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This study aims to determine the effect of cellulose morphology on enhancing the nitration of cellulose to
achieve nitrocellulose with a high nitrogen content. Cotton linter was employed as a point of reference, and
Luffa cylindrica and coffee pulp cellulose were used for comparison. Luffa cylindrica and coffee pulp
cellulose were used considering their distinctive morphological characteristics compared to cotton
linter. They were nitrated at room temperature for 60 minutes using a mixture of technical grade nitric
acid and sulfuric acid with a nitric acid : sulfuric acid ratio of 1:3 and cellulose : nitric acid ratio of 1:45.
The results showed that luffa cellulose is similar in characteristics to cotton linter, which exhibits short,
thin-walled tubular ribbon-like microfibrils with 75.09% crystallinity and a specific surface area of 0.70
m? g~%. Nitration of luffa cellulose resulted in nitrocellulose with a nitrogen content as high as 13.67%,
which is higher than that of cotton linter with a value of 13.49%. This value of nitrogen content was high

enough to be applied even in military-grade applications. Morphology was revealed as the most
Received 7th June 2024 influential characteristic of nitration, which allows for th tion of nitrocellulose with qualiti
Accepted 15th August 2024 influential characteristic of nitration, which allows for the preparation of nitrocellulose with qualities

similar to cotton linter-based nitrocellulose. Thus, it was demonstrated that nitrocellulose with a high

DOI: 10.1039/d4ra04172k nitrogen content could be achieved despite using a technical grade nitration reagent by selecting
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Introduction

Nitrocellulose (NC) is the earliest derivative product of cellulose
discovered and is historically known as the first semi-synthetic
plastic produced. Currently, NC applications in the plastic
industry are mostly replaced by synthetic polymers. However,
nitrocellulose is still applied in some specialized applications,
such as biofilter materials," support for protein immobiliza-
tion,* coating,® and military application.*

The utilization of NC in modern times is mostly related to
military applications, such as propellants for firearm ammu-
nition or rocketry.® The possibility of applying NC for this
purpose was first emphasized by Schonbein in 1845, who sug-
gested that it could be an alternative to firearm gunpowder, and
thus, it was termed as guncotton.® This capability stems from
the energetic nature of NC, which is credited to the presence of
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cellulose with an appropriate morphology.

the nitrate group (ONO,) in its molecular structure. Overall, the
molecular structure of NC provides both oxidizing and reducing
groups for combustion reactions, allowing it to diminish the
need for atmospheric oxygen.*” The decomposition of NC also
releases a high amount of energy as an exothermic reaction due
to the formation of nitrogen (N,) as combustion products.®®
These characteristics allow NC to comply with the required
energetic properties for propellant and low-explosive
applications.

The application of NC is determined by its nitrogen content,
which results from the substitution of the hydroxyl group on
cellulose to the nitrate group through the nitration process, as
illustrated in Fig. 1. The nitrogen content of NC determines its
physical and mechanical properties, solubility, and energetic
properties.**® This is because the hydroxyl group is responsible
for the inter- and intra-crystalline bonding in cellulose.
Substituting hydroxyl groups with other groups would disrupt
these bonds, thus changing the properties of cellulose.® NC,
with a nitrogen content of around 11.5-12.2%, is usually used
for civil applications, such as plastics and coating. On the other
hand, military propellants require a higher nitrogen content
that is greater than 13%, as they need a higher energy
output. >

NC is commonly manufactured from cotton linter (CL),
especially for military propellant application. The manufac-
ture of NC involves the usage of a mixture of nitric acid and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Change in the cellulose structure as a result of substitution
through the nitration process: (a) cellulose and (b) nitrocellulose (NC).

sulfuric acid as the nitration reagent.* Despite its long-
standing use as the major source of NC and cellulose deriva-
tives in general, the utilization of cotton linter raises concerns
about environmental impacts, such as high freshwater and
terrestrial ecotoxicity by pesticides, as an effect of its produc-
tion method."® Attempts to utilize alternative cellulose sources
from other plants or agricultural wastes for NC have been
researched as an approach to solving this problem. The limi-
tation of cotton linter provisions in regions where cotton was
difficult to grow became another matter that served as
a driving factor in these developments. Several previously re-
ported biomass sources have been evaluated as sources of
cellulose for nitrocellulose, such as empty palm oil bunch,**
miscanthus,' peanut husks,'® pineapple leaves,'” alfa grass,'®
bamboo,* Acacia mangium,*® brown algae,' sansevieria,** and
bacterial cellulose.® However, these biomass sources still
yielded nitrocellulose with a nitrogen content of under 13%,
thus making them unsuitable for applications that require
a high nitrogen content (such as military propellant), limiting
its usage. Utilization of fuming nitric acid was another
approach that was reported to be capable of yielding nitro-
cellulose with a high nitrogen content.*>* However, its usage
on an industrial scale would be difficult due to its hazardous
and corrosive nature.

The inherent chemical reactivity and steric hindrance
stemming from the nitration reagent or cellulose supramolec-
ular structure are factors that determine the reactivity of cellu-
lose.”® This condition prompts the consideration of the
accessibility of the hydroxyl group of cellulose since it poten-
tially affects the ease of the nitration reaction, especially in
achieving NC with a high nitrogen content. Crystallinity and
morphological features are characteristics that could affect the
accessibility in cellulose.”®?” This characteristic could differ
depending on the source of cellulose and preliminary treat-
ment." It was also reported that the choice of cellulose source
could affect the NC's physicochemical and energetic features."
Despite their importance, the significance of these character-
istics on the nitration process was rarely discussed or consid-
ered in previous reports that attempted to develop alternative
cellulose sources.
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In this study, cellulose from Luffa cylindrica (LC) and coffee
pulp waste (CP) was used to evaluate the significance of cellu-
losic characteristics to enhance the high nitrogen content from
the nitration process, with CL as a point of reference. Both re-
ported sources have different cellulose morphologies and
characteristics. LC is a Cucurbitaceae family plant with elon-
gated fruits and net-like fibrous vascular system endocarp,
continuous hollow struts, and porous microcellular architec-
ture.”® Its fibers are categorized as seed fibers, along with cotton
and kapok fibers.> The cellulose of LC was reported to have
a distinctive morphology, as it could have spiral-shaped,*
network-like, and fibrillar microfibrils.** These characteristics
could be beneficial to the nitration process, providing a more
accessible hydroxyl group. CP is a post-harvesting waste
resulting from discarded parts of the coffee cherry. Previous
work found that the CP cellulose showed helical-shaped
microfibrils embedded between the dense, smooth surfaces,
possibly formed by packing numerous smaller fibers.** This
condition results in cellulose with limited accessibility
compared to LC cellulose, thus providing contrasting properties
to the latter. To further evaluate these properties, CL, the
common source of NC, would be used as a point of reference for
both types of cellulose. The basic characteristics of cellulose
would be evaluated in terms of their morphology, specific
surface area, and crystallinity using scanning electron micros-
copy (SEM), Brunauer-Emmett-Teller (BET), and X-ray diffrac-
tion (XRD), respectively. All cellulose materials were nitrated
under the same condition before being characterized in terms
of their nitrogen content and change of crystalline parameters.
This study is expected to show the relationship between the
cellulose characteristics and the effectiveness of the nitration
process, especially in the nitrogen content of the resulting NC.
Therefore, through this work, determining the appropriate
cellulose morphology could be a viable strategy to achieve
nitrocellulose with high nitrogen content, and simultaneously
develop a more sustainable alternative source of cellulose for
nitrocellulose apart from cotton linter.

Experimental
Materials

Arnold Grummer's cotton linter was purchased from National
Arts Supply, USA, which was used as a point of reference. Cotton
linter was used without any further chemical treatment and was
only subjected to oven drying at 60 °C to constant weight before
use. Luffa cylindrica (LC) was provided by Omah Loofah from
a plantation in the Denanyar district, Jombang regency, Indo-
nesia. Furthermore, arabica coffee (Coffea arabica) pulp waste
(CP) was procured from Kawung Asli, based from the Cikajang
coffee plantation, Garut Regency, Indonesia. Both LC and CP
were obtained in sun-dried conditions, and dried at 60 °C to
a constant weight before use. Sodium hydroxide (NaOH) and
hydrogen peroxide (H,0,) were procured from Glatt Chemical,
Inc. Sodium hypochlorite (NaClO) solution (12 wt%) was
supplied from Bixxon Chemical, Inc. Analytical grade SMART
LAB sulfuric acid with a purity of 97 wt% was bought from
Quimica Jaya Perkasa, Inc. The technical grade nitric acid
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(65 wt%) and sulfuric acid (98 wt%) used for the nitration
reagent mixture were purchased from Rofa Laboratory, Inc. and
Glatt Chemical, Inc., respectively.

Cellulose isolation from Luffa cylindrica

Sequential sodium hydroxide alkali treatment and bleaching
using sodium hypochlorite were conducted to isolate cellulose
from Luffa cylindrica. LC was cut into 4 cm pieces before treat-
ment. A 4 wt% sodium hydroxide solution was employed for the
alkali treatment process of LC. The process was conducted at
80 °C for 2 hours. This process resulted in alkali-treated luffa
cuts (ATL), which were filtered, washed, and dried under
ambient temperature before further processing.

The second stage of cellulose isolation from LC involves
bleaching dried ATL using a 5.3 wt% sodium hypochlorite
solution for 15 minutes at 80 °C. The result was also filtered,
washed, and dried at room temperature. This stage resulted in
Luffa cylindrica cellulose (LCC). The dried, agglomerated LCC
was ground and sieved using a 60 mesh sieve before the
subsequent processing.

Cellulose isolation from Coffea arabica pulp waste

Isolation of cellulose from arabica coffee pulp waste involved
sodium hydroxide alkali treatment and hydrogen peroxide
bleaching.** The dried CP was first dried using an oven at 60 °C
for one hour before milling and sifting using a 2 mm opening
sieve. Sieved CP (SCP) was obtained from this process.
Furthermore, it was stirred in demineralized water at 60 °C for
120 minutes to remove its water-soluble substances, resulting in
washed CP (WCP). Alkali treatment was conducted on the dried
WCP using 3 wt% sodium hydroxide solution at 80 °C for 2
hours. The obtained alkali-treated CP slurry (wet condition) was
washed to neutral pH, and then sieved using a 40 mesh sieve to
separate residual coffee beans. The obtained filtrate was then
dried under ambient temperature, resulting in alkali-treated CP
(AT-CP).

The residual non-cellulosic content on AT-CP was removed
using hydrogen peroxide bleaching. Bleaching was conducted
to AT-CP using 10 wt% hydrogen peroxide solution at
a temperature of 80 °C for 2 hours. The bleached AT-CP was
filtered, washed, and dried at room temperature. The resulting
product from this stage was designated as CP cellulose (CPC).

Preparation of nitrocellulose

Preparation of NC involves the use of a nitric acid-sulfuric acid
mixture as the nitration reagent. The used nitric acid and
sulfuric acid reagents were technical grade with concentrations
of 65 wt% and 98 wt%, respectively. The nitration process was
conducted at room temperature for a nitration duration of 60
minutes by dispersing CL, LCC, or CPC in the nitration solution
with a fixed nitric acid:sulfuric acid ratio of 1:3 (v/v) and
cellulose : nitric acid ratio of 1:45 (w/v). The nitration was fol-
lowed by filtering and washing the nitrated product to a neutral
pH. Furthermore, the nitration products were stirred in boiling
demineralized water for 15 minutes before being filtered. The
results were designated as CL-NC, LC-NC, and CP-NC for the CL,
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LCC, and CPC-based nitrocellulose, respectively. NCs were kept
in water-wet condition. The sample were air-dried and kept in
a desiccant beads-filled desiccator to constant weight prior to
characterization/testing.

Characterization and testing

The lignocellulosic content of CL, LCC, and CPC were evaluated
using Chesson's method,*® which employs four stages. The first
stage involves stirring 1 gram (a) of dried sample in 150 ml
boiling water for 2 hours. The result was then filtered and dried
to constant weight (b). The first-stage residue was then refluxed
in 150 of boiled 0.5 M sulfuric acid (H,SO,) for 2 hours. The
residue was then filtered, washed to neutral pH, and dried to
constant weight (c). The final stage of Chesson's method
involves dispersing and stirring the second-stage dried residue
in 10 ml of 72 wt% sulfuric acid for 4 hours. Water was then
added to the mixture to dilute it to obtain a 0.5 M solution
concentration of sulfuric acid and stirred for 2 hours at 100 °C.
The residue was then filtered and dried to constant weight (d).
Respective water soluble content, hemicellulose, cellulose, and
lignin content percentage values were calculated using equa-
tions in Table 1.

The CL, LCC, and CPC morphology were evaluated using
Scanning Electron Microscopy (SEM). SEM characterizations
were conducted using the JEOL JSM 6510 (JEOL Ltd., Tokyo,
Japan) with an applied voltage of 10 kVv.

Crystallinity and lattice properties were evaluated through X-
ray diffraction (XRD) characterization. XRD was conducted
using a Rigaku MiniFlex X-ray Diffractometer, which records
diffraction spectra at 26 in the range of 10°-90°.

The BET method was used to characterize the specific
surface areas of CL, LCC, and CPC. The Quantachrome Nova
4200e BET Surface Area and Pore Size Analyzer were utilized for
this purpose.

A Thermo Scientific Elemental Analyzer was used to evaluate
the nitrogen content of the resulting nitrocellulose prepared
from CL, LCC, and CPC.

Fourier Transform Infrared (FTIR) spectroscopy character-
ization was conducted to evaluate the presence of the nitrate
group after the nitration process was determined from the
resulting FTIR spectra. The sample was prepared as a pellet with

Table 1 Equations used for lignocellulosic content calculation using
Chesson's method*

Content Calculation
0, —

Water soluble content (%) a % 100%

a
. b—c

Hemicellulose “ 100%
a

Cellulose <=4 100%
a

.. d
Lignin 4 x 100%

¢ a: initial weight. b: dried residue of stage 1 (after boiling in water). c:
dried residue of stage 2 (after refluxed in 0.5 M sulfuric acid). d: dried
residue of final stage.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Illustration of sample placement for burning rate testing.

KBr. A Prestige 21 Shimadzu (Japan) was used for the charac-
terization with the spectra recorded in the 4000 cm™* to
500 cm™ " range.

Burning tests were applied to NC prepared from CL, LCC,
and CPC. This test was conducted as a quantitative evaluation of
the NC through its flame characteristics, and to measure the
burning duration and rate of each NC. Around 0.25 g of NC
sample was used for the burning test, which was placed on
a glass plate. The burning was triggered using an electric arc
igniter. The burning rate was evaluated by burning 0.15 g of NC
set in an elongated fashion, as illustrated in Fig. 2. Works re-
ported by Liu (2018) and Zhang (2014) were used as a reference
for this testing.***> The Sony Alpha 7 IV camera recorded the
burning process at a 120 fps frame rate. The recordings were
used to evaluate the burning characteristics and measure the
burning rate.

Results and discussion

Characteristic of cotton linter, Luffa cylindrica, and Coffea
arabica pulp celluloses

LC and CP underwent the respective alkali treatment and
bleaching process.***® Alkali treatment was conducted to
remove the non-cellulosic content from the respective ligno-
cellulosic biomass. The bleaching process was used to remove
the residual non-cellulosic content, especially lignin, which
contributes to the brownish color of the lignocellulosic biomass
that is still left after alkali treatment.*”** These isolation
processes resulted in Luffa cylindrica cellulose (LCC) and coffee
pulp cellulose (CPC), respectively.

The visual appearance of CL, LC, and CP are presented in
Fig. 3. Native, alkali-treated, and cellulose isolated were also
included for comparison. The result showed that both LC and
CP changed in appearance, color, and form after alkali treat-
ment and bleaching. After alkali treatment, AT-LC still had
similar conditions and a slightly faded color compared to its
original native form, and AT-CP changed into a paper-like
appearance with a brownish color. These conditions indicate
a significant amount of non-cellulosic content that is still
present, thus allowing a similar appearance to the original form
(in terms of form for AT-LC and color for AT-CP). Significant
changes were shown in post-bleaching condition, where LCC
and CPC changed into brighter colors. LCC is also shown to be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Visual appearance: (a) cotton linter (CL), (b) native Luffa cylin-
drica (LC), (c) alkali-treated Luffa cylindrica (AT-LC), (d) Luffa cylindrica
cellulose (LCC), (e) coffee pulp waste (CP), (f) alkali-treated coffee pulp
waste (AT-CP), and (g) coffee pulp waste cellulose (CPC).

reduced into smaller particles. This change into a bright color
indicates the removal of lignin.*® The reduction of the fiber into
smaller particles is caused by the removal of non-cellulosic
content (lignin and hemicellulose), which keeps the fiber
structure intact. Thus, the absence of these components leads
to the disintegration of fiber and release of individual cellulose
fibrils.***

Fig. 4 presents the lignocellulosic content of CL, native LC,
and CP, and their post-bleaching products (LCC and CPC) based
on the result of Chesson's method. The result confirms the
removal of non-cellulosic content, as demonstrated by the
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Fig.4 Lignocellulosic content of CL compared to native and bleached
LC and CP.
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Fig. 5 SEM image of cellulose: (a) CL, (b) LCC, and (c) CPC.

visual appearance. CL comprises 90.67% cellulose, while LCC
and CPC have 90.29% and 80.70%, respectively. LCC was most
similar in terms of cellulose fraction to CL. However, all of the
cellulose obtained had a cellulose fraction of at least more than
80%.

The morphological characteristics of CL, LCC, and CPC were
evaluated using SEM. SEM photomicrographs of each sample
are shown in Fig. 5. The result showed that each cellulose has
distinctive morphological features. CL features a curly, cylin-
drical fiber with a smooth, non-porous surface with a diameter
of around 4+28.67 um. LCC was shown to have a short, thin-
walled tubular ribbon-like microfibril morphology, with
length and diameter of around 254.82 + 50.43 pm and +23.52
pum, respectively. CPC possessed a flat and dense surface
appearance, with some spiral-shaped fibrils embedded
between. Morphologically, LCC is the most comparable to the
CL. LCC and CL present a cylindrical fibrous morphology with
similar diameters despite having shorter fibers than CL, which
could extend as long as 2000-6000 pm in length.***

XRD characterizations were conducted to evaluate the crys-
tallinity of CL, LCC, and CPC. Diffraction spectra of CL, LCC,
and CPC are shown in Fig. 6. The spectra presenting diffraction
peaks at 15°, 16.5°, and 22.5° suggest a typical crystallinity
pattern of cellulose I polymorph of natural cellulose.** The
crystallinity of each cellulose was calculated from the obtained
diffraction spectra using eqn (1).

_dow — 14

IC ™ % 100% (1)

002

where IC is the crystallinity, while I, and I, are intensity
values of crystalline and amorphous phases, respectively.*

28264 | RSC Adv, 2024, 14, 28260-28271
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Fig. 7 presents the calculated crystallinity results of CL, LCC,
and CPC. This shows that CL has comparable crystallinity to
LCC, while CPC has a lower crystallinity than the latter.
Cellulose is a polycrystalline material, which consists of
a portion of an orderly arranged cellulosic chain (crystalline
region) and another portion of a more disordered part (amor-
phous region).”*® Crystallinity is a measure of the regularity of
the cellulose arrangement. High crystallinity reflects the cellu-
lose possessing a high portion of an orderly arranged cellulosic
chain.***” CL and LCC have a crystallinity of about 75%. This
was higher than CPC, which possesses a crystallinity of
approximately 59%. The result indicates that after nitration,
a higher nitrogen content could be achieved in CL and LCC than
in CPC. The estimate is based on some previous studies, which
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Fig. 6 X-ray diffractogram of CL, LCC, and CPC.
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Fig. 7 Crystallinity of CL, LCC, and CPC calculated from the XRD
diffractogram.

CPC

reported that cases of higher nitrogen content could be ob-
tained by the use of cellulose with higher crystallinity.'®** This
was caused by the higher portion of the a-cellulose present in
higher crystallinity, which allows a higher yield of the derivative
product and improved diffusion of the nitronium ion.'®*®

BET characterization was conducted to evaluate the specific
surface area of CL, LCC, and CPC. Specific surface areas
resulting from BET characterization for LC, LCC, and CPC are
shown in Fig. 8. The result showed that LCC and CPC had
a higher specific surface area than CL. Cellulose with a higher
specific surface area supposedly has a more readily accessible
hydroxyl group, which is more advantageous for nitration
reactions.”** However, better substitution does not always
guaranteed a higher specific surface area as an effect of the non-
specific preference of cellulose absorption.*

Relationship of cellulose characteristics and effectiveness of
cellulose nitration

The overall evaluation of cellulose characteristics based on
SEM, XRD, and BET results suggests that each cellulose stem

Specific Surface Area (m?%/g)
© © o o o o o
N w » (&) (] ~ Lo

o
-
T

0.0

CPC

Fig.8 Specific surface area of cellulose based on BET characterization
of CL, LCC, and CPC.
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Fig. 9 Visual appearance of nitrocellulose: (a) CL-NC, (b) LC-NC, and
(c) CP-NC.

from different sources could have distinct properties. Distinc-
tive morphology, crystallinity, and surface area potentially
provide accessibility of the hydroxyl group to nitronium ions,
leading to effective nitration. Nitration was conducted for each
CL, LCC, and CPC to evaluate this matter. Nitration using
a mixture of nitric acid and sulfuric acid with fixed nitric acid :
sulfuric acid ratio of 1: 3 (v/v); cellulose : nitric acid ratio of 1:
45 (w/v); and nitration duration of 60 minutes at room
temperature were conducted to obtain CL-NC, LC-NC, and CP-
NC, respectively. Nitric acid serves as a source of nitronium
ion (NO,") that would react with the hydroxyl group of cellulose
to form the nitrate group.*”*>* Sulfuric acid plays a role in the
nitration reaction to catalyze the formation of nitronium ion
(from nitric acid), dehydration of water molecules, and swelling
of cellulose.”*>*

The visual appearance of CL-NC, LC-NC, and CP-NC are
shown in Fig. 9. The result indicates that LC-NC and CP-NC
yielded a yellowish color compared to CL-NC and the original
LCC and CPC. This condition is caused by the reaction between
sulfuric acid and residual non-cellulosic content in the
cellulose.”

Elemental analysis was utilized to quantitatively evaluate the
nitrogen content of CL-NC, LC-NC, and CP-NC. The analysis
showed that CL-NC, LC-NC, and CP-NC resulted in different
nitrogen contents despite being nitrated under similar fixed
nitration conditions. LCC presents the highest nitrogen
content, which reached about 13.67%, followed by the slightly
lower CL-NC value of 13.49%. CP-NC resulted in the lowest
nitrogen content compared to CL-NC and LC-NC, which was
only about 8.05%. The result suggests that cellulose with similar
morphology and characteristics could have comparable post-
nitration qualities.

FTIR characterizations were conducted on CL, LCC, CPC, CL-
NC, LC-NC, and CP-NC to confirm the presence of the nitrate
group, which substitutes the hydroxyl group after the nitration
process. The resulting FTIR spectra of pre- and post-nitrated
products are shown in Fig. 10. The spectra were normalized to
the 1160 cm ™' peak, which corresponds to the C-O-C glycosidic
stretching of cellulose.*®*° This peak was used for normalization
because the group was unaffected and was not involved in
a substitution reaction. The result indicates that compared to
its pre-nitrated condition, CL-NC, LC-NC, and CP-NC presented
new absorbance peaks at 1660 cm ™" (asymmetric stretching of
NO,), 1280 cm™ ' (symmetric stretching of NO,), 840 cm ™" (O-
NO, stretching), 765 cm™" (asymmetric deformation of the O-
NO, group), and 690 cm ™ (symmetric deformation of the O-
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Fig. 10 FTIR spectra of cellulose and nitrocellulose from the respective sources: (a) CL-NC, (b) LC-NC, and (c) CP-NC.

NO, group), which indicating the presence of the nitrate
group.'®* This result suggests that the hydroxyl groups have
been substituted with the nitrate group.

The nitration process could change the crystallographic
plane spacing (dni) of cellulose. This shift in dj is caused by
the larger size of the nitrate group that substitutes the hydroxyl
group, resulting in an increased distance between the cellulose
chain.*>** The change in the crystallographic plane spacing
would increase with the number of substituted hydroxyl
groups.® To confirm this phenomenon, XRD characterizations
were employed for CL-NC, LC-NC, and CP-NC. A change in the
dpr of the 101 plane was used to indicate the effect of the
increase in nitrogen content.**” The 101 plane was represented
by the peak around 26 in the range of 14°-16° in diffraction
spectra, as highlighted in Fig. 11.%%” The result showed that in
CL-NC and LC-NC, its diffraction spectra exhibited a change in
pattern and shift of the 101 plane peaks to a lower diffraction
angle compared to its pre-nitrated condition. However, in CP-
NC, this remains unchanged. This shifting to a lower diffrac-
tion angle indicates a change in the crystallographic plane
spacing.’ The dimensions of the plane spacing were calculated

28266 | RSC Adv, 2024, 14, 28260-28271

from the diffraction angle of the 101-peak using Bragg's law
(eqn (2)).
ni
d= 2sin 6 @)

where d, n, A, 6 are the plane spacing dimension, diffraction
order, X-ray wavelength, and diffraction angle, respectively. The
result showed a difference in dimension spacing between each
cellulose, with LCC having the widest, followed by CL and CPC,
as shown in Fig. 12. In CL and LCC, the interplanar dimension
of post-nitrated cellulose increased compared to its pre-nitrated
condition. However, the pre- and post-nitrated interplanar
dimensions showed no difference in CPC. The increase of the
interplanar dimension in CL and LCC indicates the presence of
nitrate groups. In contrast, the unchanged interplanar dimen-
sion of CPC suggests a lower amount of nitrate groups, which
could suggest that its fiber characteristic is unaccommodating
for a higher number of nitrate groups.®* LCC is also shown to
have a slightly higher interplanar dimension than CL. This
suggests that LCC has a higher nitrogen content than CL, which
is consistent with its evaluated nitrogen content.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Interplanar dimension of the 101 plane for CL, LC, and CP in
pre- and post-nitration conditions.

Table 2 summarizes the relationship between nitrogen
content and the respective cellulose characteristics. The result
of this study showed that the usage of cellulose with different
characteristics would affect the resulting nitrocellulose. LCC
had the highest nitrogen content among the different cellulose

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials used, with a value of 13.67%, which is slightly higher
than that of CL at about 13.49%. This degree of nitrogen
content was suitable even in military propellant applications,
which require a minimum of 13.5% nitrogen content for
guncotton-grade NC.** Based on the evaluated characteristic,
the morphology could significantly affect the nitration reaction
before considering the crystallinity and specific surface area.
This conclusion is based on comparing the results to the CPC
nitration. Despite having a lower crystallinity than LCC and CL
and a higher surface area than CL, CPC has a lower nitrogen
content. This could be caused by its morphology, which consists
of a dense layer on its surface that potentially hinders the
movement of nitronium ions, leaving most of the cellulose
unnitrated. This is also indicated by the XRD characterization of
CP-NC, which showed no increase in the 101 crystalline place
spacing dimensions. It confirms that most of the hydroxyl part
is unnitrated and stays in its original form. LCC has similar
fibrillar microfibril characteristics to CL, the common source of
NC, with a slightly lower crystallinity and higher specific surface
area than the latter. Its smaller fiber length possibly contributes
to its higher surface area. On the other hand, the morphological
condition of CL and LCC could allow for easier access to
hydroxyl groups with lower steric hindrance, leading to an
increase in nitronium ion diffusion and adsorption to cellulose
molecules.”™ This condition contributes to a similar nitrogen
content with CL-NC (with LC-NC having slightly higher nitrogen
content). This trend is also confirmed by XRD characterization
of LC-NC and CL-NC, wherein the former has a larger 101
crystalline plane spacing than the latter, indicating a higher
nitrogen content. Thus, these results clearly prove that the
morphology of the cellulose could be an affecting factor in the
nitration process.

Burning tests were conducted to evaluate the nitrated
products qualitatively through their flame characteristics,
and to measure their burning duration and burning rate. NC
samples were ignited directly by using an electric arc igniter.
The burning test also employed a recording of the combustion
phenomenon using a digital high-speed camera. The result
showed that the CL-NC, LC-NC, and CP-NC combustion
underwent deflagration rather than detonation. The flame
characteristics of CL-NC, LC-NC, and CP-NC can be observed
and recorded in the high-speed imaging shown in Fig. 13. The
images suggest that the burning of each NC resulted in
a yellowish flame, a common characteristic of NC.** Linear
deflagration was conducted to measure the CL-NC, LC-NC,
and CP-NC burning rates. The still of the burning rate
testing is shown in Fig. 14. CL-NC demonstrated the fastest
burning duration and sequential burning rate, followed by
LC-NC and CP-NC, as presented in Table 3. These differences
in burning rate and duration could result from various
factors, such as the physical form of nitrocellulose or access
to oxidant (e.g.: compacted or uncompacted state, free
fibers).®® However, the burning test further confirms the NC in
this work has a comparable burning rate with the referenced
NC material.*
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Table 2 Summary of the relationship between the nitrogen content and cellulosic characteristics

CL LCC

CPC

Nitrogen content (%) 13.49
(after nitration)

Cellulose microfibril morphology Long, tubular twisted ribbon

13.67

Short, thin-walled tubular ribbon-
like microfibril

8.05

Flat and dense surface appearance,
with embedded spiral-shaped fibrils

Cellulose crystallinity (%) 75.52 75.09 59.63
Cellulose specific surface area 0.51 0.70 0.59
(m*g™)

Pre-nitration dy; (101) (A) 5.87 6.03 5.64
Post-nitration dy (101) (A) 6.99 7.12 5.65

. bt

v el R R e W (i Wy B, /iy By

Fig. 13  Still of the deflagration sequences: (a) CL-NC, (b) LC-NC, and
(c) CP-NC.

Fig. 14 Still of the linear deflagration testing: (a) CL-NC, (b) LC-NC,
and (c) CP-NC.

Table 3 Burning duration and burning rate of CL-NC, LC-NC, and CP-
NC

NC Burning duration (s) Burning rate (cm s ')
CL-NC 0.68 5.38 &+ 3.32
LC-NC 2.013 4.76 £ 2.58
CP-NC 11.584 0.92 + 0.46

28268 | RSC Adv, 2024, 14, 28260-28271

Conclusions

The nitrogen content of nitrocelluloses that resulted in this
study exhibited an extensive cellulosic characteristic and
morphology of cellulose in terms of nitration effectiveness.
Cellulose was isolated from Luffa cylindrica and coffee pulp
waste, which was then nitrated using a mixture of nitric acid
and sulfuric acid with a nitric acid : sulfuric acid ratio of 1:3;
cellulose : nitric acid ratio of 1:45 and nitration duration of 60
minutes, conducted at room temperature. Cotton linter was
used as a point of reference in this study. The result showed that
each cellulose source has distinct characteristics. LCC has the
most similar characteristics to CL, which has a short, thin-
walled tubular ribbon-like microfibril with 75.09% crystallinity
and a specific surface area of 0.70 m> g~'. The morphological
characteristic of LC, having favorable accessibility for foreign
chemicals, allows it to result in nitrocellulose with a nitrogen
content as high as 13.67%, slightly higher than CL with a value
of 13.49%, which is high enough for even military-grade
application. The calculation of change of the interplanar
dimension through XRD characterization also confirms the
high nitrogen content in post-nitrated CL and LCC, which is
indicated by the higher dj;,. Morphology is the most depend-
able characteristic that affects nitration compared to crystal-
linity and surface area. It is based on the result of the nitration
of CPC, which is supposedly harder to access by the nitration
reagent as it has a flat and dense surface morphology, resulting
in far lower nitrogen content than LCC and CL-based cellulose,
despite its higher crystallinity and specific surface area.
Through this result, NC with high nitrogen content could be
achieved by selecting the appropriate cellulose morphology and
revealing its significance in enhancing the high nitrogen
content of NC. In addition, the selective morphology allows NC
to be prepared with high nitrogen content using technical grade
nitration reagents, diminishing the use of harmful chemicals,
such as fuming nitric acid. Thus, this work could contribute to
supporting sustainable chemical processes.

Data availability

The bar diagrams depicting the nitrogen content of post-
nitrated cotton linter, Luffa cylindrica, and coffee pulp cellu-
loses; the diffraction angles and dj; of pre- and post-nitrated
celluloses and higher-resolution scanning electron microscopy
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