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ABSTRACT: The effect of diatomaceous earth on gasification of
olive pomace and olive stone was studied by thermogravimetric
analysis with mass spectrometry (TGA-MS). Additionally, gas
emissions, the H2/CO ratio, and gasification reactivity were
evaluated. First, a preliminary study of the effect of particle size
on olive waste gasification was performed to select the most
appropriate from a technical and industrial point of view. With
olive pomace, the larger the particle size, the lower H2/CO and
reactivity. However, with olive stone, optimum results were
observed with the largest particles. Subsequently, olive waste was
mixed with different percentages (10, 25, and 50 wt %) of diatomaceous earth. When olive pomace contained diatomaceous earth,
even though there was no substantial improvement in reactivity, syngas quality in terms of H2/CO was significantly enhanced and
increased by up to four times. However, the diatomaceous earth effect on olive stone gasification was more remarkable, enhancing
both reactivity and the H2/CO ratio. Different behaviors in the biomasses were due to the different impacts of the alkali and alkaline
earth metals on the diatomaceous earth. Whereas both of these made positive contributions to the olive stone, only the latter had a
significant influence on olive pomace.

1. INTRODUCTION

According to the European Commission, Spain is the world’s
leading olive oil producer and exporter, accounting for about
half of total global production.1 Although this industry is
characterized by producing significant economic benefits for
the country, it is also known for the high amount of waste,
mainly olive pomace and olive stone, it generates. These can be
up to four times higher than the end product, which causes
severe environmental damage due to the high quantity of waste
and difficulty in treating it.2,3 Although olive stone is used as a
low-cost solid biofuel, mainly for conventional combustion, as
yet there is no definitive market or use for olive pomace. Thus,
olive oil producers need to find a technologically feasible,
environmentally friendly, economically viable, and socially
acceptable solution to this problem.4,5

In this framework, olive waste gasification is an attractive
option and an alternative to biomass combustion mainly for
local uses since this enables the biomass to be used close to its
source, and thus, to eliminate many costs associated with
storage and transportation.6−8 Moreover, after it has been
cleaned adequately, the gas from biomass gasification can be
burnt directly for subsequent use as a fuel in internal
combustion engines or gas turbines.9 Alternatively, producer
gas can also be used in fuel cells and as a feedstock to produce
biofuels and chemicals with an added value.10

In this regard, some recent studies have focused on
gasification for valorizing olive waste. Gonzaĺez-Vaźquez et

al.11 compared gasification of unconventional types of biomass,
including olive stone with the most traditionally used biomass,
pine sawdust, in a bubbling fluidized bed. Olive stone showed
comparable results to pine sawdust.11 Castro et al.12 analyzed
the potential of olive pomace in air gasification and determined
the optimal gasification parameters. Puig-Gamero et al.13,14

studied catalytic and noncatalytic gasification of olive pomace,
coke, and petcoke, and reported olive pomace had the highest
reactivity and gas quality. Moreover, the reactivity of the
blends and the H2/CO ratio increased in line with the amount
of olive pomace in the blend. In addition, these results
improved when dolomite was used as a catalyst in gas-
ification.13,14 Almeida et al.15 carried out olive pomace
gasification in a fluidized bed reactor and concluded that
higher bed temperatures favored gas production and made
gasification more efficient. Cardoso et al.16 presented a
technoeconomic analysis of olive pomace gasification coupled
with cogeneration for two sizes of the gasifier (100 and 1000
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kW). Their results showed that the former was not
economically viable, whereas the latter was.16

Moreover, diatomaceous earth is another little-known olive
oil waste. It is widely used for separating crude oils from
vegetation water, impurities, and any fatty substances to obtain
extra virgin olive oil due to its low cost, retention capacity, and
its half-life. However, once it reaches saturation, it should be
valorized in an economical and environmentally friendly way.
In this respect, diatomaceous earth can be valorized during
gasification of olive pomace and olive stone since it could
enhance the process due to its composition, which is mainly
SiO2, CaO, MgO, Na2O, and K2O. Moreover, it is common
knowledge that these alkali metals can improve gasification
performance.17

Nonetheless, despite all of the research carried out to date,
there have been no studies on how diatomaceous earth affects
gasification of olive pomace and olive stone. Thus, the novelty
of this study lies in the use of diatomaceous earth in the
gasification of olive pomace and olive stone to study how this
process could be improved and to make a comprehensive
evaluation of waste. In addition, not only might this study help
to enhance this process and valorize residues from it but also to
reduce the current linear economy based on “make, take, and
dispose” while promoting the circular economy and preserving
the environment. First, the effect of particle size was studied in
olive pomace and olive stone to select the most appropriate
one from a technical and industrial point of view.
Subsequently, olive pomace and olive stone were mixed with
different amounts of diatomaceous earth (10, 25, and 50 wt %)
to evaluate their effect on gasification. Finally, a comparison
was made in terms of reactivity, outlet-gas emissions, and the
H2/CO ratio of the effluent by means of a thermogravimetric
analysis with mass spectrometry (TGA-MS) analysis.

2. MATERIALS AND METHODS

2.1. Materials. Olive pomace (Op) and olive stone (Os),
provided by “Aceites Garcia de la Cruz” olive oil mill,
Madridejos (Toledo, Spain), were the raw materials used in
this research. These samples were oven-dried for 5 h, milled,
and sieved within the range of 0.5−2 and 0.85−4 mm for olive
pomace and olive stones, respectively. Additionally, used
diatomaceous earth (D) was also obtained from Aceites Garcia
de la Cruz olive oil.
The ultimate and proximate analyses were performed

according to UNE standards 15104:2011, UNE−EN
ISO18123, UNE 32-004-84, and UNE 32002-95, while metal
contents in the samples were determined by inductively

coupled plasma (ICP) spectrometry. The results of these
analyses are listed in Table 1. Finally, Table 2 shows the
characteristics of the raw materials in each experiment and the
name used for identifying them.

2.2. Equipment and Procedures. 2.2.1. TGA-MS
Analysis. Steam gasification of the samples considered, herein,
was carried out in a TGA apparatus (TGA−DSC 1,
METTLER TOLEDO) coupled with a mass spectrometer
(Thermostar-GSD 320/quadrupole mass analyzer, Pfeiffer
Vacuum). Just like in the research reported in ref 18, the
steam required was generated by passing the carrier gas (Ar)
through the water contained in a system made up of four
bubblers, which were connected in a series and immersed in a
bath at a controlled temperature. The Ar−H2O mixture was
assumed to be saturated, and a gas stream of 5 vol % water in
Ar was obtained.
Steam gasification was performed in three different steps.

First, the sample was preheated at 105 °C and then kept at this
temperature for 10 min to remove its moisture. Then, pyrolysis
was performed at temperatures ranging from 105 to 1000 °C at
a heating rate of 40 °C/min and a constant flow of 200 NmL/
min in an Ar atmosphere. Next, the samples were subjected to
steam gasification under isothermal conditions (900 °C for 120
min). Finally, with the mass spectrometer, the compounds

Table 1. Ultimate Analysis, Proximate Analysis, and Mineral Content of the Olive Pomace, Olive Stone, and Diatomaceous
Earth Samplesa

proximate analysis (wt %)*daf ultimate analysis (wt %)*daf

moisture ash volatile matter fixed carbon*diff C H N O*diff S

olive pomace (Op) 2.12 7.77 80.73 9.38 52.49 6.66 1.51 31.31 0.26
olive stone (Os) 7.91 1.95 69.25 20.89 49.88 6.12 nd 44.00 nd

mineral content (g/L)

calcium (Ca) potassium (K) magnesium (Mg) sodium (Na) silicon (Si) titanium (Ti)

olive pomace (Op) 2.99 23.0 0.52 nd 100 0.03
olive stone (Os) nd 1.87 nd nd nd nd
diatomaceous earth(D) 12.2 1.45 5.20 0.05 801 1.10

a*daf: dry and ash free basis; Odiff: % of oxygen calculated from differences in C, H, N, and S; fixed carbon*diff: % of fixed carbon was calculated from
differences in moisture, ash, and volatile matter; and nd: nondetectable.

Table 2. Characteristics and Identification of the Different
Samples under Study

identification sample
particle size

(mm)
diatomaceous earth

(wt %)

S-Op olive pomace
(Op)

0.5−0.85 (small)

M-Op olive pomace
(Op)

0.85−1.4
(medium)

L-Op olive pomace
(Op)

1.4−2 (large)

S-Os olive stone (Os) 0.85−1.4 (small)
M-Os olive stone (Os) 1.4−2 (Medium)
L-Os olive stone (Os) 2−4 (large)
S-Op-10D olive pomace

(Op)
0.5−0.85 (small) 10

S-Op-25D olive pomace
(Op)

0.5−0.85 (small) 25

S-Op-50D olive pomace
(Op)

0.5−0.85 (small) 50

L-Os-10D olive stone (Os) 2−4 (large) 10
L-Os-25D olive stone (Os) 2−4 (large) 25
L-Os-50D olive stone (Os) 2−4 (large) 50
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released during thermal degradation of the sample could be

identified and analyzed. The intensity peak areas between

different samples were compared in a normalized procedure.19

The initial sample weight was fixed at 20 mg, while the particle

size range was varied (Table 2). In addition, each sample was

analyzed at least three times, and the average value was

recorded. The experimental error in temperature was ±2 °C,
whereas the weight loss measurement was ±0.5 %.
2.2.2. Char Reactivity. Char reactivity was calculated with

the following equation

R
w

w
t x

x
t

1 d
d

1
1

d
di

i

i

i

i=− × =
−

×
(1)

where xi and wi are the conversion and weight of char at any
time, respectively.
In this work, reactivity at 50% (R50) and at 90% (R90) of

char conversion was considered for comparative purposes.20−24

3. RESULTS AND DISCUSSION
3.1. Preliminary Study. 3.1.1. Effect of Particle Size

during Gasification of Olive Waste. A preliminary study into
the influence of particle size in terms of the H2/CO ratio and

Figure 1. TGA/derivative TG (DTG) profiles for olive pomace and stone pomace gasification as a function of particle size: (a) TGA curves for
gasification, (b) DTG curves for the pyrolysis of olive pomace, (c) DTG curves for the pyrolysis of olive pomace, (d) DTG curves for the
gasification of olive pomace, (e) DTG curves for the gasification of olive stone, and (f) char conversion vs time plots for olive pomace and olive
stone gasification.
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gasification reactivity was carried out to select the most suitable
particle size for both olive waste biomasses. Figure 1a shows
the thermogravimetric analysis (TGA) for olive pomace and
olive stone gasification as a function of particle size. This can
be split into two main processes: pyrolysis and gasification.
Weight loss at the pyrolysis stage (up to 60 min) was visibly
higher than that observed during gasification. Moreover, slight
differences between the raw materials and their different
particle sizes were detected during pyrolysis. The main
variations observed were associated with the drying stage and
char formation. Conversely, results from gasification varied
considerably. As expected, weight loss was faster in the olive
pomace sample than in olive stone due to its higher volatile
matter content (Table 1). Therefore, olive pomace was
considered to be the more reactive raw material.
Figures 1b,c shows the DTG curves for the pyrolysis of olive

pomace and olive stone as a function of particle size,
respectively. As reported elsewhere,25−28 the DTG curves
revealed three common degradation stages. The first was
associated with drying. The second represented the main
pyrolysis stage and was attributed to devolatilization of the raw
materials, both of which showed the highest weight loss at this
stage. In addition, three shoulders could be distinguished at
this point for both biomasses. This could be attributed to the
individual decomposition of the main components of
lignocellulosic in the following order: hemicellulose, cellulose,
and lignin. The first stage was observed at temperatures around
300 °C, which was associated with hemicellulose decom-
position. This shoulder was steeper for the olive stone, which
can be linked to a higher hemicellulose content.29 In the
second stage, the maximum weight loss rate was obtained
around 400 °C for both biomasses due to cellulose
decomposition. At this stage, olive stone and olive pomace
presented similar weight losses, which can reveal similar
cellulose content.29 Finally, this highest weight loss was
followed by a tail, which was ascribed to lignin decomposition,
which leads to char formation (third stage). As can be seen, the
char yields were similar for both, thus, the lignin content was
similar.
As for olive stone, the DTG profiles during pyrolysis for

different particle sizes were similar and the curves overlapped
so their effect could be considered insignificant. However, the
DTG profile for olive pomace showed differences when
particle size increased. It should be noted that olive pomace
and olive stone are olive waste. Although they were separated,
part of the smallest stone might have been swept away with the
olive pomace. Therefore, the larger the amount of olive
pomace, the more likely it was to contain particles of olive
stone. Thus, it can be seen that while S-Op and M-Op had
similar profiles, L-Op had a DTG curve, which was more
similar to that for the olive stone. In addition, S-Op and M-Op
showed a small shoulder at a high temperature, while this was
not observed for L-Op. This may be associated with lipid
decomposition from the olive oil contained in the olive
pomace.30,31

Figure 1d,e shows the DTG curves for the gasification stage
as a function of particle size. It can be seen that the gasification
started as soon as the gasifying agent reached the surface of the
char particle. Unlike in the previous stage, large differences
were detected. For both biomasses, gasification was improved
with smaller particle size. According to Tripathi et al., this fact
could be related to an increase in the diffusion resistance in
gasification when particle size increased.32

Furthermore, Table 3 lists the reactivity parameter at 50%
(R50) and 90% (R90) of char conversion and the time required

to achieve this conversion (t50 and t90) in all samples. Olive
pomace had the highest reactivity value and the shortest total
gasification time, as it contained the greatest amount of volatile
matter (Table 1). Moreover, note how gasification reactivity at
50 and 90% of char conversion was higher when particle size
decreased, which is in agreement with the reported
literature.22,33 The reactivity should decrease with increasing
particle sizes as a consequence of an increase in the diffusion
resistance in the gasification process. However, while R50 of
olive stone was similar in the three sample sizes, the time
required was higher when particle size increased. Thus,
gasification could have been delayed due to heat and mass
transfer problems caused by large particles. In general, an
increase in the degree of conversion led to an increase in the
reactivity caused by the mineral content in the raw materials.
Alkali and alkaline earth metals captured within the carbon
structure were continuously released during devolatilization,
and, as this was continuous, the alkali metals became more
concentrated in the solid phase, which led to a higher number
of active sites of carbon. Thus, reactivity accelerated as the
reaction proceeded.34

Also, Figure 1f displays char conversion obtained from
gasification of both samples for different particle sizes. The
biomass had a significant influence on the time required for
reaching a plateau for all conversion curves. In fact, there was a
constant conversion rate (50%) for olive pomace between 5
and 10 min depending on particle size, whereas, for olive stone,
this was achieved after 30 min. The reactivity results can easily
be linked to the volatile matter content in the raw material. As
expected, among the range of particle sizes researched, the
larger particles required more time for reaching constant
conversion in both biomasses due to increased resistance to
diffusion.32

Finally, the effect of the particle size in the olive waste on the
main gases released during gasification was analyzed. Figure 2
plots the gas yields calculated by integrating the data measured
using a mass spectrometer during gasification. H2, CO, CO2,
CH4, and C2H4 were assumed to be the main components of
the fuel gas produced. The main reactions involved during
gasification are summarized below.
Primary reactions

VOC H CO H char gasification2 2+ +

VOC 2H CO 2H char gasification2 2 2+ +

Secondary reactions

VOCO H CO H water gas shift2 2 2+ + −

VOCH H CO 3H steam reforming4 2 2+ +

Table 3. Gasification Reactivity of Olive Pomace and Olive
Stone as a Function of Particle Size

sample R50 (1/min) t50 (min) R90 (1/min) t90 (min)

S-Op 0.11 5.6 0.39 13.5
M-Op 0.09 8.9 0.28 18.3
L-Op 0.06 11.1 0.25 22.8
S-Os 0.02 37.4 0.28 59.6
M-Os 0.02 39.2 0.25 68.7
L-Os 0.03 41.4 0.16 70.1
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VC H C H H CH C thermal crackingn m n x m y 2 4+ + +− −

VC 2H CH methanation2 4+

VC CO 2CO Boudouard2+

Regarding the olive pomace, in general, the gases tended to
increase as particles became larger. Nevertheless, an inverse
relationship, (except for CO2) was found in other research in
which an increase in these gases was reported when particle
size decreased due to tar cracking and reforming reactions and
the significant reduction in resistance to diffusion.35−39

However, it should be noted that an increase in the particle
size of olive pomace also meant it was more likely to contain
olive stone, which could be attributed to the interaction
between both raw materials. In addition, the olive stone was
more uniform in form and size, which could have enhanced the
gas−solid contact in the heterogeneous reaction.40

As for the olive stone, a rising trend was observed for H2 and
CO2 when particle size increased from 0.85−1.4 to 1.4−2 mm,
whereas CO decreased, which may be linked to equilibrium in
the water−gas shift reaction and the Boudouard reaction.40

Also, CH4 content increased when particle size increased from
0.85−1.4 to 1.4−2 mm, which indicated that the kinetics of the
methanation reaction slowed down with larger particle
size.45,46 Nevertheless, the same trend was not seen in the
largest particle size. As the particle size of the olive stone
increased, it became more homogeneous in shape and size,
which might have enhanced the water−gas shift reaction and,

thus, produced more H2.
41 In addition, large particles tended

to have a lower biomass consumption rate. This was an
important point in this study due to the low weight and large
size of the biomass studied.
Finally, Figure 2c displays the H2/CO ratio calculated from

the MS analysis of the effluent gases from gasification. This
ratio was an important factor in gasification since it determined
syngas quality and hence, in turn, how the effluent gas could be
used. Opposite trends can be seen with the olive stone and
olive pomace. With the latter, a slight downward trend can be
seen with particle size. However, with the former, the highest
value was obtained for large particle size.
In short, for the olive pomace biomass, the small particle size

(S-Op) was selected as it had the best reactivity and the H2/
CO ratio, whereas for the olive stone biomass, the larger
particle size was chosen. This was because, even though
gasification was slightly slower, as was reactivity, there was a
considerable difference in the H2/CO ratio. It must also be
stressed that large particles predominated in the olive stone
particle size distribution (61, 33, and 6 wt % for L-Os, M-Os,
and S-Os, respectively). Therefore, using large particles could
be of greater interest when scaling-up gasification in industry.
Once the samples were established, the effect of the
diatomaceous earth on gasification was evaluated.

3.1.2. Effect of Diatomaceous Earth during Gasification
of Olive Waste. Figure 3a shows the TGA profile
corresponding to the diatomaceous earth. As can be seen,
the diatomaceous earth only showed weight loss at the
pyrolysis stage and was stable during gasification. Figure 3b

Figure 2. Main gaseous products formed during gasification as a
function of particle size: (a) olive pomace, (b) olive stone, and the (c)
H2/CO ratio obtained in gasification.

Figure 3. (a) TGA curves for diatomaceous earth gasification and (b)
DTG curves for pyrolysis of diatomaceous earth.
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shows the DTG curve for the pyrolysis stage at which four
peaks were distinguished, which corresponded to different
thermal decomposition stages. At the first peak (which was
from room temperature to 105 °C), a very slight weight loss
was observed due to the silica dehydrating.42,43 The second
peak (150−450 °C) was characterized by major weight loss,
which might be a result of organic matter degradation.43,44 The
third peak (450−600 °C) could be associated with magnesium
carbonate decomposition.42,45 Finally, the fourth peak was
observed at temperatures above 600 °C and may be related to
endothermic reactions in the formation of magnesium and
calcium silicate46 and the decomposition calcium sulfate and
carbonate.42,43,47−49 The DTG curve at the gasification stage
was not shown because, as mentioned above, the samples were
stable at this point. Finally, the remaining residue from
gasification was around 45 wt %, which indicated that about
half had decomposed.
Figure 4 shows the TGA/DTG profiles for olive pomace

gasification for the samples selected with and without
diatomaceous earth. As expected, weight loss at the pyrolysis
stage was higher than in gasification in all of the samples under
study. Moreover, the amount of char obtained was higher in
samples that contained more diatomaceous earth as it had not
totally decomposed.
As for the pyrolysis stage (Figure 4b), note that at the main

stage of pyrolysis, with olive pomace there were two main
peaks. In this respect, the olive pomace sample containing 10
wt % diatomaceous earth (S-Op-10D) had a similar profile to
the one in which the two peaks mentioned above were seen.

However, as this percentage rose, three peaks were observed,
the third of which corresponded to the third one that was a
characteristic of the diatomaceous earth.
Regarding the gasification stage (Figure 4c), as the olive

pomace sample contained diatomaceous earth, gasification was
delayed at higher times. However, this behavior only became
significant when the amount of diatomaceous earth increased
from 0 to 25 wt %, above which slight differences were
observed. Table 4 lists gasification reactivity at 50 and 90% of
conversion (R50 and R90, respectively) and the time required
(t50 and t90, respectively). As mentioned above, the higher the
amount of earth, the higher the t50 and t90 and the lower the
R50 and R90. This may be associated with the effect of K and Si
on gasification. The positive effect of K is well known, whose
rapid diffusion through the carbon matrix can lead to the

Figure 4. Gasification of olive pomace as a function of the percentage of diatomaceous earth: (a) TGA curves for gasification, (b) DTG curves for
pyrolysis, (c) DTG curves for gasification, and (d) char conversion vs time plots for gasification.

Table 4. Gasification Reactivity for Olive Pomace and Olive
Stone as a Function of the Percentage of Diatomaceous
Earth

sample R50 (1/min) t50 (min) R90 (1/min) t90 (min)

S-Op 0.11 5.6 0.39 13.5
S-Op-10D 0.08 12.6 0.38 22.3
S-Op-25D 0.06 14.6 0.27 29.5
S-Op-50D 0.06 15.1 0.31 26.8
L-Os 0.03 41.4 0.16 70.1
L-Os-10D 0.02 43.6 0.27 69.1
L-Os-25D 0.03 48.4 0.27 64.1
L-Os-50D 0.02 62.3 0.37 91.3
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formation of micropores or mesopores, which increases the
reaction rate and gasification reactivity.50,51 Thus, an increase
in K should enhance gasification reactivity. In this respect,
Figure 5a shows the trend in reactivity as a function of K in the

olive pomace samples. An increase in K clearly reduced
gasification reactivity whose cause may have been twofold:
olive pomace had the highest content of K (as shown in Table
1), and thus, adding diatomaceous earth only accounted for 3
wt % of the total (from 23.0 to 23.7 g/L for S-Op and S-Op-
50D, respectively), which could be considered negligible;
second, the high content of Si could have promoted
deactivation of K as a catalyst.52,53 In this study, olive pomace
was high in Si (Table 1), which increased fivefold on adding
diatomaceous earth. Thus, Si was more significant than K,
which might explain why gasification reactivity did not improve
when diatomaceous earth was added to the olive pomace.
Moreover, as expected, gasification reactivity was enhanced as
the process continued, which could be linked to the increase in
metal content, as devolatilization occurred. In addition,
although S-Op-10D had lower R50 than S-Op, they both had

similar results for R90. This might have been because the olive
pomace continuously decomposed during gasification. After-
ward, the diatomaceous earth became more concentrated in
the sample, thereby enhancing contact between the olive
pomace and the alkali and alkali earth metals, and, hence,
gasification reactivity, in turn. Similar behavior was observed
on comparing S-Op-25D and S-Op-50D, which had a similar
R50, but a rather different R90. These reactivity results were
corroborated with those for char conversion (Figure 4d),
which was constant (50% of conversion) at around 5 min for
S-Op; whereas in the samples with diatomaceous earth, this
was only achieved after 13 min.
Concerning olive stone, Figure 6 shows the TGA/DTG

profiles for olive stone gasification with and without diatoma-
ceous earth. Just like with olive pomace, weight loss at the
pyrolysis stage was higher than during gasification in all of the
samples, and the amount of char obtained was higher in those
samples that contained a higher proportion of diatomaceous
earth as it had not totally decomposed. In addition, weight loss
at the gasification stage for L-Os-50D was clearly significantly
lower and occurred more slowly than in the other samples
containing diatomaceous earth. Figure 6b shows the DTG
curve for the pyrolysis stage of olive stone gasification with and
without diatomaceous earth. Olive stone containing diatoma-
ceous earth displayed a similar profile to that for olive stone.
However, as the amount of earth increased in the sample, the
third peak which characterized its decomposition became more
marked.
Now, focusing on the gasification stage (Figure 6c),

diatomaceous earth in the olive stone sample delayed
gasification at higher times, albeit not to the extent as seen
in olive pomace. Also, Table 4 lists gasification reactivity at 50
and 90% of conversion (R50 and R90, respectively) and the time
required (t50 and t90, respectively). Unlike with olive pomace,
R50 remained practically constant with more diatomaceous
earth, while t50 was higher than it was in olive stone. However,
as the process continued, reactivity increased, and higher
values for R90 were obtained. This behavior was similar to that
seen with olive pomace. Figure 5b shows the trend in reactivity
as a function of K in the olive stone samples. Here, adding K
improved R90 significantly as it accounted for about 40 wt % of
the total (from 1.87 to 2.59 g/L for L-Os and L-Os-50D,
respectively). Moreover, although when diatomaceous earth
was added, Si content also increased, and such high values as
those seen in the olive pomace were not reached. Therefore,
there was less possibility of deactivating K (Table 1). Even so,
the positive effect of the diatomaceous earth was more
pronounced in olive stone, as higher reactivity values were
obtained, and thus less time was required. One interesting
finding was that although L-Os-50D obtained the highest R90,
the time required for achieving this conversion was also the
highest. This may be linked to the slow but constant weight
loss, which can be observed in Figure 6d, which shows char
conversion for olive stone. Note that at low degrees of
conversion, the olive stone required lesser time than in the
sample containing diatomaceous earth. However, as gas-
ification progressed, the curves overlapped. In this respect,
the samples L-Os and L-Os-10D overlapped at a 50% rate of
conversion, while L-Os-25D converged with these two samples
at 70% of conversion. Finally, L-Os-50D was the sample with
the most stable increase in conversion.
In addition, the effect of diatomaceous earth on outlet-gas

composition was studied. Figure 7 displays the integrated peak

Figure 5. Evolution of gasification reactivity and H2/CO as a function
of alkali (K) and alkaline earth (Ca + Mg) metals: (a) olive pomace
reactivity, (b) olive stone reactivity, and the (c) H2/CO ratio.
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areas of the main gases given off during gasification. In general,
diatomaceous earth clearly improved the H2 yield. In addition,
a decrease in the amount of CO and CH4 given off was also
detected. This could be explained by the promotion of the
water−gas shift reaction that may have been catalyzed by Ca
and Mg in the diatomaceous earth.13,14,54,55 The decrease in
CH4 might have been caused by the diatomaceous earth
inhibiting the methanation reaction and promoting steam
reformation. Finally, CO2 emissions showed opposite trends
depending on the raw material. With olive stone, an increase in
CO2 emissions was observed when the amount of diatoma-
ceous earth increased in the sample, which may have been
linked to the enhanced water−gas shift and Boudouard
reactions. However, with olive pomace, the opposite trend
was seen, which indicated that the effect of diatomaceous earth
was less predominant in olive pomace, which agreed well with
the results obtained in the gasification reactivity process.
Finally, syngas quality was analyzed by calculating the H2/

CO ratio. Figure 7c shows the effect diatomaceous earth had
on the H2/CO ratio. Evidently, the diatomaceous earth
enhanced syngas quality. This was mainly because of its Ca
and Mg content, which promoted the water−gas shift
reaction.10,11,49,50 Figure 5c shows the trend in the H2/CO
ratio as a function of Ca + Mg content in both olive pomace
and olive stone. Note that the higher the Ca + Mg content, the
higher the H2/CO ratio was in both raw materials. Nonethe-
less, behavior varied depending on the biomass used. In olive
pomace, equilibrium was achieved at 7.50 g/L, and thus, any

increase above this value did not enhance this ratio. This
meant that the increase in diatomaceous earth from 10 to 50
wt % did not improve syngas quality. As for olive stone, two
clear trends could be observed: a horizontal line was obtained
for low alkaline earth metal content (<5 g/L); however above
5 g/L, the trend became notably positive. In short, the effect of
diatomaceous earth was more evident with olive stone. This
may have been due to two reasons. First, the larger particle size
and slower decomposition of olive stone meant more time was
required for total oxidation and, thus, the gases released had a
higher contact period with the diatomaceous earth than those
in olive pomace.56 Second, the alkaline earth metals had a
greater effect on the olive stone sample as it did not initially
contain any metals (Table 1). Finally, it may be concluded that
out of the olive pomace samples, S-Op-10D was the optimal
blend since it showed similar reactivity but with a higher H2/
CO ratio than in S-Op. With the olive stone samples, L-Os-
50D was the optimal one as higher reactivity and H2/CO ratios
were achieved than in L-Os.

4. CONCLUSIONS
The effect of diatomaceous earth on gasification of olive
pomace and olive stone by means of TGA-MS was evaluated
after which the following conclusions were drawn:

• Raw material and particle size had a great influence on
gasification. The olive pomace sample showed higher
reactivity than that for olive stone, which agreed well
with the proximate analysis. As for the influence of

Figure 6. Gasification of olive stone as a function of the percentage of diatomaceous earth: (a) TGA curves for gasification, (b) DTG curves for
pyrolysis, (c) DTG curves for gasification, and (d) char conversion vs time plots for gasification.
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particle size, in both biomasses, gasification was
enhanced with smaller particles. Nonetheless, the H2/
CO ratio showed opposite trends depending on the
feedstock used.

• Regarding gasification, diatomaceous earth delayed olive
pomace and olive stone gasification at higher times.
However, a distinct trend was observed in reactivity due
to the different contributions made by alkali metals from
the diatomaceous earth in the samples. In this respect,
an increase in the diatomaceous earth was associated
with an increase in K (mainly responsible for increasing
reactivity) of 3 and 40 wt % in the olive pomace and
olive stone samples, respectively. Therefore, due to the
negligible contribution of K in the olive pomace samples,
their reactivity did not improve, whereas in the olive
stone, a significant increase in R90 was observed due to
the higher contribution it made.

• Concerning the outlet-gas composition, diatomaceous
earth improved the H2 yield in both feedstocks. In
addition, a decrease in the CO and CH4 given off was
also detected, while there was an inverse trend in CO2
emissions.

• Also, the H2/CO ratio was enhanced by diatomaceous
earth since it increased the Ca + Mg content (mainly
responsible for promoting the water−gas shift reaction)
in the samples. Nevertheless, in the olive pomace,
equilibrium was achieved 7.50 g/L, and thus, any value
above this did not enhance the H2/CO ratio, whereas in

the olive stone, more than 5 g/L Ca + Mg was required
to obtain a positive trend.

• Finally, the olive pomace sample with 10 wt %
diatomaceous earth and the olive stone sample with 50
wt % showed optimum results as they had higher or
similar reactivity, but they had a higher H2/CO ratio
than that found in their parents.
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