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Abstract

Besides the nuts produced from almond cultivation, it also generates several million tonnes of residue that include
hulls, shells, leaves, pruning, and inedible kernels which are valuable feedstocks in clean fuel production. In this
article, blended tropical almond residue of two particle sizes (NT15 and NT25) were investigated. The heating,
proximate and ultimate values were reported while the chemical composition of the ash was determined. Also,
the pore structure and the inherent functional groups were determined for the particle sizes. The thermogravimetric
analysis was also carried out to determine the thermal behaviour at different heating rate (10, 15, 30 °Cmin™') in
inert environment while the kinetic parameters were evaluated based on three non-isothermal methods (Flynn—
Wall-Ozawa, Kissinger—Akahira—Sunose and distributed activation energy model). Notably, the ash content was
higher in the finer particle size NT15 (1.11 %) compared to NT25 (0.87 %). Low pore surface area (1.218-0.970
m?g’!) agrees with literature values while a slight difference in pore size distribution was observed during
adsorption at higher relative pressure. A representation of mixed functional groups whose wavelength falls within
527 cm’!, 848 cm!, 991 cm, 1035 cm™!, 1179 cm’!, 1597 cm™!, 1772 cm’!, 2849 cm™! was observed with no
significant difference between the two particle sizes. The average activation energy, E, for NT15 and NT25 were
in the range of 127.4-131 kJmol™! and 129-133 kJmol! respectively for all the three methods, with the lowest E,
(127.4kJmol ') and compensation factor, Ko (1.29E+12 min!) obtained for the smaller particle size (NT15) based
on Kissinger—Akahira—Sunose method. Finally, the energy benefits and CO, emission reduction potential were
estimated. The highest energy potential is in USA (4.17 Mtoe) while Morocco has the highest emission reduction
at 3.28 %. The information obtained from this study can be used in the scaling up of bioreactors which can further
support the global clean energy drive and reduce environmental pollution.

Keywords: Blended tropical almond; Clean fuel production; CO; emission; Energy benefits; Particle sizes; Pore
structure; Kinetic parameters.

Nomenclature
Cry Crystallinity index FTIR Fourier Transform Infrared
E, Possible energy produced by using whole FWO Flynn-Wall-Ozawa
almond fruit ( shell, and hulls) GHG Greenhouse Gas
Py Almond  Production in a country (kg) IUPAC  Union of Pure and Applied Chemistry
U, Unit conversion (0.000277778 WhJ") HHV High heating value
fs Residue factor in a whole almond fruit (%) M Moisture content (%)
RH Relative humidity VM Volatile matter (%)
T Temperature (K) FC Fixed carbon (%)
k Rate constant HA High angle (degrees)
t Time (s) KAS Kissinger-Akahira-Sunose
R? Coefficient of determination M Moisture content (%)
ASTM American Society for Testing and Materials Mtoe Million tonnes of oil equivalent
ANOVA  Analysis of variance RH Relative humidity (%)
DAEM Distributed activation energy SEM Scanning Electron microscope
DTG Differential thermogravimetry TG Thermogravimetric
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XRD X-ray Diffraction
f(a) Mechanism function
B Heating rate ("Cmin’")

1. Introduction

The global concern around climate change, environmental pollution, energy security, and fossil fuel depletion has
necessitated the need for alternative energy sources so much that it has become a topic of significant focus in
achieving sustainable development goals (SDGs) 2030. The 17 goals of SDGs 2030 have 169 targets, which are
aimed at socio-economic and environmental sustainability (de Oliveira Neto et al., 2019). Energy is the fulcrum
on which the achievement of these SDGs are hinged and most countries are depending on it since it engenders
stability and economic growth of the society (Saez-Martinez et al., 2016). Goal 7 of SDG 2030 is premised on
ensuring access to affordable, reliable, sustainable and modern energy for all (UN-SDG, 2019); while goal 13
emphasises the imperative of urgent action to combat climate change (Olatunji et al., 2018; Perea-Moreno et al.,
2018). To keep global warming at 1.5 °C, the net CO, emission will have to fall by 45% from 2010 level by 2030
(Wuebbles et al., 2017) and reach a zero level by 2050 (Olatunji et al., 2019). This has necessitated fund flow
which reached $18.6 billion in 2016 from the international community in support of clean and renewable energy
in the developing country (UN-SDG, 2019), also there is a devolution of financial instruments from fossil fuel
exploration to encourage clean energy revolution (WorldBank, 2017). It is unlikely that fossil fuel will be able to
support the energy demand of the emerging population which is growing at an exponential rate (Lizunkov et al.,
2018; Smil, 2019). More so, with the current trend of carbon emission tax, the energy production from fossil fuel
will be significantly affected, with a tremendous impact on profitability. Therefore, an alternative source such as
bioenergy can provide opportunity towards the reduction of carbon emission tax, leading to more profitable energy
production. According to International Energy Agency, IEA latest market forecast, modern bioenergy will account
for the highest growth in renewable energy, RE between 2018 and 2023, this further highlights the critical role of
biomass in the development of robust RE portfolio (IEA, 2018). Biomass can be converted to several energy-
related products, which could be applied in electricity generation, transportation, cooking, lighting, heating, and
cooling (Khiari et al., 2019; Scarlat et al., 2015). In 2016, 500 TWh of electricity was generated from biomass
across the globe (Agency, 2018), this trend promises to continue as long as foremost concerns associated with
bioenergy application are addressed frontally.

The source from which biofuel is derived is very vital to its sustainable exploration. The second generation of
biofuel, which largely consists of waste and residue offers low lifecycle GHG emission and mitigates the global
concerns around land-use change and food security with additional benefits of improving waste management and
air quality. Interestingly, residues are generated across the globe from agricultural practices in large quantity and
some have been valorised as a residual feedstock stream for industrial processes or domestic use. On the other
hand, the third generation of biofuel broadly classified into microalgaec and macroalgae, have been widely
investigated (Bajpai, 2019). Although they have short harvesting cycle with higher productivity, the overall capital
cost of the production is higher than the agricultural biomass residue, therefore further intensive research is
ongoing in order to achieve a reasonable cost advantage (Bajpai, 2019).

Among several biomass resources which have been globally acknowledged, almond is the most cultivated tree
nut (Phys.org, 2018). Between 2010-2017, global almond production was estimated at 16.4 MT; in 2017 alone
2.24 MT was produced (Fig. 1) (FAO, 2019). Almond produce residue which represents around 73 % of the total
almond weight depending on the species (ABOC, 2018). These residues are often discarded as waste even though
they can be used in the cosmetic, pharmaceutical and energy industries (Esfahlan et al., 2010). This discarded
residue leaves an unfriendly print on the environment. On the other hand, such resources could be an addition to
the existing low-cost biomass feedstock which can be applied in modern heating system. Their application can
further mitigate environmental pollution and subsequently help in the reduction of CO, emission. More so, heat
recovery from almond residue can provide substantial amount of energy which can be used in almond nut
processing with less recourse to the grid since liquid and solid fuel could be produced from the conversion of this
residue. Tropical almond is highly dispersed in the tropical and subtropical region with one-third of the global
population and 36 % of global landmass (Encyclopedic, 2019; Togibasa et al., 2019). It has been reported as a



possible source of biodiesel with low risk of contributing to food shortages (Togibasa et al., 2019) since the major
parts of the fruit are discarded as residue (ABOC, 2018).
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Fig. 1. Global almond production

The physicochemical properties of biomass which may be influenced by the class of biomass, climatic and soil
condition, water, genetic strain, age, contaminants, pre-treatment methods, particle size and so on could affect the
design of biomass conversion systems (Cai et al., 2017; Mlonka-Medrala et al., 2019). This makes biomass to
behave in some ways different from fossil fuels, which they are primed to substitute. For instance, biomass
residues are heterogeneous and also of low density which sometimes makes it difficult to reduce to uniform
particle sizes using standard procedures. Particle size may be an important parameter which could impact the
pyrolysis of biomass (Onsree et al., 2018). An increase in particle size may lead to large temperature gradient
within the particle such that the core temperature could be lesser than what is obtainable at the particle surface
with a consequential effect on the product distribution. Most specifically, the previous study by Bridgeman et al.
(2007) suggested that particle sizes influence the physicochemical properties of switchgrass and reed canary grass.
Apart from the above mentioned, blending can influence the properties of biomass and in turn, affect fuel
conversion process (Nozela et al., 2018; Wang et al., 2018). Authors are not aware of any study which have
investigated the physicochemical parameters, heating value and thermal behaviour of tropical almond blend with
specific emphasis on the effect of particle sizes. Base on this reason, there is a need to consider the effect of
influential factors such as particle size on the properties of tropical almond.

Also, the understanding of the constituents and various properties which can impact the techno-economic
suitability and enhance the development of modern and efficient conversion technologies is very important
(Olatunji et al., 2020). There have been several attempts to characterize the properties of almond. Specifically,
Akubude and Nwaigwe (2016) reviewed the chemical composition of edible and non-edible almond fruit while
discussing their economic significance. They concluded that the entire parts of almond are rich in feedstock for
bioenergy production. Queirds et al. (2019) characterized the shell of almond nuts with emphasis on the
anatomical features, fractional behaviour and chemical composition while Gonzalez et al. (2005) evaluated the
operating conditions of the combustion process for domestic heating of almond shell, pruning and peel. Most of
these efforts were focused on the chemical, proximate and heating value of biomass with few authors reporting
the thermogravimetric analysis (Alvarez et al., 2016; Okoroigwe, 2015) though no reference was made to the
particle size and blending in these studies. However, a comprehensive understanding of energetic properties of
biomass should include the pore structure, functional groups and the crystallinity given their significance in the
design of material handling equipment and storage in biofuel production. Authors are not aware of any study
which have reported the pore structure, functional groups and the crystallinity for tropical almond blend.

In summary, the novelty of this study is in the investigation of the effect of particle size on the energetic properties
of biomass such as the pore structure, functional groups, crystallinity, heating value, elemental composition, and
thermal behaviour, and also the determination of the emission reduction potential which is the main drive for
renewable energy. This study describes the relevance of almond residue as a source of renewable energy while
assessing its energy characteristics as a feedstock in biofuel production . It also investigates the energy potentials



of this blended biomass residue while evaluating the impact of the variation of particle sizes on the thermal
properties and kinetic parameters of the residue. Finally, the emission reduction potentials of almond in fuel
production was assessed.

2. Materials and Methods

2.1 Biomass feedstock collection

The tropical almond fruits were collected at a geographical location of Modakeke (7°31°35.75” N, 4°31°37.75”
E), Osun state in April 2018. It was sundried for 7days at 33.9 °C before storing at room conditions. The resulting
product was then manually cracked to remove the seeds, thus leaving behind the residue (hull and shell). The
visible contaminants were carefully removed using manual method. Pulverization was done using a vibratory disk
milling machine and the particles were sieved to sizes passing <250 um (NT25) and <150 wm (NT15) sieves. The
sieved tropical almond blend samples were stored in an airtight Ziplock bag and kept in the desiccator at room
temperature while waiting for the characterization. The characterization of the feedstocks was based on several
physicochemical parameters, which have a significant effect on the conversion pathway and fuel properties of
biomass. The schematic diagram of this analysis is presented in Fig. 2.
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Fig. 2. Schematic diagram for Tropical almond analysis
2.2. Proximate Analysis

The proximate values of tropical almond which include M, VM, and Ash were determined according to ASTM
standards (E871-82, 2013; E872-82, 2013; E1755-01, 2015) while FC was calculated by differences. All the
proximate analysis were carried out under controlled temperature, time, weight, and equipment in compliance
with ASTM E1757-01 (2015). Using elemental analyser, the weighted percentage of C, H, S, N were determined,
and the percentage of O was calculated based on the mean differences. The chlorine content was determined
according to ASTM E776-16 (2016) while the major elements in Ash were determined based on ASTM D3682-
13 (2013).

2.3. Calorific Value

The heating value was experimentally determined using Cal2k Eco calorimeter (DDS, 2018). The vessel was first
calibrated, then the tropical almond blend of 0.5g was used for each test. The high heating value, HHV obtained
from the experiment was validated using empirical correlations that have been previously developed based on the
ultimate and proximate analyses.



2.4. Brunauer Emmett and Teller (BET) Analysis

In this study, N,-adsorption/ desorption isotherms, surface area, pore volume and pore size distribution were
measured using a Micromeritics ASAP2460 surface area and porosity analyser. Before this analysis, the tropical
almond blend powders were degassed with nitrogen at 90°C for 12 h to remove the surface impurities which may
lead to adsorption /desorption errors. Liquid nitrogen was used as an adsorbent to maintain an adsorption
temperature of —196 °C. A sample size of 2.5g was used, while re-uptake of moisture in sample was mitigated by
immediately placing a rubber stopper over the analysis tube (Leal et al., 2019). All the measurements were carried
out at =196 °C and the pore volume, surface area, and sizes were calculated from the adsorption curves using
Barrett—Joyner—Halenda (BJH) model (Bingwa et al., 2017) while the surface area, pore diameter were estimated
using BET method (Wang et al., 2020).

2.5. X-ray Diffraction Analysis (XRD)

For the p-XRD analysis, the samples were analysed using Rigaku miniflex 600 powder diffractometer which is
equipped with Cu Ka radiation source generated at 18 kW and 250 mA. High angle (HA) measurement was
performed at a range of 26 =10-50 % at a step rate of 0.4 ®%min. The p-XRD pattern which was obtained was
processed with Match! Version 2 software package (Crystal-Impact, 2013). The crystallinity index, Cr; was
estimated as in Eq. (1) (Segal et al., 1959; Singh et al., 2017);

Lo —1
Cry = [—29 “’"] x 100 O
Lo
where I,4 is the intensity at the HA for crystalline portion of the tropical almond blend, while I,,,, is the peak of

the amorphous portion. The crystallite size, Do, was calculated from wide angle XRD using Debye-Scherrer
equation as in Eq. (2) (Holzwarth and Gibson, 2011);

Do — K1 2)
0027 B |1, cost

where K is Scherrer constant and it is 0.9 in the case of Cu Ka radiation source, B, is the full width at half

maximum of the peak (FWHM) in radian, A = 0.154060nm is the wavelength of X-ray for Cu Ka and 8 is the

angle of diffraction (in radian).

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

The functional group inherent in the tropical almond blend was characterized with PerkinElmer FT-IR spectrum
GX specification. The 10 mg dry sample was thoroughly mixed with 200 mg KBr and compressed to form pellets.
The spectra were obtained at a total scan time of 20sec within the infrared, IR range of 400-4000 cm™ at 1 cm!
step size.

2.7. Scanning Electron Microscopy (SEM)

The SEM analysis was performed on a Tescan Vega 3LMH scanning electron microscope with an accelerating
voltage of 20kV, beam intensity of 17W/m? and the scanning speed of 10us/pixel. The imaging of the particle
was conducted in secondary electron (SE) imaging mode.

2.8. Thermogravimetric (TG) Techniques

TG analysis was carried out using STA 7200 thermal analysis system. The thermal behaviour was studied from
25-900°C at a varying heating rate of 10, 15 and 30 °C/min in an inert atmosphere (N,) for different particle sizes.
The level of pure nitrogen gas was monitored all through the experimental stages and kept at a flow rate of
20ml/min.

2.8.1.  Kinetics Analyses

It is beneficial to use model-free methods since it does not force the reaction model to fit the prevailing problem.
Also, the kinetic parameters derived from model-free methods do not need any presumption on reaction scheme.
In this study, three non-isothermal methods; Flynn—Wall-Ozawa (FWO), Kissinger—Akahira—Sunose (KAS) and
distributed activation energy model (DAEM) were evaluated in order to compare the activation energy, E, and
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the compensation (pre-exponential) factor, k, for the two particle sizes at varying conversion levels. These
methods have been used in the recent studies on thermal degradation of different biomass feedstocks due to their
simplicity and less computation intensity (Fang et al., 2020; Zou et al., 2019). FWO can accurately estimate the
reaction rates and the mechanism of biomass combustion by avoiding errors and deficiencies of conventional
analytical techniques while KAS technique involves integral approach to determine the kinetics of multi-steps
reactions without parallel reaction steps. DAEM is reported to be an effective and accurate approach to simulate
the pyrolysis of complex processes with several parallel first order and independent irreversible reactions (Wang
et al., 2017). Also, DAEM is more theoretically stable and it is appropriate for the comparison of reactivities of
different biomass species (Gupta et al., 2020). Hence, it has become the most widely used model in the
investigation of biomass pyrolysis (Fang et al., 2020).

The experimental results for TG were analysed based on the kinetic parameters of thermal decomposition using
iso-conversion models previously mentioned (Huang et al., 2018; Zou et al., 2019). The reaction rate is a function
of change in conversion per unit time which is a function of the conversion degree (o), Eq. (3):

da 3)
== ko(Df (@

The f(a) is the model of reaction for heterogeneous conversion process and reaction constant k(T) is
fundamentally governed by Arrhenius equation, which is an indication of the effect of temperature on the rate of
reaction. Therefore, conversion degree a and ko (T) can be expressed as Eq.(4) and Eq.(5):

Lo o= me 4)
mo_moo

where m, is the initial mass, m, is the mass at the time t and m,, is the final mass of the residue as recorded
using weigh balance.

ko(T) = koe 7 3)

where k is the compensation (pre-exponential) factor, E,, is the activation energy, T is the absolute temperature
(K). Assuming that temperature is a function of time and increases with a constant heating rate (Ks~1), then
is given as Eq. (6)

_ daT _ daT y da (6)
T dt da’ dt
Therefore;
da _ ko _Eq (7)
a=ge @

The combination of Egs. (6) and (7) can be expressed as Eq. (8):

ko _Ea koEq (®© _o _ koEq 8
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where g(a) signifies the integral form of the reaction model and P(y) is an approximated temperature integral

equation, with y = i—; . It is noted that Eq. (8) is non-exact, as such does not have an exact solution, therefore an

approximated solution for this integral expression is used on the development of iso-conversion methods.
Rearrangement and approximation of Eq. (8) with P(y) = y~2e™¥ is an expression of KAS method (Akahira,
1971; Kissinger, 1957) as in Eq. (9) while FWO method Eq. (10) is derived based on Doyle’s approximation
(Doyle, 1961). The approximation equation of Doyle and Murray-white are respectively associated with FWO
and KAS methods (Alves et al., 2019).

KAS: In (Tﬁ) = in (£efe) _ (%) ©)




FWO: Inf = In (}i‘;—i‘g) ~1.052 (i—;) - 5331 (10)

DAEM: In (%) =In ("°—R) - (E—“) +0.6575 (11)

Eq RT

The slopes of Egs. (9-11) are used to determine the E, while the k; is determined from the intercept for @ = 0 —
0.9.

Table 1 presents the measuring instrument and the standard deviation for each measured variables. Based on the
number of variables which were investigated, the total number of samples is seventy-two (72) with thirty- six (36)
each for NT15 and NT25.

Table 1. Tropical almond properties and measuring instrument with standard deviation

Parameter Units | Measuring equipment (Sléi?gggi igll?fzgoorfs
Volatile matter % Thermolvne Furnace 0.02 3
Fixed carbon % 6000 Y 0.02 3
Ash % 0.02 3
Carbon, C % Thermo scientific 0.12 3
Hydrogen, H % FLASH 2000 CHNS 0.03 3
Nitrogen, N % analyser 0.009 3
Sulphur, S % 0.002 3
‘Ij;lguheer heating MJ/kg | Cal2k Eco calorimeter 0.02 3
TG analysis % STA 7200V TG Analyser 3
Pore size nm Mi o
Pore volume cm’/g Aé(zgr;:ggws 0.001 3
Pore surface area m*/g
FTIR
(Transmittance %T IRAffinity-1S 0.02 3
peak)
XRD arb Rigaku miniflex 0.02 3
Total number of

36
sample

3. Results and Discussion

The energetic properties of the tropical almond were obtained and compared based on the particle sizes and this
was further compared with other almond parts.

3.1. Proximate and Ultimate Analyses

The proximate and ultimate constituents of tropical almond blend for different particle sizes (NT25 and NT15)
are presented in Table 2. The analysis of variance (ANOVA) for ultimate constituents at 95 % confidence level
showed that there is no significant difference between the mean values of the ultimate constituents (p =
0.6219,F = 0.6090 < F,,;; = 3.4903). Therefore, it can be concluded that ultimate properties may not be
prominently affected by the particle size. It is noted that there is slightly higher VM and ash content in NT15
compared with NT25. This may be attributed to more rapid heating resulting from larger surface area, likely
brittleness of inorganic materials and a reduced pore diffusion path length which could have led to the reduction
in the extent of secondary interaction among the particles (Bridgeman et al., 2007; Liu and Bi, 2011).



Table 2. Ultimate (dry basis) and Proximate analysis (wet basis) of tropical almond blend

Sample This study (NT15) This study (NT25)
M % 6.70 £ 0.3 6.6410.2
FC % 11.26+0.3 12.1£0.3
VM % 80.931+0.1 80.39+0.1
Ash % 1.11+£0.07 0.8740.09
C% 49.131+0.2 49.131+0.2
H % 523401 523401
0% 44.6610.1 44.6610.1
S % 0.0240.001 0.0240.001
N % 0.9610.01 0.96+0.01
Cl% 0.0240.002 0.02+0.002
HHV MlJ/kg 25.0740.2 23.26+0.3

Table 3 compares the present studies to the previous work on the almond which cut across the almond wood, hull,
and shell. The proximate analysis was done on a wet basis while the elemental composition was determined on a
dry basis. The FC is lowest in the tropical almond blend while it is highest in the almond hulls residue as presented
in Table 3. Also, the ash content in almond shell residue is lowest compared to other almond parts and blended
tropical almond residue. The higher ash content may be beneficial as the ash can be used as a catalyst in thermal
conversion technologies (Brinchi et al., 2013). The molar ratio H:C and O:C is related to energy availability. The
lowest H:C value which is approximately 1.26 was observed in tropical almond blend while the highest value
(1.46) was found in almond shell. This is due to the presence of more energy in C-H bonds relative to C-C bonds
of the tropical almond blend (Gémez et al., 2016; Jenkins et al., 1998).

Of interest is the S, Cl and N content of the tropical almond blend, since the essence is not only to determine the
fuel properties of the biomass but also its potential contribution to greenhouse gas (GHG) emission (Olatunji et
al., 2018). Almond hulls residue had the highest N content (1.2 %), while the tropical almond blend has the lowest
S content (0.02 %). The lower S content in tropical almond blend is appealing for energy production since the
formation of acidic rain is less likely (Gonzalez et al., 2005). Cl plays a major role in deposit formation and its
presence increases the corrosion of tubes used in biomass power plants. The average value of CI (0.02 %) is the
same with almond hulls and lesser than almond shells (0.06 %). However, varying properties may not be due to
the blending and particle sizes only, but a combination of interacting factors such as growing condition, climate,
soil and so on (Olatunji et al., 2018; Vassilev et al., 2010). The HHV of 25.07 MJ/kg and 23.26 MJ/kg were
obtained for NT15 and NT25 respectively, which is higher than the values obtained for other samples (wood
almond residue, almond hull, and shell).

Table 3. Comparative study of different almond biomass feedstock

Almond sample This study This study Wood-almond Almond hulls Almond shell

(NT15) (NT25) residue (Miles (Jenkins et al., (Demirbas, 2004;
et al., 1995) 1998) Gonzalez et al., 2005)

M % 6.7 6.64 22.7 6.5 33

2FC 11.26 12.1 12.3 18.8 15.8

2VM % 80.93 80.39 59.7 69 80.3

2 Ash % 1.11 0.87 5.3 5.7 0.6

5C % 49.13 49.13 52.4 59.6 50.3

"H % 5.23 5.23 6 6.4 6.2

0% 44.66 44.66 41.2 41.7 42.5

>S % 0.02 0.02 0.04 0.07 0.05

"N % 0.96 0.96 0.4 1.2 1

> Cl % 0.02 0.02 0.03 0.02 0.06

H:C 1.26 1.26 1.36 1.28 1.46

0o:C 0.68 0.68 0.59 0.52 0.63




HHV MlJ/kg 25.07 23.26 18.35 18.89 18.2

adry basis, ® wet basis

The ash yield may not provide sufficient information when the composition is not known. Therefore, Table 4
presents the elemental oxides present in the ash of tropical almond blend. Ash composition varies with the biomass
source. The degree of fouling, slagging and corrosion is closely related to ashes and elemental oxides which are
released during thermal conversion (Vassilev et al., 2017). For all the samples, K,O, SiO,, and CaO respectively
were the most abundant oxides: Tropical almond blend has 56 % KO, 16.65 % SiO, and 10.76 % CaO.
Considering the ratio between SiO,, CaO, and K,O, the almond shell has the least tendency towards slagging,
though higher value of chlorine (0.06 %) compared with other samples may lead to the formation of fouling
compound when its Cl component react with K.

Table 4. Elemental oxides in ash from almond

Ash Si02  CaO K20 MgO P20s ALOs  SOs3 Fe20s  Na2O  TiO2
Almond shell 17.03 12.65 51.73 4.73 4.66 3.22 0.87 2.70 2.30 0.11
(Vassilev et al., 2010)

Almond hulls 11.21 9.75 63.90 4.00 6.17 2.52 0.41 0.92 1.06 0.06
(Vassilev et al., 2010)

NT15 16.65 10.76  56.00 4.02 5.57 2.70 0.61 1.90 1.70 0.09
NT25 16.51 10.69  55.60 4.22 6.00 2.51 0.58 1.70 2.10 0.09

Also, the HHV was estimated as presented in Table 5 and 6 based on the empirical correlations derived from the
proximate and ultimate analysis respectively. The correlation developed by Nhuchhen and Abdul Salam (2012)
was the closest to the experimental values, while the estimation based on elemental composition showed the
greatest deviation with the closest to the experimental value been Lloyd and Davenport (1980).

Table 5. Prediction based on proximate analysis

Correlation Predicted value (MJ/kg) Min dev Ref
(NT15) (NT25)
_ VM 20.90 21.01 4.17 (Nhuchhen and
HHV = 19.2880 — 0. 2135(ﬁ Abdul Salam,
Ash 2012)
~ 1.9584(350)
+0.0234 Fe
' (Ash)
HHV = 0.3536FC + 0.1559VM — 0.0078Ash 16.46 16.80 8.61 (Parikh et al.,
2005)
HHV = 0.3543FC + 0.1708VM 17.68 18.02 7.39 (Cordero et al.,
2001)
HHV = 0.2521FC + 0.1905VM 18.10 18.36 6.97 (Yin, 2011)

Table 6. Prediction based on ultimate analysis

Model Predicted value Max dev Ref
MJ/kg)

HHV = 0.230C + 0.761H + 1.247N + 14.259 30.74 5.67 (Abbas et al., 2013)
HHV = 0.3708C + 0.0011124H - 0.13910 12.32 12.75 (Meraz et al., 2003)

+ 0.3178N + 0.1391S
HHV = 0.3578C + 1.1357H - 0.08450 + 0.059N 19.80 5.27 (Lloyd and

+ 0.1119S Davenport, 1980)
HHV = 0.3515C + 1.1617H- 0.11090 + 0.06276N 18.45 6.62 (Boie, 1953)

+ 0.1046S

3.2. BET analysis

The surface properties of the tropical almond blend are given in Table 7. Apparently, pore surface area of 0.970-
1.218m?%g are in agreement with literature values (Barakat et al., 2014; Leal et al., 2019; Zu et al., 2014) and the
pore volume and pore size are within the same range. An inverse relationship was observed between the particle
size and the surface areas. The higher surface area obtained for lower particle size may affect the reactivity such



that NT15 is more reactive with better dispersion of active site and heat transfer rate than NT25 (Ndolomingo et
al., 2020).

Table 7. Surface properties of tropical almond blend
from N2 adsorption

Particle size Volume Surface area Pore size
(pm) (em’/g) (m?/g) (nm)
NT15 0.008209 1.218 27
NT25 0.007473 0.970 31

SD +0.0001 +0.04 +0.3

Adsorption/desorption isotherms provide vital information about the pore structure which helps to quantitatively
determine the pore type. Fig. 3 and 4 show the isotherm plot and pore size distribution for tropical almond, based
on different particle sizes (NT15 and NT25). Similar patterns were noticed for both NT15 and NT25. The
adsorption isotherm does not display any significant broad hysteresis loop since there is close matching between
the adsorption and desorption process. The close matching between the desorption and adsorption curve may be
an indication of the thermal stability of the sample. There are two characteristic regions noticed in the adsorption
branch which are; lower pressure (P/P,<0.9) where the adsorption rate was lower and higher relative pressure (0.9
< P/P,< 1) where the uptake of a major amount of nitrogen took place (Ji et al., 2016; Mena-Duran et al., 2019).
The adsorption-desorption curves are majorly horizontal over a wide interval of pressures but a slight difference
in quantity absorbed between the particle sizes was noted at the pressure range 0.7 < P/P,< 0.95.

7.00
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—o—NT25
5.00

4.00
3.00
2.00

1.00

Quantity Adsorbed (cm?/g STP)

0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Relative pressure (P/Po)

Fig. 3. Nz sorption isothermal plot for the tropical almond blend

The pore size distribution curve in Fig. 4 with an exploded view, reveals the full range of data as obtained from
the experiment. Based on IUPAC, pore with a diameter less than 2nm are classified as micropores; pores with a
diameter greater than 50nm are defined as macropores; while the pores with a diameter of 2-50nm are defined as
mesopores. The curves indicate the presence of micropores of various sizes with the highest distribution of
micropores which are less than 2nm. This further shows that micropores have the most significant contribution to
the surface area and average pore diameter. Although, both NT15 and NT25 have large proportions of micropores,
the variation in the pore size distribution for the particle sizes is expected since the particles were ground to
different sizes over different period.
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Fig. 4. Pore size distribution for tropical almond blend
3.3. Scanning Electron Microscopy (SEM)

SEM images of tropical almond particles are given in Fig. 5 and 6. The surface of Fig. 5 appears smoother, with
more closely packed grains and more visible microfibril. The microfibril with heterogeneous distribution of
micropores and rough texture noted in the NT15 may be an indication of varying resistance to degradation
(Ammiili et al., 2019).

~,

L
SEM MAG: 250 x

" SEM MAG: 250 x Det: SE

WD: 16,17 mm VEGAZ XMU

Fig. 5. SEM image NT15 Fig. 6. SEM image NT25

WD: 16.17 mm VEGAS XMU 200 pm

3.4. X-ray Diffraction Analysis (XRD)

Table 8 presents the XRD analysis with the information about the crystallinity indices as a function of absorption
peak for the tropical almond blends of different particle sizes. The crystallinity of the surface of biomass is mainly
due to the high molecular hydrocarbon and fatty components (Chen et al., 2019), though the overall crystallinity
is a broad function of the complex nature of bonding between the cellulose, hemicellulose, and lignin. The peak
intensity, Iyo, and I, were obtained at 20=22.06° and 17.64° respectively for NT15 while it was obtained at
20=21.04° and 16.06° respectively for NT25. The analysis revealed diverse crystalline structure in this biomass.
The Cr; was lesser (36.72%) in NT25 compared to NT15 (39.43%). This may be due to a prolonged period of
mechanical actions such as shearing, and impact (Karimi and Taherzadeh, 2016). Also, greater Cr; means that
cellulose in the biomass feedstock has a higher percentage of the crystalline region compared to the amorphous
region. It may be suggested that NT15 will be more biodegradable based on several investigations which have

11



shown that biodegradability increases with higher crystallinity (Karimi and Taherzadeh, 2016). Easily
biodegradable materials are of advantage in energy generation from biomass, especially in the pyrolytic
conversion process.

Table 8. Crystallinity Indices of tropical almond

Almond blend Ipo2 ) [— Crystallinity index Crystallite size
(Crp (Doo2)

NT15 1002 822 39.43 3.54

NT25 1180 852 36.72 3.46

Also, high angle, HA diffraction curve is shown in Fig. 7. The broad peak in NT25 which reflects the crystalline
system in the sample is lesser than NT15. The sudden change in peak may be due to different (cellulosic)
components of tropical almond which were blended. The steepness of these peaks is an indication of the changes
which may take place during thermochemical processing of biomass (Xu et al., 2013).
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Fig. 7. Tropical Almond high angle diffraction

3.5. Fourier Transform Infrared analysis

The FTIR analysis in Fig. 8 shows the functional groups which are present in tropical almond blend. It reflects a
range of peaks which represent mixed functional groups that are available in this sample.
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Fig. 8. FTIR of tropical almond blends showing different peaks
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From [Fable 9, the most prominent spectra peak occurs at 1035 ¢cm™! and it indicates the presence of C-O, C=C,
and C-C-O stretching. The peaks in the range of 3450-2860 cm! reveal the presence of spectrum originating from
-OH stretching, aliphatic C-H stretching bonds and stretching mode of carbonyl, mainly aldehyde, ketones, and
ester. It is noted that there were no significant differences among the functional groups present in the two particle
sizes. This means that the composition of structural elements is proximately the same for the two particle sizes.
All the peaks observed in the two feedstocks fall within the same band positions, meaning that the same functional
group can be found in both NT15 and NT25. However, the spectra peaks were different along some band positions
for the two particle sizes.

[Fable 9 FTIR functional groups

Band position (¢cm™) Assigned band

480, 554 Aromatic ring, C-C stretching

782, 815 C-H alkynes bending, C-H phenyl ring substitution bands

875 Glycosidic linkage

990 C-O valency vibration

1035 C-0O, C=C and C-C-O stretching

1175 Alcohol C-O stretches, ethers, carboxylic acids

1200,1215 O-H stretching, C-C + C-O stretch

1270,1280 Aromatic ring vibration, Aromatic C-O stretching

1,516,1616 Aromatic C-C ring stretching, C-H phenyl ring substitution
overtones

2860,2928 Aldehydes C-O stretches, esters, ketones, carboxylic acids,
Alkanes/aliphatic C-H stretching

3200-3650 -OH stretching

Sources: (Schwanninger et al., 2004; Singh et al., 2017)

3.6. TG analysis
3.6.1.  Effect of heating rate on thermal properties

The pyrolysis of the tropical almond at the temperature range of 25-980 °C is shown in Fig. 9. The mass reduction
in the temperature from 60-200 °C was due to an initial moisture release. A single point of inflexion was observed
on the TG curve. The increase in the heating rate appears to shift the curve to higher temperatures, possibly due
thermal hysteresis effect which is related to the resistance of the material (Naik et al., 2010; Niu et al., 2013). The
maximum weight loss (around 60 %) occur between 250 °C and 350 °C. This significant weight loss is due to
dissociation and decomposition of the chemical bonds. Also, volatile hydrocarbon, cellulose, and hemicellulose
and some part of lignin are given off. Above 400 °C, there is a rapid change in the TG slope, which informed the
slower weight loss as the temperature further increases. The remaining chars degrade at 500 °C and above, though
at a different rate depending on the heating rate of the sample. The degradation becomes relatively stable at 800
OC. From the Derivative thermogravimetry, DTG distribution curve, as the temperature increases, the weight loss
increases, until it reaches a peak after which the weight loss rapidly decreased despite the increase in temperature.
The magnitude of this peak is possibly due to the inherent moisture content of the sample (Yu et al., 2005). The
sharp peak between 325 °C and 350 °C is due to the loss of cellulose and hemicellulose. As the heating rate
increases from 10-30 °C min™!, the weight loss of the tropical almond increases and the peak value of the DTG
curve shifted to a higher temperature.
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3.6.2.  Effect of particle size on the pyrolysis
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The TG/DTG curves obtained at the heating rate of 15 °C/mins for different particle sizes are presented in Fig.
10. The two different particles (NT15 and NT25) have a similar point of inflexion though with larger particle size
(NT25), the curve slightly shifted toward higher temperatures, due to increase in heating time (Bidabadi et al.,
2015; Mlonka-Mgdrala et al., 2019). Consequentially, a limitation is placed on the volatiles evolving during
pyrolysis which may lead to a decrease in the yield of pyrolysis gas (Lu et al., 2010). However, it is observed that
the DTG curve for both particle sizes follows the same profile though at different peak values. The peak
temperature of the NT25 and NT15 are 332 °C and 329 °C respectively.
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3.7.3 Determination of Kinetic Parameters

It has been reported that the apparent activation energy is a function of fractional conversion since most pyrolysis
follows multi-step reaction, therefore varying degrees of conversion from 0.2-0.9 were used to determine the
kinetic parameters in this study. To evaluate the kinetic variables of blended tropical almond, the same conversion
rates were selected for the three models at different heating rates, i.e., from 10, 15, and 30 °Cmin".

The effect of particle sizes on the kinetic parameters of blended tropical almond was reported in Table 10. The
activation energy and the compensation effects were calculated for o, the values indicated that E, is highly
dependent on a resulting from the multistep reactions due to the release of volatiles in the course of pyrolysis
(Wang et al., 2019; Zou et al., 2019). The R? values for all o were greater than 0.99 except a=0.2. Also, E, and k,
progressively varies with o, which further confirm that there is multi-reaction mechanism in blended tropical
almond pyrolysis. At 0=0.2, the lower energy (E.) required to initiate the reaction may be due to weak
intermolecular bonding among the particles (Mehmood et al., 2017; Zou et al., 2019). E, estimated by FWO was
higher than other methods for all a. The E, estimate for both KAS and DAEM were the same though with different
pre-exponential factors. The ANOVA between the average E, of each particle size at 95 % confidence level
showed that there is a statistically significant difference in kinetic parameters (p = 0.00036, F = 27447.5 >
F..; = 18.5). The average E, for NT15 and NT25 were in the range of 127.1-131 kJmol! and 129-133 kJmol!
respectively for all the three methods, with the lowest E, (127.4 kJmol") obtained for the smaller particle size
(NTI15). Vo et al. (2017) suggested that the lower value E, indicates lower costs of pyrolysis, therefore, NT15
may have better applicability considering the costs of pyrolysis.

Table 10. Ea, A and R? value of NT15 and NT25 based on KAS, DAEM and FWO

Size o KAS DAEM FWO
Ea(kJmol') A (min!)  R? Ea(kJmol') A (min')  R? Ea(kJmol') A (min')  R?

0.2 72.4 4.74E+06 0.7207 72.4 2.45E+06 0.7207 77.3 2.59E+07 0.7648
0.3 117.0 5.52E+10 0.9914 117.0 2.86E+10 0.9914 120.1 1.31E+11 0.9925
0.4 130.8 4.79E+11 0.9964 130.8 2.48E+11 0.9964 133.5 9.75E+11 0.9969
0.5 136.9 9.21E+11 0.9965 136.9 4.77E+11 0.9965 139.5 1.79E+12 0.9969

NT15 0.6 148.9 6.50E+12 0.9994 148.9 3.37E+12 0.9994 151.0 1.11E+13 0.9995
0.7 146.4 2.31E+12 1.0000 146.4 1.20E+12 1.0000 148.9 4.22E+12 1.0000
0.8 131.8 2.78E+10 0.9965 131.8 1.44E+10 0.9965 135.5 6.90E+10 0.9970
0.9 132.6 8.82E+08 0.9970 132.6 4.57E+08 0.9970 137.9 2.87E+09 0.9975
Avg 1271 1.29E+12 127.1 6.66E+11 130.5 2.29E+12
0.2 75.7 1.05E+07 0.9404 75.7 5.44E+06 0.9404 80.5 5.31E+07 0.9515
0.3 107.2 5.61E+09 0.9773 107.2 2.91E+09 0.9773 110.8 1.59E+10 0.9806
0.4 119.8 4.02E+10 0.9851 119.8 2.08E+10 0.9851 123.1 9.75E+10 0.9871
0.5 131.3 2.58E+11 0.9916 131.3 1.34E+11 0.9916 134.2 547E+11 0.9927

NT25 0.6 142.7 1.68E+12 0.9965 142.7 8.73E+11 0.9965 145.2 3.14E+12 0.9969
0.7 147.9 2.68E+12 1.0000 147.9 1.39E+12 1.0000 150.3 4.86E+12 1.0000
0.8 164.3 9.00E+12 0.9139 164.3 4.67E+12 0.9139 166.6 1.51E+13 0.9236
0.9 147.1 6.54E+09 0.7570 147.1 1.98E+02 0.7570 151.7 8.09E+03 0.8840
Avg 129.5 1.71E+12 129.5 8.86E+11 132.8 2.97E+12
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4. Energy benefits and emission reduction potential

The energy benefits and emission reduction potential for the replacement of fossil fuel such as oil, coal and
natural gas with biofuels are determined based on Eq. 12 with fossil fuel as the baseline since the HHV and the
almond production for each country is known (FAO, 2019).

E, =Pyr-f; RH-HHV - U, (12)

Ey, is the potential energy production from the whole tropical almond (MWh), Pyy is the almond production in a
given country (kg) based on 2019 data, f; is a factor of residue in an almond fruit, and U, is a unit conversion
(0.000277778 WhI"). Tropical almond blend is made from the blending of almond hulls and shells. Based on the
recent data, almond residue ( hull and shell) represent 73 % of the total almond weight (ABOC, 2018), therefore
fs1s assumed at 73 %. Table 11 gives the almond produced in some major countries in the world with the
equivalent energy potential and CO; reduction for the year 2017 (Outlook, 2018). Since CO; is the major
component of GHG, a reasonable approximation of total GHG emission can be obtained by converting all other
GHG to CO; equivalent (Ma, 1998; Perea-Moreno et al., 2018). The highest energy potential was obtained in the
USA, Spain, and Morocco in that order. The comparison of total emission across different countries showed that
Morocco has the highest emission reduction. For a country such as Morocco which heavily depends on imported
fossil fuel to meet its energy demand, and with ambition to increase the renewable energy uptake to 52 % of the
electric balance sheet by 2030 (Saghir and Naimi, 2019; Schinke et al., 2016), application of almond residue in
biofuel production would be an interesting option both in term of energy potential and CO; emission reduction
(3.28 %).

Table I'1. Energy and CO:2 emission reduction potential of almond blend in 2017
Country  CO22017  Pc(tons) Ep(GWh)  Mtoe  Mtonnes % CO2

(Mtonnes) reduction
USA 5014.14 1,029,655  48,523.10  4.17 17.32 0.35
Spain 299.90 255,503 12,040.73 1.04 430 1.43
Morocco  60.00 116,923 5,510.07 0.47 1.97 3.28
Iran 622.10 111,845 5,270.76 0.45 1.88 0.30
Turkey 388.50 90,000 4,241.30 0.36 1.51 0.39
Italy 346.30 79,599 3,751.15 0.32 1.34 0.39
Australia  412.30 75,373 3,552.00 0.31 1.27 0.31
Algeria 127.80 61,943 2,919.10 0.25 1.04 0.82
China 9229.80 51,953 2,448.32 0.21 0.87 0.01

World 3324250 2,239,697 105,547.05 9.08 37.68 0.11

5. Conclusion

The physico-chemical, energy benefits, thermal analysis and emission reduction potential of blended almond were
evaluated. The effect of particle sizes on the proximate, ultimate, and thermal behaviour of this feedstock was
reported. The results obtained proved that particle size reduction can enhance the reactivity of fuel and should be
considered at the planning stage of thermal conversion process. The estimated values of E, at various conversion
orders showed the existence of multi-step reaction scheme. The HHV of tropical almond (25.07 MJ/kg ) is greater
than other almond feedstocks reviewed from the previous studies. In term of emission reduction potential, a
country like Morocco would have significant CO, emission savings. While the materials from blended almond
residue may not provide the entire feedstock needed for sustainable biofuel production, its application will be
beneficial in modular energy production. The information obtained from the kinetic parameters may be useful in
the control, simulation, and optimization of thermochemical process. Comprehensive knowledge of the
characteristics of biomass can assist in industrial thermochemical process development with overall benefits of
clean, cost-efficient and eco-friendly bioenergy production.
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Data availability statement

The raw data required to produce these findings cannot be shared at this time as data also forms a part of an
ongoing study. However, it can be made available on request.
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