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The biorefinery of pistachio shell (PS) for producing microcrystalline cellulose (MC), microcrystalline nitrocel-
lulose (MNC), and biochar (PSB) was techno-economically assessed. A rapid recyclable nitric acid treatment
purely isolated 32-41 % of PS as MC particles (crystallinity index of 86 %) at 80 °C for 90 min. A facile synthesis
obtained MNC particles (crystallinity index of 79 %) with a nitrogen content of 10.81 % from the MC. The PSB
with the HHV value of 27.82 MJ/kg and 24 % production yield was achieved as biocoal via pyrolysis at 400 °C
for 30 min. The incorporation of sulfuric acid pre-dehydration with pyrolysis temperature and time improved the

PSB yield up to 28 %, while lowering the HHV to 24.12 MJ/kg. The NPV, IRR, ROI, and payback time indicated
that the MC and MNC production from PS could make them suitable for future commercialization; however, the
PSB production was not profitable because it could not compete with coal.

1. Introduction

One of the most critical environmental concerns is the increase in
agricultural waste that can be biorefined to valuable products. The
agricultural residues, such as lignocellulosic biomass, are comprised of
cellulose, hemicellulose, and lignin (Kasiri and Fathi, 2018).

Cellulose is the most abundant biopolymer in the world, which
consists of glucose monomers linked together via f-1,4 bonds. Its
approximate annual production is estimated 10'°-10'2 tons. It is ob-
tained from plant sources such as wood, cotton, linen, jute, sugarcane
bagasse, and cereal straw, as well as from microbial fermentation (Kasiri
and Fathi, 2018; Movva and Kommineni, 2017). One of the major
agricultural products in Iran is pistachio. Iran is addressed as the largest
pistachio producer in the world. Around 45 % of the pistachio is its shell
(PS), mostly used for livestock and charcoal feedstock (Kasiri and Fathi,
2018; Robles et al., 2021). However, PS has a high capability to be
converted into cellulose because around 50 % of it is cellulose. Few
studies reported the cellulose production from PS. Cellulose nano-
crystals (CNC) were isolated using alkaline pretreatment and sulfuric
acid-based hydrolysis (Kasiri and Fathi, 2018; Marett et al., 2017;
Movva and Kommineni, 2017). Cellulose nanofibers (CNF) were
extracted from PS using alkaline pretreatment for nanopaper making

(Robles et al., 2021). Furthermore, microwave-assisted alkali pretreat-
ment (Ozbek et al., 2021), ultrasound-assisted alkali pretreatment, and
sequential ultrasound-microwave-assisted alkaline pretreatment (Ozbek
et al., 2020) were investigated for the fractionation of cellulose from PS.
Cellulose consists of crystalline and amorphous phases. The latter is
easily hydrolyzed by strong acid hydrolysis. These hydrolyzed materials
are called microcrystalline cellulose. It has received much attention and
interest in academic and industrial fields due to its excellent properties
(Trache et al., 2014). However, its isolation from PS was not reported.

Nitrocellulose (NC) has a cellulose structure in which the hydroxyl
groups of carbons 2, 3, and 6 are replaced by nitro groups. It consists of
crystalline and amorphous regions. Microcrystalline nitrocellulose
(MNC) is considered a precious material and a good fuel because the
reduction of its amorphous regions and the improvement of its crystal-
linity effectively reduce its sensitivity (Meng et al., 2020). NC, the most
prominent industrial cellulose ester, has different properties and appli-
cations (Muvhiiwa et al., 2021). With a small percentage of nitrogen
(below 12 %), it is used in coatings, microelectronics, membranes,
biosensors, and printing. With a high percentage of nitrogen (above 12
%), it is used as solid fuel, explosives, fireworks, and gas generators due
to its high energy (Tarchoun et al., 2019; Trache et al., 2016). The most
common feedstocks for NC are wood and cotton. Due to their other
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applications, other feedstocks should be explored for NC production
(Tarchoun et al., 2019). For MNC production, various feedstocks, such
as alpha-grass fibers (Trache et al., 2016) and Posidonia oceanica
(Tarchoun et al., 2019), were studied. Further, its production from
purchased analytical-grade MC was reported (Meng et al., 2020; Santos
et al., 2021).

Considering the importance of energy and the environmental chal-
lenges of the consumption of non-renewable energy, the utilization of
agricultural waste to produce renewable energy is one of the most
important environmentally friendly approaches. Rare attempts were
made in the feasibility study of biofuel production from PS. The kinetics
and mechanism of its thermal degradation during the pyrolysis were
investigated for efficient design and optimization of thermochemical
processes for bioenergy generation (Acikalin, 2012; Gupta et al., 2022;
Peters, 2011). Further, PS biochar, pyrolyzed at 550 °C, was addressed
as solid fuel by another study (Jenicek et al., 2023). However, the pri-
mary concern of these studies was not to increase the production yield of
solid biofuel and its HHV.

According to the literature, several studies were conducted on the
extraction of cellulose from PS, but MC has not been achieved. Further,
few research were carried out in the production of MNC from various
raw materials, but PS has not been investigated as feedstock. Further,
the kinetics and mechanism of biofuel production from PS via pyrolysis
were studied, but acid pre-dehydration incorporating with pyrolysis
temperature and time has not been investigated for improving the HHV
and production yield of solid biofuel from PS (PSB). Moreover, the cost
analysis of production of MC, MNC, and PSB from PS has not been
assessed. Therefore, a comparative techno-economic assessment can be
conducted on the feasibility of production of MC, MNC, and PSB for
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valorization of PS. For these objectives, this study contributed to the MC
extraction from PS by recyclable nitric acid treatment, the MNC syn-
thesis from MC, and the PSB production from PS via pyrolysis (Scheme
1). The samples were characterized using SEM, FTIR, XRD, TG, and
CHNSO analyses. Finally, the economic evaluation of MC, MNC, and PSB
was carried out.

2. Materials and methods
2.1. Materials

PS were collected from the pistachio available in the local market of
Mashhad (Iran) and chopped to sizes <5 mm. All chemicals (analytical
grade) were purchased from Dr. Mojallali (Tehran, Iran) and used as
received without further purification.

2.2. Isolation of microcrystalline cellulose

PS were subjected to the acid treatment. For acid treatment, 10 g of
PS were added to 100 mL of HNOj3 (3 mol/L) aqueous solution and kept
at 80 °C for 90 min (this experiment was also assessed for 30 and 60
min). Afterwards, the precipitated solid was added to NaClO aqueous
solution (2.5 wt%) and kept at room temperature for 30 min. The ob-
tained solid residue was washed up several times using deionized water,
and then dried as MC. The acid solution, drained after the treatment, was
recycled and reused for the acid treatment, repeated four cycles.

The determination of cellulose content and cellulose isolation yield
was carried out with following procedure: In order to remove all the
lignin and main part of pentosans based on Kiirschner’s method, the
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Scheme 1. Schematic illustration for the production of MC, NMC, and PSB from PS.
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sample (1 g) was treated with 25 mL of the mixture of ethanol: nitric acid
in a ratio of 4:1 (v/v) under reflux for 1 h. After the treatment, the solid
residue was filtered, washed with deionized water, and dried (Pal-
oheimo and Kero, 1962). Then, the dried residue was treated with 100
mL of acid detergent solution (1 N H3SO4) under reflux for 1 h. After
that, the solid product was filtered, washed with deionized water, and
dried to obtain cellulose (Pattnaik et al., 2022). The cellulose content
was calculated using Eq. (1):
cellulose mass

Cellulose content (%) = P — x 100 (€D)
sample mass

Also, the cellulose isolation yield was calculated using Eq. (2):

lul
Isolation yield (%) = <C-a0%¢ A3 1’;50“ mass 100 )
mass

2.3. Preparation of microcrystalline nitrocellulose

The obtained MC were used as raw material for the preparation of
MNC. 10 g of MC were added to 100 mL of HNO3-H2SO4 aqueous so-
lution (HNO3:H2SO4 = 40:60) and kept at 30 °C for 24 h. Afterwards, the
obtained solid residue was neutralized, washed up several times using
deionized water, and then dried as MNC.

Nitrogen content of MNC was determined by elemental analysis of
carbon, hydrogen, nitrogen, sulfur, and oxygen (CHNSO) with a Thermo
Finnigan Flash EA 1112 device.

2.4. Preparation of solid biofuel

In order to prepare solid biofuel from PS, three factors of pyrolysis
temperature, pyrolysis duration, and acid pre-dehydration were inves-
tigated. To pre-dehydrate PS, 1 g of PS was mixed with 1 mL (1.83 g) of
H2S04 (98 %) for 1 h. The obtained black solid residue was separated for
further use as pre-dehydrated PS. The PS and pre-dehydrated PS were
pyrolyzed at three temperatures of 200, 300, and 400 °C for 0 and 30
min retention time. The pyrolysis was carried out with a heating rate of
40 °C/min from the ambient temperature to the set temperature. When
the furnace reached the set temperature, it was turned off, and cooled
down for 2 h through heat exchange with the environment. Then, the
pyrolyzed sample, called pistachio shell biochar (PSB), was evaluated.

The solid biofuel yield was calculated using Eq. (3):

Product yield (%) = Mess o 100 3)

mpg

where, mpgp (g) and mpg (g) are the mass of PSB and PS, respectively.

Higher heating value (HHV) of solid biofuel was calculated from the
ultimate analysis for elemental composition (CHNSO) of samples, car-
ried out with a CHNS analyzer (Thermo Finnigan Flash EA 1112,
Thermo Fischer Scientific, USA), by Dulong’s equation as expressed in
Eq. (4):

HHV (MI/kg) = 0.3383C + 1.422 (H-0/8) &)
The HHV yield (HY) of solid biofuel was calculated using Eq. (5):

HHV x Yield

HY MJ/kg) = ———F—
(MJ fkg) == ®)
Also, H/C and O/C atomic ratios were calculated using data from

CHNSO.

2.5. Characterizations

2.5.1. SEM analysis

The morphology and structure of samples were characterized using
scanning electron microscopy (SEM) (XL30, Philips, Netherlands). For
these analyses, the samples were dried, coated with gold using the
sputtering technique, fractured, and observed at beam energy of 20.00
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kv.

2.5.2. FTIR analysis

The functional groups of samples were analyzed using FTIR spec-
trometer (Spectrum 100, Perkin Elmer, USA) with the anhydrous KBr
pellet method. For each sample, the scanning region was recorded in the
range of 400-4000 cm ™.

2.5.3. XRD analysis

The crystallinity of samples was determined using X-ray diffrac-
tometer (XRD) (X’Pert MPD, Philips, Netherlands) with Cu Ka radiation
(A =0.1542 nm; 40 kV and 30 mA) in 26 angle range of 10°-40° with the
scan rate at 0.02°/s. The crystallinity index (CrI) of samples was esti-
mated using Segal’ method (Eq. (6)) based on the maximum intensity
near 20 = 22.5° (Isgp) and the minimum intensity around 20 = 18.5°
(Iam) (Boufi and Chaker, 2016).
ol (%) :Iz‘“’l;l“’"x 100 ©)

200

2.5.4. Thermal analysis

The thermal stability of samples was determined using TGA device
(METTLER, SW14, United States). For each sample, it was heated from
the room temperature to 600 °C at the rate of 10 °C/min under nitrogen
gas with a flow rate of 100 mL/min.

2.6. Economic assessment

The techno-economic assessment of production of MC, MNC, and
PSB was carried out. The total capital investment was estimated as the
sum of the major equipment and installation costs, and indirect capital
costs. The total annual operating cost was the sum of the materials,
utilities, labor, supplies, fixing, and general works costs. For the esti-
mation of revenue, MC, MNC, and PSB were assumed to be sold at 60,
2450, and 0.136 $/kg, respectively. The selling prices of MC and MNC
were adopted from Merck (Germany), and PSB price was determined
based on the annual average price of coal. The profitability analysis of
the process simulation was performed with the selling price, unit pro-
duction costs, net profit, net profit margin, return of investment (ROI),
payback period, internal rate of return (IRR), net present value (NPV)
through the cash flow analysis. They were calculated based on the
operational time of 288 days, an income tax of 20 %, and an annual
interest rate of 25 %. Cash flow analysis was used following straight-line
depreciation method over a period of 15 years.

3. Results and discussion
3.1. MC production

The isolation yield and cellulose content for PS and MC in different
acid treatment times are presented in Table 1. For the sample of PS,
extracting the cellulose using the standard method results in pure cel-
lulose with 48.50 + 2.12 % isolation yield. The results show that the MC
isolation yields are not statistically significant (p > 0.05). Considering
the extraction time extended by the reduction of acid solution hydro-
lyzability after each cycle, the desired extraction time was determined as
90 min because the acid solution was intended to be reused (Fig. 1). The
results revealed that reusing the acid solution successfully resulted in the

Table 1
Isolation yield and cellulose content for PS, and MC in various time.

Sample Isolation yield (%) Cellulose content (%)
PS 48.50 + 2.12 100.00
MC3g 39.60 + 2.26 100.00
MCego 34.50 + 2.12 100.00
MCoqo 33.50 + 2.12 100.00
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Fig. 1. The effect of recycled acid solution on the isolation yield and cellulose content for 90-min acid extraction.

production of pure MC with isolation yields in the range of 32-41 % for
four cycles. In the acid extraction, water molecules (H20) and hydrogen
ions (H™) from nitric acid created hydrogen bonds with hydroxyl func-
tional groups (OH) in hemicellulose and three monolignols (p-coumaryl,
coniferyl, and sinapyl alcohols) in lignin, causing the structure of lignin-
hemicellulose-cellulose was interconnected in PS. As a result, hemicel-
lulose and lignin were separated from the PS structure and became
soluble in the acid solution, remaining crystalline cellulose as solid
product. This occurred in the first four cycles completely and resulted in
the production of pure cellulose. On the other hand, each solvent has a
limited capacity to dissolve a solute. Here, the acid solution could
completely dissolve the PS impurities based on the defined process
conditions such as temperature, solid-to-liquid ratio, and time in four
cycles to produce pure cellulose with 100 % content. However, during
the fifth cycle, the dissolving capacity of acid solution was limited and
the solution became saturated with hemicellulose and lignin molecules
extracted in the previous four cycles. Therefore, the product in cycle 5
was not pure cellulose and was composed of cellulose, hemicellulose and
lignin molecules not extracted into the saturated acid solution. For this
reason, the cellulose content of the product in cycle 5 decreased to
65.90 %.

Compared to other research, this work successfully demonstrated the
isolation of MC from PS for the first time, although the CNC and CNF
obtained from PS were reported in previous studies (Kasiri and Fathi,
2018; Marett et al., 2017; Robles et al., 2021). On the other hand, the
main procedure of cellulose extraction was the alkaline treatment of PS
during several steps (Kasiri and Fathi, 2018; Marett et al., 2017; Movva
and Kommineni, 2017; Ozbek et al., 2021, 2020; Robles et al., 2021),
whereas MC was obtained using the nitric acid treatment in one pot.
Nitric acid could remove the lignin from PS, and the ether bonds of
hemicellulose could be broken to remove it. This resulted in the isolation
of pure MC from PS (Wang et al., 2020). A lower isolated MC than the
extractable cellulose of PS could be due to the amorphous regions of
cellulose dissolved with nitric acid, while the crystalline regions were
acid-resistant and remained (Cheng et al., 2020). In contrast, alkaline
treatment resulted in approximately 90-100 % cellulose recovery, but
the product was impure because the treatment could not remove all
lignin and hemicellulose from PS (Ozbek et al., 2021, 2020).

3.2. MNC production

The results showed that the weight of MNC increased by 25 %
compared to MC due to the MC nitration leading to the addition of nitro

groups to MC. As given in Table 2, the nitrogen content of MNC was
found to be 10.81 %. The content of carbon and hydrogen decreased,
and the oxygen increased because of the NO, groups. Other studies re-
ported the nitrogen content of NC in the range of 10.64-12.56 % (Gis-
matulina et al.,, 2018; Lipin et al., 2020; Muvhiiwa et al., 2021;
Saginovich et al., 2020; Tarchoun et al., 2019; Trache et al., 2016). This
was due to the nitration process conditions such as used acids and their
mixture, temperature, time, solid-to-liquid ratio, and type of rector.
Compared to other studies, this work was proceeded under a more
suitable and economical condition. In contrast, their methods were more
expensive and complicated, such as the use of a supercritical static
reactor and carbon dioxide medium (Saginovich et al., 2020). In addi-
tion, feedstocks investigated for cellulose isolation could be influential
because they determined the cellulose character affecting the NC qual-
ity. Various raw materials, such as Miscanthus cellulose (Gismatulina
et al., 2018), tobacco stalks (Muvhiiwa et al., 2021), cotton pulp (Sag-
inovich et al., 2020), deciduous trees (Lipin et al., 2020), alpha-grass
fibers (Trache et al., 2016), and Posidonia oceanica (Tarchoun et al.,
2019), were studied to produce NC. However, few of them were con-
ducted on the MNC production. PS was investigated in this research for
the first time, while alpha-grass fibers (Trache et al., 2016) and Posidonia
oceanica (Tarchoun et al., 2019) had resulted in MNC with a nitrogen
content of 12.56 % and 12.55 %, respectively. Consequently, the
resultant MNC can be utilized for coatings, microelectronics, biosensors,
lacquers, inks, membranes, magnetic filtration, and adhesives due to its
nitrogen content below 12 % (Tarchoun et al., 2019; Trache et al.,
2016).

3.3. PSB production

In order to find the desirable condition for producing solid biofuel
from PS, the effect of interactions of pyrolysis temperature and time, and
acid pre-dehydration was studied on the properties of 12 PSBs prepared

Table 2
Ultimate analysis of CHNSO for MC and MNC.

Sample  Ultimate analysis (Wt%)
C H N S 0! Ash
40.86 + 6.13 + 52.58 +

MC 0.40 0.10 0.43 £ 0.00 0 0.42 0
26.33 + 2.89 + 10.81 + 59.97 +

MNC 0.24 0.04 0.00 0 0.44 0

2 0 (%) = 100-C (%)-H (%)-N (%)-ash (%).
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as conditions given in Table 3.

The results demonstrated that the pre-dehydration provided PSBs
with higher yields (T > 300 °C) and lower HHVs. The pre-dehydration of
biomass improved the product yield during pyrolysis by changing the
structure of cellulose and hemicellulose into polycyclic aromatic layers
of carbon because carbohydrates could be carbonized using concen-
trated sulfuric acid (>96 wt%). It rapidly removed O and H elements via
its strong dehydration with the formation of H,O and release of heat
(Wang et al., 2022). As shown in Fig. 2, the pre-dehydration distances
the pre-dehydrated PSBs from the coal region. Moreover, it sulfurized
the pre-dehydrated PSBs, which was inevitable at low pyrolysis tem-
peratures and short pyrolysis time. However, their sulfur was removed
as sulfur dioxide (SO2) with increasing temperature and time (Table 3).
This gas contaminated air that should be recycled to produce sulfuric
acid.

Pyrolysis temperature and time are the most crucial process pa-
rameters affecting the yield, HHV, and ultimate analysis of the product.
The results revealed that the rise in the pyrolysis temperature and time
increased PSB carbon content, leading to its higher HHV and its lower
yield (Table 3). As shown in Fig. 2, increasing the temperature and time
drives the location of PSBs close to the coal region due to the removal of
hydroxyl groups (—OH), carboxyl groups (—COOH), and carbonyl
(—CO—) from the structure of PS (Barskov et al., 2019), modifying the
coal properties of PSBs.

The yield, HHV, and coal properties of a product play a critical role in
its qualification as a solid fuel. According to the different data for the
yield and HHV of PSBs (Table 3), the HY and coal properties helped to
select the desirable solid biofuel. Therefore, PSB 12 with the HHV of
27.82 MJ/kg and yield of 24 % was selected. It was achieved without
pre-dehydration and with pyrolysis at 400 °C for 30 min. It was the only
PSB in the coal region, whereas its HY was not higher than that of other
PSBs (Fig. 2).

According to the literature, only one study addressed PS biochar as
fuel in which only the pyrolysis temperature was investigated as a
process parameter (Jenicek et al., 2023). It showed that the biochar,
pyrolyzed at 350 °C for 30 min, was similar to PSB 12 in terms of HHV
(Table 4). As the research conducted on improving the biochar yield of

Table 3
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Douglas fir sawdust, sulfuric acid pre-dehydration enhanced its yield
from 22.4 to 44 %, reduced its HHV from 32.18 to 31.16 MJ/kg, and
diminished the coal properties (Wang et al., 2022), which agreed with
this study. It presented only the effect of pre-dehydration on the
resulting biochar (Wang et al., 2022). Thus, this study, for the first time,
demonstrated in a more profound way the simultaneous influence of
HySO4 pre-dehydration, the pyrolysis temperature and time on PSB
yield, its HHV, and its coal properties.

3.4. Characterizations

3.4.1. Surface morphology

The surface morphology of PS, MC, MNC, and PSB is depicted in
Fig. S1. The SEM of PS demonstrates the homogeneous particles with the
macropores surfaces (Fig. S1A). They are irregular in shape and not
uniform in size. Their dimensions are varied in the range of 100-600 pm.
Compared to MC, MNC, and PSB, PS particle sizes are very different from
each other.

As shown in Fig. S1B and C, the shape and size of the particles of MC
and MNC are the same. Their size undergoes significant changes
compared to PS, leading to the same particles in the range of 50-200 pm.
This is due to the removed lignin from PS. Lignin integrates cellulose and
hemicellulose, leading to the larger and homogenous PS particles. The
similarity of MNC particles to MC proves that the nitration process does
not affect on reducing the size and on forming the porosity in MNC.

As shown in Fig. S1D, the PSB particles are observed between 10 and
200 pm, which are smaller than the MC. This confirms that the pyrolysis
process causes the destruction and smaller size for the PSB preparation
compared to the acid treatment for the MC isolation. Besides, some
particles of MC and MNC are seen as smooth and non-porous, while all
PSB particles are porous and rough. The porous and irregular structure
in PSB was created by the thermal degradation of cellulose, hemicellu-
lose, and lignin molecules in PS. On the other hand, the structural
destruction of PS to obtain MC and MNC was also proceeded by acid
hydrolysis. Thus, it can be concluded that the destructive effect of
thermal degradation on PS was significant compared to the acid
degradation.

Ultimate analysis of CHNSO for PS and PSB based on pre-dehydration, pyrolysis temperature and time. The bold results are the desirable.

PSB Pre- T Time Product Ultimate analysis (Wt%) HHV (\MJ/ HHYV yield (MJ/
dehydration Q) (min) yield c " N B o Ash kg) kg)
(%)
1 + 200 0 67 + 1.40 37.31 + 3.25+ 0.44 + 5.93 + 49.07 + 4 9.084 +£0.80  6.087 £+ 0.12
0.38 0.04 0.00 0.00 0.32
2 200 30 54 + 1.20 51.94 + 3.09 + 0.43 + 1.87 + 38.67 + 4 15.27 £ 0.14  8.245 + 0.16
0.50 0.06 0.00 0.00 0.24
3 300 0 49 + 1.00 53.89 + 3.15 + 0.43 + 1.69 + 36.84 + 4 16.323 + 7.998 £ 0.16
0.54 0.06 0.00 0.00 0.24 0.16
4 300 30 38 +0.80 61.1+0.60 2.05+ 0.57 + 0 32.28 + 4 17.847 + 6.782 + 0.16
0.04 0.00 0.22 0.18
5 400 0 32+ 0.60 65.61 + 1.87 + 0.63 + 0 27.89 + 4 19.898 + 6.347 £ 0.12
0.64 0.02 0.00 0.18 0.20
6 400 30 28 + 0.60 73.1+0.72 21+0.04 0.59+ 0 20.21 + 4 24.124 + 6.76 + 0.12
0.00 0.10 0.22
7 - 200 0 97 + 2.00 48.98 + 5.93 + 0.68 + 0 40.41 + 4 17.82 +£ 0.18 17.356 + 0.40
0.50 0.10 0.00 0.32
8 200 30 84 + 1.60 52.66 + 5.63 + 0.94 + 0 36.77 + 4 19.285 + 16.122 + 0.32
0.52 0.10 0.00 0.24 0.20
9 300 0 33 +0.60 63.42 + 2.77 + 0.87 + 0 28.94 + 4 20.25 + 0.20  6.763 + 0.12
0.62 0.04 0.00 0.12
10 300 30 31 + 0.60 64.6 £ 0.64  2.63 + 0.82 + 0 27.95 + 4 20.626 + 6.435 + 0.12
0.04 0.00 0.12 0.20
11 400 0 24 + 0.40 66.5+0.66  4.04 + 1.64 + 0 23.82 + 4 24.008 + 5.81 +0.10
0.06 0.00 0.12 0.24
12 400 30 24 + 0.40 75.21 + 3.64 + 1.42 + 0 15.73 + 4 27.82 +£0.28 6.67 + 0.12
0.74 0.04 0.00 0.10
PS - - 1 +0.00 48.98 + 6.13 + 0.68 + 0 40.21 + 4 18.14 +0.18  18.14 +0.18
0.48 0.10 0.00 0.32
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Fig. 2. van Krevelen diagram for PS and PSB based on pre-dehydration, pyrolysis temperature and time. Empty circles and p- denote time = 0 min and pre-

dehydrated samples, respectively.

Table 4
Comparison of various feedstocks and process parameters to produce solid biofuels.
Feedstock Pyrolysis Pyrolysis time Pretreatment Product HHVeedstock HHVpiofuel Ref.
temperature (°C) (min) yield (%) (MJ/kg) (MJ/kg)
PS 400 30 H2S04 (98 %) pre-dehydration at room temperature 28 + 0.60 18.14 + 2412 + This study
with HySO4: raw material = 1.83 (w/w) 0.18 0.22
PS 400 30 - 24 +0.40 18.14 + 27.82 + This study
0.18 0.28
PS 550 30 - - 17.58 31.35 (Jenicek et al.,
450 - 29.71 2023)
350 - 27.93
Douglas fir 500 15 H,S04 (12.5 %) pre-dehydration at 90 °C with 44 19.71 31.16 (Wang et al.,
sawdust H>SO4: raw material = 1.5 (w/w) 2022)
- 22.4 32.18

3.4.2. FTIR analysis

Fig. S2 shows the FTIR spectra of PS, MC, MNC, and PSB. For PS, a
broad band in the region of 3400-3500 cm™! is attributed to the
stretching vibration of O—H groups. The peak around 2900 cm™! is
related to the stretching vibration of C—H alkane bonds. The peak at
1525 em ™! corresponds to aromatic C=C bending in lignin. The peak at
1269 cm ™! is ascribed to the G—O—C stretching vibration in hemicel-
lulose, lignin, and cellulose. The peak at 1760 cm™! is assigned to the
stretching vibration of C=0 bonds in carbonyl, ester, and acetyl groups
in xylan and lignin. The C—O—C pyranose ring skeletal vibration is
detected at 1065 cm™'. Some peaks at 1380-1465 cm ™! are associated
with the bending vibration of C—H (Kasiri and Fathi, 2018; Movva and
Kommineni, 2017).

In MC spectra, the intensity of PS peaks at 2900, 1639, 1380-1465,
and 897 cm™! increase because the acid treatment and bleaching
remove the lignin and hemicellulose from PS. Lignin masks the main
bonds in MC.

In MNC spectra, the symmetric NO; stretching vibration is detected
at 1385 and 1282 cm™!. The peak at 1637 cm™! is related to the
asymmetric stretching vibration of NO,. The intense peak at around 831
em™! corresponds to the O-NO; stretching vibration. Less intense peaks
at 754 and 692 cm™! are assigned to the asymmetric and symmetric
deformation of O-NO3, groups, respectively. The intensity of MC peak at

3400-3500 cm ™! decreases, justifying the nitration of the OH groups
(Tarchoun et al., 2019; Trache et al., 2016).

For PSB, it is observed that all peaks for PS disappear except the
peaks at 3400-3500, 1707, and 1612 cm™!. They are observed less
intense peaks than those in PS spectra because the OH, COOH, and C=0
groups are removed from the structure of PS under the pyrolysis process
(Barskov et al., 2019).

3.4.3. XRD

Fig. S3 illustrates the XRD patterns of PS, MC, MNC, and PSB. For PS,
the peaks around 20 = 16.5°, 22°, and 35° indicate crystalline regions
attributed to the cellulose structure of PS (Marett et al., 2017). For MC,
the peaks at 20 = 15.5°, 22.4°, 31.9°, and 35° demonstrate the crystal-
line cellulose with the CrI = 86 %. Compared to PS, MC crystallinity is
enhanced because nitric acid dissolves hemicellulose and lignin, as well
as most of the amorphous structures of PS, leading to a narrower and
more intensive crystalline peak. Compared to other studies reporting the
crystallinities of PS cellulose from 67 to 85 %, this is a remarkable result
(Kasiri and Fathi, 2018; Marett et al., 2017; Robles et al., 2021).

For MINC, the peak at 20 = 22.6° results in the crystalline nitrocel-
lulose with the CrI = 79 %. The accessibility of OH groups can provide
some intramolecular and intermolecular hydrogen bonds, leading to the
ordered crystalline arrangements. Compared to MC, MNC crystallinity is
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reduced because of the substitution of OH groups by O-NOy (Trache
et al., 2016). Compared to other research obtaining MNC with a crys-
tallinity from 22.6 to 66.2 %, this study archives a higher crystallinity
(Meng et al., 2020; Tarchoun et al., 2019; Trache et al., 2016). There-
fore, according to the characterizations, pure microcrystalline cellulose
and microcrystalline nitrocellulose were obtained by nitric acid
extraction.

As seen in the XRD pattern of PSB, no peaks are detected to prove its
crystallinity. Thus, PSB was obtained as an amorphous solid biofuel
because the thermal degradation (pyrolysis) decomposed the cellulose
structure of PS, destroying its crystalline regions.

3.4.4. Thermal analysis

Fig. S4 depicts the TGA and DTG curves of PS, MC, MNC, and PSB.
The PS curve demonstrates its thermal decomposition in three stages.
The first stage indicates the evaporation of water from 50 to around
120 °C. The second stage displays the most weight loss (55 %) due to the
decomposition of cellulose and hemicellulose from 250 to 370 °C. The
third stage shows a 35 % mass loss due to the destruction of lignin and
carbonic residues from 370 °C to the end. The small shoulder (bump)
indicates the primary decomposition of hemicellulose, lignin, and other
non-cellulosic components (Kasiri and Fathi, 2018; Peters, 2011).

Similar to PS, the first stage of MC decomposition corresponds to the
water evaporation from 50 to around 120 °C. After that, the most mass
loss (55 %) occurs from 250 to 340 °C with a single intense exothermic
decomposition process. The final mass loss (32 %) is detected from 340
to 525 °C.

The thermal decomposition of MNC occurs in three stages. The onset
temperature of the thermal decomposition of MNC is 60 °C. Two intense
exothermic peaks for MNC, detected by the DTG curve, prove the
decomposition process at 60-140 °C and 140-250 °C with a mass loss of
20 and 40 %, respectively. Compared with MC, the thermal stability of
MNC decreases slightly because of increasing its nitrogen content (Meng
et al., 2020). The final stage of MNC decomposition shows a 40 % mass
loss from 250 to 560 °C.

The PSB curve exhibits its thermal decomposition in two stages. The
first stage corresponds to water evaporation in the range of 50-140 °C.
The final stage, from 140 to 600 °C, shows the most mass loss (75 %) due
to the decomposition of cellulose, hemicellulose, lignin, and carbonized
structures that remain in PSB after the pyrolysis of PS at 400 °C for 30
min.

3.5. Economic assessment

The cost analysis of the production of MC, MNC, and PSB from PS is
given in Table 5. Positive NPV for MNC production proposes that the
efficient investment in the scenario simulated will be feasible during the
real-time implementation. The NPV is estimated at 25 % and 7 % in-
terest for the production in Iran and others, respectively. Economic
assessment of NC production from palm oil empty fruit bunches via
ammonium hydroxide and sulfuric acid pretreatment demonstrates that
its production is profitable because ROI, payback period, NPV, and IRR
are 11.49 %, 5.85 years, 442,427 $, and 13.35 % (Panjaitan and Gozan,
2021). However, they are far from the values obtained for the MNC
production in this work. Therefore, this study proposes the most prof-
itable production of MNC compared to the literature.

Although NPV for MC is calculated as negative, its ROI, IRR, and
payback period indicate the feasible investment in its project. Economic
analysis of cellulose production from rice husk by chlorine extraction
shows a positive NPV with a payback period of 0.42 years and ROI of
240.64 %, which makes it more feasible compared to the MC production
in this research (Hafid et al., 2021). Techno-economic analysis assess-
ment of cellulose nanocrystal production from wood pulp results in a
positive NPV, a payback period of 3.94 years, ROI of 25.38 %, and IRR of
30.40 %, which proves the MC production from PS can be a fast eco-
nomic plan compared to it (Rajendran et al., 2023). Techno-economic
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Table 5
The cost analysis of the production of MC, MNC, and PSB from PS.
Item Amount
MC MNC PSB
Equipment & installation costs (A)
Grinder 11,850 $ 11,850 $ 11,850 $
Sieve 9000 $ 9000 $ 9000 $
Mixing tank (furnace) 79 $ 119 $ 4600 $
Dryer 15,893 $ 19,867 $ 0
Capital costs (B)
Land, building & construction 93,000 $ 93,000 $ 93,000 $
Material costs (C)
PS 367 $/yr 367 $/yr 65,456
$/yr
HNO3 38,708 40,403 $/yr 0
$/yr
HyS04 0 65 $/yr 0
NaClO 10,831 10,831 $/yr 0
$/yr
Utility costs (D)
Water 47,180 53,263 $/yr 0
$/yr
Electricity 26,390 30,952 $/yr 6912 $/yr
$/yr
Labor costs (E)
Operating labor 12,000 12,000 $/yr 12,000
$/yr $/yr
Maintenance labor 1200 $/yr 1200 $/yr 1200 $/yr
Supervisor 3600 $/yr 3600 $/yr 3600 $/yr
Supplies costs (F)
Operating supplies 4000 $/yr 4000 $/yr 4000 $/yr
Fixing & maintenance costs (G)
Equipment fixing 820 $/yr 910 $/yr 570 $/yr
General works costs (H)
General & administratives 24,000 24,000 $/yr 24,000
$/yr $/yr
Property insurance & tax 85,453 4,157,498 23,664
$/yr $/yr $/yr
Total capital investment (A + B) 129,823 $ 133,835 $ 118,450 $
Total annual operating cost (I =C + 244,547 4,339,086 141,398

D+E+F+G+H) $/yr $/yr $/yr

Annual production (J) 6781 kg/yr 8477 kg/yr 720,000
kg/yr

Net production cost (K =1/J) 37.54 $/kg 511.9 $/kg 0.2 $/kg

Net production revenue (L) 60 $/kg 2450 $/kg 0.14 $/kg

Net profit (M =L — K) 22.46 $/kg 1938 $/kg —0.06 $/kg

Net profit margin (M / L) 37.44 % 79.11 % —44.4 %

ROI(M *J /(A +B)) 117.33 % 12,274.82 % -

Payback time ((A + B) / (M * J)) 0.85 yr 0.01 yr -

IRR 117 % 12,275 % -

NPV at 25 % interest —4759 $ 20,127 $ -

NPV at 7 % interest —13,508 $ 276,628 $ -

analysis of MC production from pulp exhibits ROI of 69.2 % and a net
profit of 17.3 €/kg (Vanhatalo et al., 2014). Compared to the literature
focusing on the production of cellulose and its economics, this study
suggests the first feasible production of MC from agricultural residues.

According to the net profit, the PSB production is not profitable, and
it cannot compete with coal because coal is daily produced and its res-
ervoirs are scattered all over the world, reducing its price. However, it is
not a renewable resource. Consequently, the PSB production will be
economically justified by reducing coal reserves and increasing its price
over time. In agreement with this study, economic analysis of biochars
derived from different feedstocks shows ROI of 17.59 %, a payback
period of 8.3-20 years, and IRR of 7.8-8.96 %, which does not attract
producers to invest (Haeldermans et al., 2020; Mishra et al., 2023;
Zhang et al., 2021).

It is noted that each government’s policies for bank interest rates,
taxes, and annual inflation can affect the economic parameters, chang-
ing the profitability analysis. In Iran, inflation and bank interest rates are
highly sensitive to political conditions. The difference between the
annual inflation and the bank interest rate can increase the production
profit. Thus, the countries whose annual inflation is far from their
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interest rate make an economic opportunity to produce products cost-
effectively. On the other hand, the value of the national currency de-
creases in Iran every year. Further, due to Iran’s government subsidies,
the price of energy and water, and the income taxes for industries are
much lower compared to other countries. Therefore, the investment in
MC and MNC production, and in other productions are cost-effective in
Iran.

4. Conclusions

This study showed that the production of MC and MNC from PS was
economically feasible. Microcrystalline cellulose particles with 100 %
purity were achieved for the first time via a rapid recyclable nitric acid
treatment in one stage, which was superior to the alkaline-extracted
cellulose. The valorization of PS as a feedstock of nitrocellulose resul-
ted in the MNC particles with a nitrogen content of 10.81 %, obtained
from the MC using a facile synthesis economically competitive with
other methods. The incorporation of sulfuric acid pre-dehydration with
pyrolysis temperature and time improved the product yield of PSB, but
lowering the HHV values.
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