperatures around 500°C and short pyrolysis times 
(about one second). However, these metoxil groups can be partially hydrolyzed in the 
separation process and this may be the reason why the methanol yield from almond 
shells reaches 0.78% and only 0.53% in the calculated values, and why that of acetic 
acid in almond shells reaches 8.7% and only 0.5% in the calculated values. 

In conclusion, it can be deduced that only the yields of some compounds, such as CO, 
CO 2 and water, in almond shell pyrolysis are close to those deduced by adding up their 
fractions. However, most hydrocarbons and oxygenated compounds give altered 
pyrolysis yields as a consequence of the isolation process. 

3.2. K i n e t i c  s t udy  

Various different kinetic studies of the thermal decomposition of lignocellulosic 
materials have been carried out during recent decades. The kinetics of the pyrolysis 
process of these materials is very complex. There is a great heterogeneity in lignocel- 
lulosic materials: the composition can change considerably from one wood composi- 
tion to another, e.g. in gymnosperm wood (soft woods), the amount of lignin varies 
between 27% and 37%, while in angiosperm wood (hard woods), the amount ranges 
from 16% to 29% [15]. In addition, the composition of lignin and hemicelluloses 
depends on the species, and in the case of lignin, its structure even varies depending on 
the age and part of the plant concerned. 

The mechanisms of reactions can vary depending on the conditions under which 
pyrolysis is carried out (it is well known, for example, that under flash conditions the 
yield of volatiles increases and the char formed decreases), and other factors such as 
pressure, atmosphere of reaction, catalytic effects by impurities, etc. 

Cellulose is the best known of the polymers that comprise biomass. Its structure 
is very well defined and the mechanisms of its decomposition have received consi- 
derable attention by researchers. Different models and kinetic constants concerning 
the decomposition of cellulose are proposed in the literature [16 31 ] under different 
operating conditions and using different experimental apparatus. Lignin does not 
have a unique structure. The dispersion of kinetic parameters is greater than for 
cellulose, and different kinetic models also appear [10, 32-36]. Hemicellulose 
is formed by different compounds, pentosanes and similar compounds. The kinetics 
studies concern some specific compounds that have, therefore, different kinetic con- 
stants [3, 37- 39]. Table 1 shows some of the kinetic parameters for lignin, cellulose, 
hemicellulose and other specific compounds, the structures of which are similar to one 
of the fractions. 
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Table 1 

Some kinetic constants from the literature 

Author ko/min- 1 E/kJ mol 1 Range of tern- Material used 

peratures/ C 

Chaterjee and Conrad [18] 3.3 x 102o 175.7 270 310 Cotton 

Lewellen et al. [30] 4.07 x 101 ' 139 Filter paper 0.01 cm thick 

Antal et al. [31] Filter paper 

2.16~C min '1 2.8 x 107 221.1 110 600 

5.65'C min -1 8.4 x 1011 157.6 110 600 
10.9"Cmin ' 1.6x1012 148.8 110 600 

22.4 'Cmin ' 2.7x1012 162.6 110 600 

55.0 'Cmin ' 4.2x1011 153.0 110 600 
Varhegyi and Antal [29] 2.2 x 109 234 n = 1.2 200 450 Avicel cellulose 

Arsenau [28] 189.7 285 320 Filter paper 

151.3 258  280 
Roberts [_40] 1.8 X 1017 200.8 n = 1/2 Cellulose 

Lipska and Parker [19] 
Conesa et al. [41] 

Hajaligol et al. [42] 
Avni and Coughlin [43] 

7.3x 1013 175.7 

209.2 250 300 
3.01 x 1017 217.2 

1.2 x 101° 132.8 300 I000 

2.66 x 108 if0 < X < 0.4 a 100 700 

58.43 + 290.59X 
if 0.4 < X < 0.6 

171.62 

96.3 110 220 

25.1 160 680 

30.6 410 1890 
54.4 245 330 

145.6 

125.6 

Stamm [44] 8.4 x 1011 

Krieger and Chen [45] 4.7 x 102 

9 
Ramiah E39] 
Hirata and Hiroshi [46] 4.3 x t012 

Font et al. [47] 
5 'C min i 8.5 x 105 112.0 100 700 

8.5 x 101 s 242.1 100 700 

1 0 C m i n  1 4.7x105 107.8 100 700 
1.28 x 1016 243.3 100 700 

25:C min 1 4.8 x 105 106.2 100 700 
4.98 x 1014 225.3 ]00 700 

20°C min i 7.9 x l0 s 108.3 100 700 
1.02 x 1015 229.1 100 700 

3 0 C  min 1 4.98 x 106 104.5 100 700 

8.06 x 101~ 215.3 100 700 
40'~C min ' 2.63 x 105 100.3 100 700 

8.92x 1012 203.6 100 700 
1 0 C m i n  i 2.43x 1018 256.8 100 700 
1 0 C m i n  I 2.5x105 98.3 100 700 

1.56 x 101~ 230.6 100 700 
10"C min i 1.21 z 106 109.9 100 700 

White :~-cellulose 

Whatman no. 6 filter paper 
Filter paper 0.01 cm thick 

Lignin 

Lignin 

Lignin 

Lignin 

Xylan 

Almond Shells 

Cellulose 
Holocellulose 

Lignin 

a X is the conversion degree. 
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In the present work, the holocellulose and lignin studied were derived from the same 
raw material (almond shells) and their thermal kinetic behavior is compared with the 
kinetics of pyrolysis of almond shells. T G - D T G  experiments were carried out in order 
to study the thermal decomposition. Fig. 2 shows the TG DTG curves of the lignin, 
almond shells, and holocellulose, and an experiment with the same proportion oflignin 
and holocellulose in the same sample pan of the TG apparatus, but without contact 
between the holocellulose and lignin. 

The results obtained, and observed in Fig. 2, show that the thermal global decompo- 
sition of almond shells cannot be reproduced by adding up the kinetics of decomposi- 
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tion of their fractions. As shown in Fig. 2, the simultaneous thermal decomposition of 
holocellulose and lignin (73 wt% and 27 wt%), in the same sample pan with two 
independent compartments, does not coincide with the thermal decomposition of 
almond shells. 

In order to explain these results, it is necessary to bear in mind that the structure of 
the materials can greatly modify the kinetic behavior. For example, Antal [48], in an 
excellent review of biomass pyrolysis, remarks that there are important differences 
between amorphous cellulose and crystalline cellulose, both celluloses having the same 
polymerization degree. In the present work, almond shells were submitted to different 
chemical treatments in order to separate their fractions. The Kruchner cellulose, which 
can be considered as a non-degraded or only slightly degraded holocellulose, has 
a behavior similar to that of almond shells, but decomposes at lower temperatures 
(shorter times). In almond shells, there is an intact three-dimensional structure with the 
lignin acting as a cement, and when this cement is eliminated, the thermal decomposi- 
tion is favored. 

The process oflignin isolation requires a severe chemical treatment of almond shells, 
implying partial depolymerization of the lignin condensations [8] and other chemical 
transformations. These processes may be the cause of the different pyrolysis behavior 
observed. At low temperatures, a fast decomposition of volatile groups takes place, 
probably due to lateral chains in the three-dimensional structure of the lignin [31, 49]. 
This process seems to be favored in the isolated lignin probably due to the partial 
polymerization which may take place during the isolation process. However, another 
process is observed at high temperatures in the case of isolated lignin which seems not 
to be present in almond shells. This second process might be due to the condensation 
reactions undergone by the lignin in the isolation process. 

However, we believe that if lignin and holocellulose could be isolated without 
altering their structures, it is probable that the kinetic behavior of that lignin and 
holocellulose would be different from that when they form part of the almond shells, 
probably due to strong interactions between holocellulose and lignin in the raw 
material. 

In the holocellulose decomposition, two peaks appear, one due to hemicellulose 
decomposition and the second due to the cellulose breakdown. The decomposition of 
holocellulose occurs at lower temperatures than in almond shells (it has a similar 
qualitative behavior). In the case of lignin, two very well differentiated peaks appear, 
one at lower temperatures than in cellulose or almond shells, and the other at higher 
temperatures. 

In almond shells, the two peaks in the DTG experiment are probably due to 
hemicelluloses and cellulose respectively, overlapping with a very wide peak corre- 
sponding to the lignin which decomposes throughout the entire process of almond shell 
pyrolysis. 

We suggest that, in the kinetic analysis, the thermal decomposition of almond shells, 
holocellulose and lignin can be explained by two independent reactions 

B ~ v V + r R  

B--*v'V +r 'R (S1) 
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where B refers to biomass, V to the volatile matter, R to the solid residue formed, and 
v,v', r, r' are the yield coefficients, defined as the weight of volatiles (residue) formed 
divided by the reacted weight of biomass, B. 

This scheme of reaction is probably the simplest that includes two processes. In the 
thermal decomposition of solids, many complex models have been proposed with 
many kinetic parameters to be optimized. A great number of researchers obtained good 
results [28, 36, 39, 40, 47, 50], using reaction orders equal to unity or systems of 
reactions with reaction orders equal to unity. In the present work, the reaction order of 
each of the two reactions was taken as different from unity, and considered as 
a parameter to be optimized together with the activation energy and the pre- 
exponential factor, as will be commented on in the following paragraphs. More 
complex schemes of reactions have also been tested, including three processes or two 
processes in which the formation of volatile fraction and char, in each of the individual 
processes, is produced by two competitive reactions. However the improvement of the 
adjustment does not justify the increase in the number of adjustable parameters. Under 
these assumptions, the kinetic equations can be written as 

d B _  kolex p - -  B 1 -ko2eX p - (1) 
dt  

dR-k°aexp(-~LT)rlB~1+k°2exp(-~--~-2T)r2Bn22dt (2) 

where B is the weight fraction of non-reacted biomass (lignin, holocellulose or almond 
shells) at any moment, B 1 the weight fraction of non-reacted biomass of the first of the 
reactions considered, B 2 the weight fraction of non-reacted biomass of the second 
reaction considered; koi are the pre-exponential factors, E i the activation energies and 
ni are the reaction orders (i= 1, 2). Note that at time t=0 ,  B 1 + B  2 equals unity. 

The TG experiments cannot differentiate between biomass that has not decomposed 
at any given moment and the char formed is then usually determined using an equation 
equivalent to Eqs. (1) and (2) which studies the kinetics of overall decomposition.The 
weight at any given moment is 

w = B + R (3) 

d W _  kolexp _ (w l -w~ . l ) -ko2eX  p - (w2-w~2) (4) 
dt  

where the value w~ is the fraction of biomass that decomposes by the i process and the 
value of w~i is the weight fraction at time infinity, and must coincide with r~. The 
equivalence between k' and k (both pre-exponential factors) is 

k 
k' - (5) (1 - r ) "  1 

The derivation of Eq. (5) is given in the Appendix. 
There are then eight parameters to be optimized, the activation energies, the 

pre-exponential factors, the orders of reaction; and the other two parameters are the 
values, (Wo~ - w~) that is the fraction of weight loss due to reaction i. 
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Flynn [Sl] showed that in TG experiments, a set of reactions running simultaneous- 
ly can appear as a single overall process in the TG-DTG curve, and in this case it is 
possible to describe the behavior of the system using apparent parameters, reaction 
order, activation energy and pre-exponential factor. Flynn showed that with experi- 
ments at different heating rates, it is possible to separate some of these processes, or at 
least the overall form of the TG-DTG curve is modified. Different researchers [52-551 
have shown that an increase in the heating rate causes the TG curves to displace to 
higher temperatures (when weight loss vs. temperature is plotted). The extent of these 
displacements depends on the biomass considered. 

Therefore, in a possible model that describes the kinetic behavior of biomass 
decomposition, the kinetic parameters must be constant and not depend on the heating 
rate. A dependence of the kinetic parameters on the heating rate indicates either bad 

heat transmission or an incorrect kinetic model. The simultaneous adjusting (the same 
kinetic constants for all heating rates) of all the TG curves has been proposed as a way 
to obtain a model which represents the correct kinetic behavior of the sample. 

Eq. (4) was integrated using a fourth-order RugeeKutta algorithm. The parameters 
of the model were optimized using a simplex flexible method 1561. The objective 
function considered was 

O.F.=xx 
j i 

(6) 

where i represents the experimental data at time t in an experiment with a heating rate 
i (5, 10, 25”Cmin’), and (dw/dt)zij represents the maximum experimental rate of 

decomposition for the experiment with heating rate j. This objective function was 
chosen in order to correct the effect of the derivatives of w at different heating rates 
which were different. In this way, the contributions of all the experiments in the 
objective function are similar. The value of the objective function can be related to the 
square of a mean relative error of the derivatives. The derivative of the weight fraction 
with time was chosen because small changes in the weight fraction curve (TG curve) can 
be better appreciated in the DTG curve, as shown in Figs. 2-8. 

A variation coefficient as a statistical parameter was introduced. 
analyzes the quality of the adjustment. It is defined as follows 

This parameter 

(7) 

With holocellulose, the three heating rate runs were correctly adjusted with a model 
such as that proposed in scheme Sl. Table 2 shows the kinetic parameters obtained. 
Fig. 3 shows the TG-DTG curves and the adjustment obtained. Fig. 4 shows the 
influence of each of the fractions in the overall decomposition. 
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Fig. 3. TG DTG curves, experimental and calculated, for holocellulose. Points are experimental values and 
lines are those calculated according to the model. 

For almond shells, the adjustment is not as good as in holocellulose. If the TG D T G  
curves are analyzed, it is possible to observe that there are two important weight losses 
(2 peaks in DTG) and a slow weight loss over a wide range of temperatures. This last 
part of the TG curve is probably due to the lignin fraction which undergoes decomposi- 
tion over a wide range of temperatures. This weight loss is the same for the three heating 
rates and is apparently independent of the heating rate. Fig. 5 shows the T G - D T G  
curves of almond shells and the calculated values. Fig. 6 shows the influence of each of 
the fractions on the overall decomposition. 

Font  et al. [47] analyzed the kinetics of the thermal decomposition of almond shells 
in a TG apparatus. These researchers studied only the two most important  weight 
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Fig. 4. Influence of each of the two fractions in the thermal decomposition of holocellulose. Values 
calculated according to the equations of the kinetic model proposed in the text. (a) First fraction. (b) Second 
fraction. (c) Total decomposition. 

losses, but not the final tail of the TG curves. If only these two weight losses are 
considered, then two first-order independent reactions can describe the process. 
However, when this tail is considered, it seems that the first weight loss continues until 
the tail is formed, probably due to reactions that only take place at high temperatures. 

With lignin, the model proposed only adjusts one of the TG curves satisfactorily. 
Fig. 7 shows the experimental and calculated values with the parameters presented in 
Table 2. It can be observed that the apparent activation energies do not change 
considerably with heating rate, and that the other parameters are of the same order of 
magnitude. The difficulty in correlating the experimental data of several runs with 
different heating rates lies in the fact that lignin decomposes across a very wide range of 
temperatures. Other models have been proposed in the literature for the thermal 
decomposition of lignin, admitting variations of the kinetic parameters with conver- 
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Fig. 5. TG DTG curves, experimental and calculated, for almond shells. Points are experimental values and 
lines are those calculated according to the model. 

sion [43] or admitting that there is a maximum temperature at which a given fraction of 
lignin can begin to decompose [57]. Fig. 8 shows the influence of each of the fractions in 
the global decomposition. 

From the kinetic parameters obtained in Table 2 it can be observed that: 

(i) The kinetic parameters of almond shells are intermediate between those of 
holocellulose and lignin, although closer to those of holocellulose, which represents 
73% of the almond shells. 

(ii) Although there is some similarity between almond shells and the weighed sample 
of holocellulose and lignin, the entire biomass has a specific behavior due to the 
interactions of the different fractions. 
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Fig.  6. Influence of each of the fractions in the thermal decomposition of almond shells. (a) First fraction. (b) 

Second fraction. (c) Total decomposition. 

(iii) In general, the kinetic parameters obtained are in accordance with others 
proposed in the literature for holocellulose, lignin, and different biomasses, see Tables 
1 and 2. 

4. Conclusions 

Taking into account the primary yields obtained with the Pyroprobe (high heating 
rate) and comparing the results obtained from the weighed sum of holocellulose and 
lignin, the following can be deduced: 

(i) The almond shell yields of propylene, ethane and methanol + formaldehyde are 
higher than those calculated by adding up the individual yields expected from 
holocellulose and lignin. 
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(ii) With C02, water and CO, a very good correlation is obtained between results 
from almond shells and from their fractions, indicating that the separation process does 
not alter the formation of these products. 

(iii) Yields of methane in almond shells are an intermediate value between those 
calculated from their fractions, holocellulose and lignin. 

The kinetic behavior in TG runs of the components of biomass (holocellulose and 
lignin) is different in native conditions than when isolated from the raw material. The 
separation process modifies the structure of the native compounds of the biomass (in 
lignin this effect is most important, producing chemically significant changes in its 
structure) and removes the interactions between fractions. 

The kinetic behavior of lignocellulosic biomass and its components, holocellulose 
and lignin, can be reproduced assuming two independent fractions which decompose 
simultaneously. 
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Tab le  2 

P a r a m e t e r s  o b t a i n e d  in the mode l  

Holoce l lu lose  A l m o n d  Lignin  

shells 

5 rC min  1 0 ' C  m i n - 1  2 5 C  min  1 

ko l /mi  n l ,  1.44 x 1017 1.53 x 1011 7.07 x 109 5.05 x 109 0.84 x 109 

El/kJ tool i 177.5 123.6 89.0 87.7 81.7 

n I 3.73 2.58 1.92 1.86 1.44 

Wo 1- ~ l 0.60 0.49 0.20 0.22 0.185 
k0z/min  - 1 , 6.66 x 1020 2.03 x 1016 6.46 24.69 62.2 

E2/kJ mol  1 248.5 199.6 28.1 31.6 30.91 

n 2 0.86 1.11 1.42 1.51 1.85 

woz-w~.2 0.27 0.21 0.43 0.41 0.47 
O.F .  2 . 7 2 x 1 0  2 1 . 5 7 x 1 0  -2  8 . 0 x 1 0  4 1 . 1 x l 0  3 5 . 6 x 1 0  4 

V.C. % 2.54 1.33 0.33 0.38 0.33 

* R e a l  unit:  ra in  I(W)~ " 
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Appendix 

If it is admitted that a solid decomposes according to the follow scheme of reactions 

kl 

B / , sl Solid 4-(1 - sl) Volatiles 

k2 

B 2 , s 2 S o l i d + ( 1  - s2) Volatiles 

where s i (i= 1, 2) is a yield coefficient, defined as kg of solid formed/kg of fraction 
i decomposed. 

Withfo 1 the fraction of initial biomass Bol with respect to the total initial biomass 
Bo 1 4-Bo 2 andfo 2 defined similarly, it follows that 

fo~ +Jo2 = 1 (A1) 

With the thermobalance, it is not possible to differentiate the char formed from the 
non-decomposed biomass, so the kinetics of overall weight loss must be considered. 
The kinetic equations of each process are 

d B i  ,i 
d--t = - ki Bi (A2) 

d S i  ,i (A3) 
d ~  = si Bi 

Recalling that the thermobalance weight is the sum of the char formed and the 
non-decomposed biomass, then 

W i = B i + S i (A4) 

Consequently 

d w i _  d B i  d S i _  
t- k iBm'(1 - si) (A5) 

d t  d t  d t  

However 

W i = B i 4- S i = B i + ( 1 - -  Bi) si (A6) 

From Eq. (A6) 

Bi - w i - s i  (A7) 
1 s~ 

At time infinity, all the biomass has decomposed; therefore the weight then coincides 
with the weight of char (solid) formed 

s i = Si~ ~ = wi_ ~ (A8) 
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From Eqs. (A5), (A7) and (A8) 

dt i \  1 --Wi~ / 

and calling 

ki t 
k i :  ( l  __W/~)ni 1 

then 

(A9) 

(A10) 

d w i 

dt 
- -  - -  - -  k l i ( W  i - -  W i ~ )  nl  (A11) 

where w i is the weight of fraction i present at any moment in the sample pan, and w~i is 
the weight of char formed by reaction i at time infinity. 
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