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ABSTRACT: Cogasification of olive pomace, almond shell, and petcoke was
carried out by thermogravimetric analysis coupled with mass spectrometry. Binary
and ternary blends were compared in terms of their reactivity, outlet-gas emissions,
H2/CO ratios of effluents, and synergistic effect. Synergistic and antagonistic
effects were observed with cogasification of blends, but that depended on the ratios
of raw materials in the feed. In this regard, the higher the biomass content, the
greater the weight loss, the higher the decomposition rate and, thus, the higher the
gasification reactivity. Moreover, the synergistic effect on the gasification of the raw
materials did not show a clear trend in gas emissions. In general, the higher the
biomass content, the greater the H2 and CO2 yields, and the less CO was released.
On comparing binary and ternary blends, it was seen that the former presented
better results in most parameters studied.

1. INTRODUCTION

Despite the current trend toward adopting sustainable energy
sources in order to reduce greenhouse gas emissions, world’s
energy is still largely produced by fossil fuels whose
consumption is still increasing. According to the 2018 BP
statistical review of world energy, total primary energy
consumption amounted to 13.5 billion tonnes of oil equivalent
in 2017,1 with 85% of total energy sourced from fossil
resources. Simultaneously, petroleum coke or petcoke (PC, a
refinery byproduct) production has increased.2 PC consists of
polycyclic aromatic hydrocarbons with high carbon content. It
has a high calorific value and availability, low ash and hydrogen
content, and is economical. However, one of its main
drawbacks is its high sulfur content. Steam gasification is the
most efficient way of using petcoke as it reduces emissions of
pollutants into the air.3 In addition, steam gasification is
considered to be one of the most effective and efficient
techniques for generating hydrogen and electric power.
Moreover, the gas product from gasification, syngas, can be
also used in the Fischer−Tropsch synthesis that yields liquid
fuels. However, its high C/H ratio, low amount of volatiles
and, in turn, low gasification reactivity have restricted its use in
the gasification industry.4

Moreover, biomass gasification has been lauded as the most
viable option for a sustainable future by replacing fossil fuels.
In addition, efficient use of biomass energy resources can
provide employment opportunities, environmental benefits,
and improve the rural infrastructure. In this regard, waste from
olives and almonds is viable as a fuel, as olive oil production is
one of the most important economic activities in Spain, with
an annual global production of 2.9 million tons of end

product.5 However, in the production process, large amounts
of waste are generated, namely olive pomace, which is a slurry
mainly composed of water, flesh, and olive stone. Olive trees (1
ha) can produce 534 kg of dry olive pomace (data from Aceites
Garciá de la Cruz oil mill). Also, demand for almonds has
increased in Spain, as it has a climate favorable to production,
and it is the third largest almond producer in the world after
USA and Australia. The current national production average
for almond shells and almond grains per annum is
approximately 200,0000 and 50,000 tons, respectively. Thus,
the main residue is the shell, which can represent up to 70 wt
% of total weight.6 Moreover, at present, renewable chemical
industries have shown tremendous interest in it from both an
economical and environmental perspective because it provides
an alternative to fossil fuels. However, biomass gasification has
not been fully industrialized as it has a lower calorific value and
energy density, higher tar yield, unreliable supply, and is
heterogeneous as a raw material.7 In this respect, cogasification
of petcoke, olive pomace, and almond shell is one possible
alternative to solving problems associated with gasifying each
of them separately. Moreover, the high volatile matter (VM)
present in biomass and the high fixed carbon content in
petcoke make cogasification an attractive option as it yields
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high-quality syngas. In addition, cogasification of different
types of feedstocks can produce synergistic effects during the
process, thereby further improving gas yield and quality.8

Therefore, there can be no doubt that cogasification must be
researched in the laboratory before carrying it out on an
industrial scale. For this purpose, the thermogravimetric and
mass spectrometry analysis (TGA−MS) has proven to be a
powerful tool for researching thermochemical conversion of
biomass in order to make an initial assessment before scaling-
up.9−11 As a result, Jayaraman et al. studied the gasification
characteristics of petcoke and coal−petcoke mixtures with
TGA−MS.10 The gasification reactivity from copyrolysis of
coal and corn stalks char was studied with TGA. In addition,
the influence of copyrolysis on cogasification reactivity was
quantitatively characterized with the synergy index by Chen et
al.12 In addition, Zhu et al., researched cogasification of beech
wood and polyethylene in a fluidized-bed reactor.13 Different
ratios of spirit-based distillers’ grains and anthracite coal with
cogasification were researched by Lv et al.14 Nevertheless, most
studies to date have focused on cogasification of binary blends,
and there has been little research on the differences between
binary and ternary blends in the steam cogasification of three
different raw materials. For this reason, in this paper,
cogasification of binary and ternary blends of olive pomace,
almond shell, and petcoke was compared in terms of their
reactivity, outlet-gas emissions, H2/CO ratios of effluents, and
synergistic effect with the TGA−MS analysis.

2. MATERIALS AND METHODS

2.1. Materials. Olive pomace obtained from “Aceites
Garcia de la Cruz” olive oil mill, Madridejos (Toledo, Spain),
almond shell obtained from Castilla La Mancha region
(Spain), and petcoke obtained from a refinery in Puertollano
(Ciudad Real, Spain) were the three raw materials used in this
research.
Table 1 shows the ultimate analysis, proximate analysis, the

metal content, and the higher heating value (HHV) of the
three raw materials. The ultimate and proximate analyses were
carried out according to standards UNE 15104:2011, UNE-EN
ISO18123, UNE 32-004-84, and UNE 32002-95 while the
metal content in the samples was determined by inductively
coupled plasma spectrometry (ICP). The HHV was

determined using a correlation based on the elemental analysis
proposed by Channiwala and Parikh.15

= + +

− − −

HHV (MJ/kg) 0.3491C 1.1783H 0.1005S

0.1034O 0.0151N 0.0211A
(1)

where C, H, O, N, S, and A represent the percentage of carbon,
hydrogen, oxygen, nitrogen, sulfur, and ash contents on dry
basis.

2.2. Equipment and Procedures. 2.2.1. TGA−MS
Analysis. Steam cogasification was performed in a TGA
apparatus (TGA−DSC 1, METTLER TOLEDO) coupled
with a mass spectrometer (ThermoStar-GSD 320/quadrupole
mass analyzer; Pfeiffer Vacuum). The experimental setup used
for the gasification experiments was described in a previous
study.9

Cogasification was carried out in three different steps:

1. The sample was dried at 105 °C.
2. Pyrolysis was performed at temperatures ranging from

105 to 1000 °C with a heating rate of 40 °C/min and a
constant flow of 200 NmL/min in an Ar atmosphere.

3. Steam gasification was carried out at 900 °C for 120
min. Steam was generated in a bubbler system. Ar (50
NmL/min) was constantly bubbled through degassed
water heated to 33 °C. The Ar−H20 mixture was
assumed to be saturated, and a gas stream of 5 vol %
water in Ar was obtained.

Previous studies were carried out according to the procedure
described by Sanchez-Silva et al.9 for both pyrolysis and
gasification in order to avoid the effects of heat and mass
transfer limitations. The initial sample weight was fixed at 20
mg. First, the raw materials were oven-dried for 5 h, milled,
and sieved to an average particle size of 100−150 μm. The
blends of raw materials were then physically mixed, and 1 g of
each blend was prepared to ensure homogeneity. Table 2
shows the composition of the blends prepared and their
denominations for identification purposes.
Each sample was analyzed at least three times, and average

values were recorded. The experimental standard deviation was
±0.5% in weight loss and ±2 °C in temperature. Finally, the
gas produced during cogasification was analyzed by means of a

Table 1. Ultimate Analysis, Proximate Analysis, Mineral Content, and HHV of the Petcoke, Almond Shell, and Olive Pomace
samplesa

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

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

petcoke 7.00 0.26 13.00 79.74 82.21 3.11 1.90 7.02 5.50
almond shell 3.97 3.72 73.00 19.31 43.04 5.58 0.72 50.66 nd
olive pomace 2.12 7.77 80.73 9.38 52.49 6.66 1.51 31.31 0.26

mineral content (ppm)

Al Ca Fe K Mg Na Zn Si Ti

petcoke 1982 840 158 99311 100
almond shell 54270 262 3305
olive pomace 2995 23005 515 100288 31

HHV (MJ/kg)

petcoke 32.2
almond shell 16.3
olive pomace 22.8

a*daf: dry and ash-free basis; Odiff: % of oxygen calculated from difference of C, H, N, and S; Fixed carbon*diff: % of fixed carbon was calculated from
difference in moisture, ash, and volatile matter; nd: non detectable.
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mass spectrometer (ThermoStar-GSD 320/quadrupole mass
analyzer; Pfeiffer Vacuum).
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

(2)

where xi and wi represent the conversion and weight of char at
any given time, respectively. Char reactivity, which depends on
temperature and gas composition, describes the conversion
trend throughout gasification. In this paper, reactivity at 50%
(R50) and at 90% (R90) of char conversion was considered for
comparative purposes.16−20

3. RESULTS AND DISCUSSION

First, there was a physicochemical analysis of the raw materials
used in this research. Table 1 shows the ultimate and
proximate analyses of almond shell, olive pomace, and petcoke.
Regarding the proximate analysis, the biomasses had higher
VM, ash content, lower fixed carbon, and moisture than
petcoke, as expected. In general, a high volatile content is
linked to high reactivity.19 In addition, the petcoke had higher
contents of C, N, and S than did olive pomace and almond
shell (Table 1). The high amount of C in the raw materials
may increase production of oxygenated species such as CO and
CO2,

21 and nitrogen and sulfur compounds meant there it was
more likely that nitrogen (NOx) and sulfur (SOx) oxides would
be given off due to thermochemical transformation.
Furthermore, higher O/C molar ratio values in a fuel lead to

Table 2. Olive Pomace/Almond Shell/Petcoke Ratio Used
in the Different Blends

sample
petcoke
(wt %)

olive pomace
(wt %)

almond shell
(wt %)

petcoke (P) 100 0 0
olive pomace
(op)

0 100 0

almond shell (A) 0 0 100
0P25op75A 0 25 75
0P50op50A 0 50 50
0P75op25A 0 75 25
25P0op75A 25 0 75
50P0op50A 50 0 50
75P0op25A 75 0 25
50P50op0A 50 50 0
25P75op0A 25 75 0
75P25op0A 75 25 0
25P25op50A 25 25 50
25P50op25A 25 50 25
50P25op25A 50 25 25

Figure 1. TGA and DTG curves for the pyrolysis and gasification of petcoke, olive pomace, and almond shell; (a) TGA curves for pyrolysis and
gasification, (b) DTG curves for pyrolysis, and (c) DTG curves for gasification.
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a fall in its calorific value. The molar ratios for almond shell,
olive pomace, and petcoke were 0.883, 0.447, and 0.064,
respectively. The H/C molar ratio values were 1.556, 4.523,
and 0.453 for almond shell, olive pomace, and petcoke,

respectively. Finally, Table 1 lists the mineral content in the
different raw materials. In previous research, alkali and alkaline
earth metals were observed to reduce the operating temper-
ature of the process.10,22 In this regard, almond shell and olive
pomace contained a high concentration of alkali and alkaline
earth elements as calcium (Ca), potassium (K), magnesium
(Mg), or sodium (Na).23,24 These elements may have acted as

Figure 2. TGA and DTG curves for copyrolysis and cogasification of petcoke, olive pomace, and almond shell; (a) TGA curves for copyrolysis and
cogasification, (b) DTG curves for copyrolysis, and (c) DTG curves for cogasification.

Table 3. Pyrolysis Characteristics for Petcoke, Almond
Shell, and Olive Pomace

sample Tm
a (°C) (dw/dt)max (wt %/°C)

b char yield (wt %)

petcoke 532 1.2 89.6
olive pomace 260 19.3 23.6
almond shell 276 26.0 22.6
0P25op75A 275 23.2 15.0
0P50op50A 265 21.8 22.6
0P75op25A 260 20.7 21.9
25P0op75A 277 13.2 38.6
25P25op50A 273 16.7 39.6
25P50op25A 265 17.9 40.7
25P75op0A 262 14.2 38.8
50P0op50A 279 12.7 54.6
50P25op25A 274 10.5 56.4
50P50op0A 264 9.2 57.2
75P0op25A 279 6.4 72.4
75P25op0A 267 4.6 70.2

aTemperature at which a maximum peak in the DTG curve was
observed. bMaximum decomposition rate.

Table 4. Gasification Characteristics for Petcoke, Olive
Pomace, Almond Shell, and Their Blends

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

petcoke 0.074 7.07 0.031 86.17
olive pomace 0.128 6.53 0.155 20.32
almond shell 0.073 11.80 0.135 29.77
0P25op75A 0.128 4.25 0.735 10.78
0P50op50A 0.069 13.18 0.155 30.67
0P75op25A 0.108 6.40 0.201 19.23
25P0op75A 0.031 18.45 0.035 81.82
25P25op50A 0.018 36.48 0.044 95.13
25P50op25A 0.027 24.83 0.039 87.52
25P75op0A 0.034 12.35 0.031 63.58
50P0op50A 0.011 29.77 0.049 99.05
50P25op25A 0.008 23.20 0.046 99.67
50P50op0A 0.017 41.57 0.052 101.82
75P0op25A 0.039 18.30 0.036 91.03
75P25op0A 0.042 14.43 0.045 92.80
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catalysts, which could favor reactivity and heterogeneous
gasification of the char produced.21 In addition, Na and K can
react with CO and CO2 to produce carbonate and thus reduce
the amount of these emissions in the resulting gas.25 Similarly,
these metals can form sulfates and nitrates, reducing the
nitrogen and sulfur compound emissions. Furthermore, the fast
diffusion of K and Na through the carbon matrix can lead to
micropore or mesopore formation, which increases the
reaction rate.26 In addition, Na can catalyze the water-gas
shift reaction and promote tar cracking, facilitating the
production of H2.

27 Regarding temperature gasification,
temperatures in the range of 750−950 °C can favor the
catalyst effect of K.28 Concerning Ca, its activity decreases at
higher conversions; in addition, it can be deactivated by
sintering.28 Nevertheless, interest in calcium-catalyzed gas-
ification remains because it can be used as a sorbent to remove
the CO2, and thus, increasing the heating value of the
produced syngas.29 Moreover, there was a high amount of
alumina (Al) and silica (Si) in the petcoke. These elements can
promote the deactivation of K and Na as catalysts. They react
with Al and Si to form stable and unreactive aluminosilicates at
high temperatures (1000−1100 °C),30 causing inhibition of
the gasification reaction.31 However, when the K amount and
the K/Al ratio in the blend increased by addition of biomass to
petcoke, petcoke gasification can be enhanced.31

3.1. TGA of Pyrolysis and Gasification of Raw
Materials. Figure 1 shows the TGA/derivative thermogravim-
etry (DTG) profiles for pyrolysis and gasification of three raw
materials (almond shell, olive pomace, and petcoke). The main
pyrolysis step for biomass took place at temperatures between
120 and 450 °C, as can be seen from their DTG profile in
Figure 1b. However, the main stage of petcoke pyrolysis
occurred from 250 to 850 °C. The pyrolysis was divided into
three common degradation stages:32,33 drying, devolatilization,
and char formation. For biomass, a shoulder was observed at
temperatures around 300 °C, which was attributed to
hemicellulose decomposition. The shoulder was steeper for
the almond shell sample, which has been a result of its higher
hemicellulose content.16 Then, the maximum weight loss rate
was observed at 400 °C for the almond shell and olive pomace.
This shoulder was associated with cellulose decomposition. At

this stage, the almond shell and olive pomace samples showed
similar weight losses, which can be indicative of similar
cellulose content. However, a small peak was observed for olive
pomace, which may be because of lipid decomposition from
the olive oil it contains.34 Finally, the highest peak was
followed by a tail, which was ascribed to lignin decomposition,
which leads to char formation. Olive pomace and almond shell
had similar char yields, which could be a result of their similar
lignin content. As for petcoke, it had lower weight loss and a
higher decomposition temperature than olive pomace and
almond shell, as expected. These results were related to the
large amount of VM and high concentration of alkali and
alkaline earth elements in the biomass (Table 1). The petcoke
sample showed the highest weight loss at 550−700 °C, which
corresponded to devolatilization. Moreover, it had the highest
char yield (89.6 wt %), which indicated that petcoke was more
thermally stable than biomass. These results concur well with
those reported by Puig-Gamero et al.7

Figure 1c shows the DTG profiles for steam gasification of
the char produced from three raw materials (almond shell,
olive pomace, and petcoke). Note that gasification of biomass
char started as soon as the gasifying agent reached the surface
of the char particle. As expected, biomass produced the most
reactive char, especially that from olive pomace. The olive
pomace and almond shell took around 30 and 40 min,
respectively, to be totally gasified, whereas the char produced
from the petcoke sample decomposed at a lower rate (>120
min). This was attributed to the low reactivity of petcoke
because of its aromatic nature and high heavy aromatic to
aliphatic ratio. The aliphatic carbon species present in biomass
have relatively weak bonds in comparison with the strong ones
of the aromatic compounds present in petcoke, the latter being
more heat resistant2. In addition, petcoke gasification was
compared with results from a previous study, 18 in which
petcoke was gasified at 900 °C for 60 min. The results of
gasification conversion were similar to those obtained here at
900 °C for 120 min. In conclusion, there was no improvement
with an increase in time for petcoke gasification, which could
indicate that steam was insufficient for a complete petcoke
gasification.35

3.2. TGA of Binary and Ternary Blends during
Copyrolysis and Cogasification. In order to study and
compare interactions between raw materials during gas-
ification, binary and ternary blends were analyzed. Figure 2
shows the TGA/DTG profiles for steam copyrolysis and
cogasification of the blends. In general, the samples had an
intermediate trend between the raw materials. Thus, the higher
the petcoke content, the higher the char yield. However,
gasification of this char was less efficient because of its low
reactivity. In this respect, petcoke gasification was improved on
blending with biomass. In addition, weight losses for the binary
blends of olive pomace and almond shell (samples 0P25op75A
and 0P75op25A) were higher than in their raw materials. This
can be ascribed to the high amount of K, Na, and Ca in them
(Table 1), which acted as catalysts, thereby accelerating the
decomposition process.21

Figure 2b shows the DTG profile for copyrolysis of raw
materials, and Table 3 summarizes the most relevant pyrolysis
characteristics of petcoke, almond shell, and olive pomace and
their blends. Generally, the higher the biomass content, the
higher the weight loss and the higher the decomposition rate.
In addition, lower temperatures and times were required,

Figure 3. Evolution of char conversion from petcoke, olive pomace,
almond shell, and their blends over time.
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which was because of the high VM content of biomass (Table
1).
Moreover, the DTG profiles for binary and ternary blends

were similar and between those for the raw materials. Only,
binary samples 0P25op75A and 0P75op25A did not show an
intermediate trend, and their degradation rates were higher
than those for their raw materials (Table 3). As mentioned
above, this was linked to the synergetic effect between them
because of their VM content and elemental composition.
Figure 2c shows the DTG curves for steam cogasification of

the char produced from copyrolysis. Char gasification also

started as soon as the gasifying agent reached the surface of the
char particle. Just like what happened in copyrolysis, the weight
loss rates for the binary and ternary blends were lower than
those for olive pomace and almond shell but higher than that
for the petcoke sample in cogasification. Only the binary
blends of olive pomace and almond shell showed higher rates
than those for their raw materials, which was a direct result of
the biomass composition. Finally, the higher the petcoke
content, the higher the residue there was for both binary and
ternary blends.

Figure 4. Main gaseous products formed during gasification of olive pomace, almond shell, petcoke, and their blends.
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3.3. Reactivity and Char Conversion during Cogasi-
fication. Table 4 lists the reactivity parameter at 50% (R50)
and 90% (R90) of char conversion and the time required to
achieve this conversion (t50 and t90) for all samples. Figure 3
shows the char conversion obtained from gasification of all the
samples analyzed. Olive pomace had the highest reactivity
value and the shortest total gasification time, as it had the
greatest amount of VM. Additionally, almond shell and
petcoke had similar R50 values, but different times were
required. However, almond shell reactivity improved as the
reaction progressed, although the opposite was observed for
petcoke. These results were coherent with the lower weight
loss rate for petcoke during gasification.
In general, the higher the degree of conversion, the higher

the reactivity, which was because of the mineral content of the
raw materials. Alkali and alkaline earth metals captured within
the carbon structure are continuously released during
devolatilization, and as this is continuous, alkalis become
more concentrated in the solid phase, which leads to a higher
number of active sites of carbon. Thus, reactivity accelerates as
the reaction proceeds.36 Only with petcoke, reactivity at a 90%
conversion was worse than R50, which was attributed to
mineral contents inhibiting the process by means of
sintering.36 These results concurred well with the high Al
and Si content (Table 1) in the petcoke.
For the binary and ternary blends, the higher the biomass

content, the higher the reactivity. It must be stressed that
samples 0P25op75A and 0P75op25A had a higher decom-
position rate during gasification than their raw materials.
However, their reactivity, at 50% of conversion, was lower than
that for their raw materials. Nevertheless, as gasification went
underway, reactivity for these blends improved in respect to
their raw materials. This may be associated with synergistic
effects, which will be explained later on. Similarly, sample
50P25op25A had the lowest R50 value, although this increased
considerably as the process got underway, after which it had a
R90 value similar to that seen in the other samples. According
to these results, the binary blends had better R50 and R90 values
and lower times than ternary blends.
3.4. Evolved Gas Analysis during Cogasification.

Figure 4 plots the gas yields calculated by integrating the
data measured using MS in the gasification of almond shell,
olive pomace, petcoke, and their blends. H2, CO, CO2, and
CH4 were the main gases obtained throughout the whole
process.

Olive pomace had the highest H2 yield and CO2 emissions
followed by almond shell and petcoke, which correlated well
with the elemental analysis (Table 1). However, the highest
CO yield was obtained by almond shell and olive pomace,
which can be attributed to their higher potassium content.37

The high amount of CO obtained indicates that the char
gasification (water−gas) reaction ( + +VC H O CO H2 2)
and the Boudouard reaction ( + VC CO 2CO2 ) predomi-
nated. Apart from H2, CO, and CO2, light hydrocarbons such
as CH4 and C2H2 were obtained in high proportions. Thus,
secondary reactions such as thermal cracking and methaniza-
t i o n ( + + +− −VC H C H H CH Cn m n x m y 2 4 ;

+ VC 2H CH2 4) took place.38 The three raw materials had
similar yields of CH4. As for the biomass, this could be
explained by the high potassium content in the sample, which
was reported in the bibliography as being an active catalyst for
methanation.39 In addition, the high gasification temperature
(900 °C) favored the Boudouard reaction, water−gas, and
steam−methane reforming, as they are endothermic reactions.
Thus, H2 and CO should have been greater than CH4 and
CO2.

40,41 However, H2 production was lower, which may have
been because of insufficient steam in gasification, which was
conducive to the reverse water-gas shift and steam-reforming
reactions.41 Nitrogen and sulfur compounds were also detected
in all samples. These compounds could have originated from
water dissociation on the char surface into hydrogen atoms and
a hydroxyl radical, which is a highly active oxidizing agent.42

Regarding the binary and ternary blends, their gas emissions
did not follow any clear trend, which may have been because of
the synergistic effect between the raw materials in gasification.
In general, the higher the biomass content, particularly olive
pomace, the higher the H2 yield, the higher the CO2 emissions,
and the lower the release of CO. Additionally, CH4 production
was favored when petcoke and olive pomace were gasified
together. Finally, emissions of nitrogen and sulfur compounds
were higher in the ternary blend, and the highest was seen in
sample 50P25op25A.
Figure 5 shows the H2/CO ratio of the gas product from

gasification. This ratio was calculated to determine the
synthesis gas quality. As for the raw materials, olive pomace
had the highest ratio. However, most blends displayed upper
values, the highest of which was for binary sample 25P75op0A,
followed by ternary blend 50P25op25A.

3.5. Synergetic Effect Analysis of Olive Pomace,
Petcoke, and Almond Shell Blends. The experimental
and theoretical data for weight loss (wt %) were compared in
order to study the synergistic effects of the ternary and binary
blends during cogasification. The theoretical weight loss value
(Yth) can be calculated as follows43

= · + · + ·Y Y F Y F Y Fth P P op op A A (3)

where FP, Fop, and FA are the fractions of petcoke, olive
pomace, and almond shell in the blends, respectively, and YP,
Yop, and YA are weight losses (wt %) from TGA during
cogasification.
The deviation of the experimental and theoretical weight

loss (Δy) for the blends can be used to evaluate the synergistic
interactions between raw materials. A positive value of Δy
indicated that more volatile products could be generated by
cogasification than by individual gasification.

Δ = −y Y Yth exp (4)

Figure 5. H2/CO ratio of the gas product during cogasification for
olive pomace, almond shell, petcoke, and their blends.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.0c01399
Ind. Eng. Chem. Res. 2020, 59, 12801−12811

12807

https://pubs.acs.org/doi/10.1021/acs.iecr.0c01399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c01399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c01399?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c01399?fig=fig5&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c01399?ref=pdf


Figure 6. Comparison between experimental and theoretical TGA curves obtained from cogasification of olive pomace, almond shell, and petcoke
blends: (a) sample 0P50op50A; (b) sample 0P75op25A; (c) sample 0P25op75A; (d) sample 25P0op75A; (e) sample 25P75op0A; (f) sample
50P0op50A; (g) sample 50P50op0A; (h) sample 75P0op25A; (i) sample 75P25op0A; (j) sample 25P25op50A; (k) sample 25P50op25A; and (l)
sample 50P25op25A.
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where Yexp and Yth are the experimental and theoretical weight
loss values, respectively.
Figure 6 compares theoretical and experimental weight

losses for each blend. In general, the main differences between
the curves were observed in gasification. The physical-chemical
properties of the raw materials can explain these differences
(Table 1). Regarding the binary blends, samples 0P50op50A
and 75P0op25A practically overlapped, and so, any synergistic
or antagonistic effects could be discarded. However, a
synergistic effect was detected in samples 0P75op25A and
0P25op75A. Weight loss in these samples during pyrolysis was
higher, which resulted in less but more reactive char, which, in
turn, increased the gasification rate. These results were
consistent with reactivity at 50 and 90% of conversion
(Table 4), where the reactivity of the blends was higher than
that for their raw materials. Once again these findings indicated
that the catalytic activity of the inorganic matter in the biomass
played a significant role in cogasification.44−46 Furthermore,
the gasification rate for samples 25P0op75A, 75P25op0A,
50P0op50A, and 75P25op0A was higher than expected, which
was indicative of a synergetic effect. Moreover, the gasification
rate was seen to increase as the process got underway, which
was coherent with the increase in reactivity when char
conversion also increased (Table 4), as explained previously.
Theoretical and experimental data from the TGA curves were
also different to sample 50P50op0A. Both curves overlapped
during pyrolysis (no synergistic or antagonistic effect).
However, the theoretical gasification rate slowly decreased,
whereas the experimental one hardly changed, and no
maximum was detected. At the early stage of gasification, the
experimental data were higher than theoretical ones (antago-
nistic effect); as the process proceeded, the values from the
experimental data were better than the theoretical ones, which
may indicate that the mineral content in the different raw
materials was acting as a catalyst to gasification (synergetic
effect). Moreover, this synergetic effect could be attributed to
the high H/C ratio in olive pomace in comparison with
petcoke. Thus, olive pomace could quickly decompose to form
free radicals, which reacted with the organic matter, thereby
promoting decomposition, oxidation, and gasification reactions
in the petcoke. This improved the decomposition rate and
petcoke gasification.8 As for the ternary blends, samples
25P25op50A and 25P50op25A behaved similarly to sample
50P50op0A. On a final note, sample 50P25op25A was the only
blend with an antagonistic effect throughout the whole
gasification process, as weight loss was lower than expected.
Thus, in conclusion, the synergistic effect could be said to be
more remarkable in the binary blends.

4. CONCLUSIONS
Cogasification of binary and ternary blends of olive pomace,
almond shell, and petcoke by TGA−MS was evaluated. The
synergistic effect could be observed in both the thermogravi-
metric and spectrometric analyses during gasification and it
depended on the ratios of raw materials. In this regard, the
higher the biomass content, the higher the weight loss, the
higher the decomposition rate and, thus, the higher the
gasification reactivity. As for gas emissions, they did not follow
any particular trend, which was a result of the synergistic or
antagonistic effect. Additionally, H2 and CO2 yields decreased,
and CO was increasingly released when petcoke content rose.
Finally, thermal treatment of ternary sample 50P25op25A had
the highest antagonistic effect, and there were emissions of

nitrogen and sulfur compounds. Additionally, binary sample
25P75op0A had the best gas quality in terms of higher H2/CO
ratio and reactivity. Finally, on comparing both binary and
ternary blends, in general, the former showed higher reactivity
values, a better H2/CO ratio, a higher synergistic effect, and
lower emissions of sulfur and nitrogen compounds.
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