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Nitrocellulose is a nitrated cellulose polymer with a broad application in industry. Depending on the nitrogen
content, this polymer can be used for manufacturing explosives, varnishes, clothes, and films, being considered a
product of high value-added. In this work, the use of ultrasound was investigated for the intensification of
nitrocellulose synthesis from microcrystalline cellulose. The ultrasound-assisted nitrocellulose synthesis (UANS)
was carried out using several ultrasound systems, such as baths and cup horns, allowing the evaluation of the
frequency (from 20 to 130 kHz) and delivered power (from 23 to 134 W dm_s) to the reaction medium. The
following parameters were evaluated: acid mixture (H2SO4, H3PO4, CH202 or CH3COOH with HNOs, 2 to 14.4
mol L), ultrasound amplitude (10 to 70%) and reaction time (5 to 50 min). Better nitrocellulose yield (nitrogen
content of 12.5% was obtained from 1 g of microcrystalline cellulose employing a cup horn system operating at
20 kHz, 750 W of nominal power with 60% of amplitude, 25 mL of acid solution (13.6 mL of 18.4 mol Lt HySO4
+ 9.2 mL of 14.4 mol L™} HNO3 + 2.2 mL H30), at 30 °C for 30 min. At silent conditions (mechanical stirring
ranging from 100 to 500 rpm), the nitrogen content was lower than 11.8% which demonstrate the ultrasound
effects for nitrocellulose synthesis.

11. Introduction

The sustainable production of feedstocks for the chemical industry
has been considered as an important focus in science research [1,2]. In
the same way, it is of great industrial concern to find protocols for
lignocellulosic waste valorization, such as biomass and agricultural
residues. It has been observed the potential application of cellulose, or
hemicellulose fractions from lignocellulosic wastes, as alternative
feedstocks for the production of biofuels, synthetic materials, building
blocks, and fine chemicals [3,4]. The development of sustainable pro-
tocols is intimately associated with the use of biopolymer materials,
which feature high physicochemical and performance characteristics
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[5,6]. On this aspect, cellulose is of considerable interest since it has
strong potential as a precursor of some polymers [5,7].

Cellulose is a natural linear polysaccharide composed of glucose
units linked by p(1 — 4) glucosidic bonds [8]. Each glucose units has
three reactive hydroxyl groups: one primary hydroxyl group on the Cg
position, and two secondary hydroxyl groups on the C; and Cs positions
[8]. This natural biopolymer is the most abundant renewable source,
being important for many industrial activities [9]. It is used in the paper-
making, non-natural textile/fabric, cosmetics, household article, and
pharmaceutical industry, which convert the biomass feedstock to high
value-added products [1,5,7].

Cellulose nitrate cellul, or nitrocellulose, is an important material
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that has been extensively used in several industrial processes [10].
Changes in nitrogen content and substitution degree of nitrocellulose
allow modifications in the physical-chemistry properties which enable
the applicability of nitrocellulose in several process [5,9]. As an
example, at low nitrogen content (below than 12.2%), it can be used in
cosmetics and plastics, whereas nitrocellulose with high nitrogen con-
tent is used in guns and rocket propellants [11]

The nitration of cellulose occurs by electrophilic attack promoted by
the nitronium ion over the oxygen of hydroxyl group, resulting in
hydrogen proton elimination [5]. The chemical reaction used in indus-
trial scale for nitrocellulose synthesis is a reversible, highly exothermic
esterification reaction in which cellulose fibers obtained from wood pulp
or cotton react with mixtures of nitric acid, sulfuric acid and water [12].
Several organic solvents, such as tetrachloromethane, methylene chlo-
ride, or nitromethane are used to reduce the consumption of nitric acid
and stabilize the esterification process [5]. In general, the nitrocellulose
synthesis comprises a number of side steps, long reaction time and the
use of toxic reagents as tetrachloromethane and nitromethane [12].

The major part of the studies about nitrocellulose synthesis is asso-
ciated to the development of alternative feedstocks for industrial pro-
cess. As example, nitration products obtained from Miscanthus (non-
wood, perennial grass) have similar quality to basic nitrocellulose types
produced for films, membranes among other products [13]. Some au-
thors proposed the nitrocellulose production from bacterial cellulose
produced by fermentation using Acetobacter xylinum [14]. Nitrocellulose
with a degree of substitution from 1 to 2.85 was obtained, but physical
properties and explosive performance were not similar to the product
conventionally produced [14]. Despite these studies, no enhancement
process for nitrocellulose yield or the reduction of concentrated reagents
has been proposed in last years.

Taking into account the technologies that contribute for process
intensification, ultrasound energy has been considered a promising
alternative to increase the efficiency of extraction, conversion, and
lixiviation procedures [15-18]. In organic synthesis, ultrasound pre-
sents several advantages over the conventional synthesis in terms of
reaction rates, yields, purity of products and selectivity [19-21]. Some
studies investigated the synergetic effects of ultrasound to depolymer-
ization, and degradation of cellulose derivatives [22-24]. In many of
these processes the ultrasound effects are associated to acoustic cavita-
tion, radical species formation, shock waves and acoustic streaming
[25-27]. However, there is a lack in the literature about the effects of
ultrasound on nitrocellulose synthesis from microcrystalline cellulose.

In the present work, the application of ultrasound energy for nitro-
cellulose synthesis from microcrystalline cellulose was evaluated.
Microcrystalline cellulose was sonicated with several acids mixtures,
using baths and cup horns systems. The effect of ultrasound was inves-
tigated by evaluating the HNO3 concentration, the acid mixture, the
ultrasound amplitude, delivered power, and reaction time. The obtained
results using ultrasound-assisted nitrocellulose synthesis (UANS) were
compared with those obtained under silent conditions (mechanical
stirring).

2. Materials and methods
2.1. Instrumentation

The UANS was performed using several ultrasound systems. Ultra-
sound bath systems were used at frequencies of: (i) 25 or (ii) 45 kHz
(100 W, Transsonic TI-H-5 3.5 L, Elma GmbH & Co, Germany); (iii) 37 or
(iv) 80 kHz (330 W, Elmasonic P120H 9.0 L or P120H 12.9 L, Elma
GmbH & Co) and (v) 35 or (vi) 130 kHz (200 W, Transsonic TI-H-10 8.6
L, Elma GmbH & Co).

Two cup horn type ultrasound systems were evaluated at 20 kHz,
coupled to different US generators. One with 130 W nominal power
(model VCX 130 PB, Sonics and Materials, INC., USA), and another
coupled with 750 W nominal power (model VC 750, Sonics and
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Materials, INC., USA).

For comparison purposes, nitrocellulose synthesis was driven at si-
lent conditions, using a hotplate with magnetic stirring (model AREX-
F20500413, Velp Scientific Srl, Usmate, Italy), operating at 100 to
500 rpm under the same conditions optimized to UANS.

The nitrocellulose solubility in alcohol-ester mixture (1 + 2 ratio)
was measured by filtering the insoluble residue, followed by drying and
weighing in accordance with the procedures described in MIL-DTL-244B
[28]. A viscometer (model SVM 3000, Anton Paar GmbH, Graz, Austria)
was used for the determination of kinematic viscosity of reaction solu-
tion before and after the ultrasound treatment.

The nitrogen content was quantified by the ferrous ammonium sul-
fate titration method described in MIL-STD-286C [29]. This titration is
based on saponification of nitrocellulose with concentrated HySO4 and
reduction of the produced HNOj3 to NO. Further, the NO products are
complexed with FeSO4 to form [Fe(NO)]SO4. The degree of substitution
(DS) was calculated by the equation 1 [30]:

DS — (3.6 x nitrogen content [%)] )

(31.3 x nitrogen content %) ) )
Infrared spectra of microcrystalline cellulose and nitrocellulose ob-
tained after UANS were recorded by Fourier transform infrared spec-
troscopy (FTIR, spectrometer model Spectrum One® FTIR, PerkinElmer,
Massachusetts, USA). All the obtained spectra ranged between wave
numbers 4000 to 500 cm ™! and the baseline was corrected and vector

normalized. Spectral resolution was set at 4 cm™ L.

2.2. Materials and chemicals

For this study, microcrystalline cellulose was obtained from Sigma-
Aldrich (purity of 99%, Germany). Water was purified using a Milli-Q
system (Millipore Corp., USA) and it was used to prepare all the re-
agents and standard solutions. Nitric acid (HNOs, 65%), sulfuric acid
(H2S04, 95%), phosphoric acid (H3PO4 85%), formic acid (CH2Oo,
99%), acetic acid (CH3COOH, 99%) and sodium carbonate (NayCOs,
99%) were of analytical grade (Merck, Darmstadt, Germany). Nitrogen
and argon (purity of 99.999 and 99.5%, respectively, White Martins,
Brazil) were used for analytical techniques.

2.3. Methods

The UANS process was carried out in a glass cylindrical reactor with
5 cm of internal diameter and 30 cm height. Temperature was controlled
using a circulating water bath (model MCT 110 Plus, Servylab Ltda.,
Brazil). Microcrystalline cellulose (1 g) was transferred to the reactor
with a mixture of concentrated acids in a solid-to-liquid ratio of 1 + 25
wv Y13l Finally, this mixture was submitted to UANS and several
ultrasound systems and acid mixtures were evaluated. After UANS
process, solid residues were filtered on a vacuum filter and then stabi-
lized under continuous stirring as follows: HyO, heated for 1 h at 80 °C;
0.3% NayCOs3 solution, heated for 3 h at 80 °C; H,O, heated for 1 h at
80 °C. The obtained products were first dried at room temperature and
further at 105 °C.

Preliminary experiments were performed using 30 °C, 40 min and
acid solution of 13.6 mL of 18.4 mol L ! HS04+ 9.2 mL of 14.4 mol L™*
HNOs3 + 2.2 mL H0, in all previously described ultrasound systems at
70% of ultrasound amplitude. After choosing selecting the ultrasound
system, a univariate design was proposed to optimize the conditions for
UANS. The following parameters were evaluated: HNO3 concentration
(2 to 14.4 mol L’l), acid mixture (HySO4, H3PO4, CH505 or CH3COOH
with HNQO3), ultrasound amplitude (10 to 70%) and reaction time (5 to
50 min). The results obtained with UANS were compared with those by
conventional synthesis at silent condition (without ultrasound), which
was performed using a hotplate with magnetic stirring (100 to 500 rpm)
under the same conditions previously optimized for UANS.
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3. Results and discussion
3.1. Influence of ultrasound system for UANS

In view of the possible differences related to the delivery of energy
among the available ultrasound systems, an evaluation was performed
in order to check the influence of the characteristics of these systems on
the nitrocellulose synthesis. This evaluation was performed using 1 g of
microcrystalline cellulose and 25 mL of acid solution (13.6 mL of 18.4
mol L™ HySO4 + 9.2 mL of 14.4 mol L™! HNOs5 + 2.2 mL H,0), which
was sonicated during 40 min at 30 °C, with US operating at 70%. The
nitrogen content was determined using the ferrous ammonium sulfate
titration method described in MIL-STD-286C [29]. The acoustic power
delivered to the reaction medium was calculated by calorimetric
method, according previous works, [31,32] and presented as power
density (W dm3). The results obtained for all the evaluated US systems
are shown in Fig. 1.

When ultrasound baths systems were evaluated it was observed a
trend where delivered energy decreases while increasing the ultrasound
frequency, which consequently reduces the nitrogen content of products
[33]. It was observed, for the bath systems operating at same nominal
power and frequency, that the water volume can affect the power den-
sity delivered in the liquid medium, which is in agreement with the
previously published studies [34-36]. The power density and nitrogen
content for these systems ranged from 24 to 83 W dm™> and 9.9 to
12.1%, respectively. By using a cup horn operating at 750 W (134 W
dm™3) the nitrogen content was 12.5%, which represents a substitution
degree of 2.45. It is important to emphasize that ideally the nitrogen
content of a fully nitrated nitrocellulose obtained of each of the three
hydroxyl groups (Cg, C3 and Cg) is approximately 14% [36,37].

The proposed process allowed to produce nitrocellulose using near to
82% of the hydroxyl groups available for the reaction (substitution de-
gree = 2.45). Based on these results, the cup horn system operating at
20 kHz, with power density of 134 W dm ™2 (750 W of nominal power),
was selected for the subsequent experiments.

3.2. Influence of acids for UANS of cellulose
The synthesis of nitrocellulose is conventionally performed using

(A) cup horn 20 kHz/750 W

(E) bath 37 kHz/330 W (9.0 L)

(B) cup horn 20 kHZ/130 W
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concentrated HNO3. The development of alternative procedures, based
on the use of diluted acids, is an important research topic aiming re-
agents saving and less generation of residues. Thus, HNO3 concentration
was investigated a range of 2 to 14.4 mol L. In this study, 25 mL of acid
solution (13.6 mL of 18.4 mol L™ HySO4 + 11.4 mL of diluted HNO3)
and 1 g of microcrystalline cellulose were submitted to UANS process.
Ultrasound amplitude was set at 70% and the reaction medium was
sonicated for 40 min at 30 °C. The obtained products were identified by
FTIR using ATR mode. The infrared spectra obtained for all the evalu-
ated HNOj3 concentration is presented in Fig. 2.

As presented in Fig. 2, in the region of high frequencies of infrared
spectra, two intense peaks were observed at around 2900 and 3500
cm ™! corresponding to the stretching peaks of hydroxyl groups on the
glucose rings. In the regions of 1270 and 1650 cm ™! were observed two
peaks with medium intensity, corresponding to the different vibrations
of the NO2 group. When compared the spectra of experiments performed
using several HNOj3 concentrations, the intensities related to NO, groups
vibrations increases while increasing the HNO3 concentration, which
provides evidence of the influence of HNOs concentration for the
nitration reaction. It is important to emphasize that due to the low ni-
trogen content in the experiments using diluted HNOj it was not possible
to use the ferrous ammonium sulfate titration method for the determi-
nation of nitrogen. In this sense, based on the evidences obtained by
evaluating infrared spectra and the low nitrogen content in samples used
in the experiments with diluted HNO3 (lower than the limit of quanti-
fication of ferrous ammonium sulfate titration method), 14.4 mol L~}
HNO3 was selected for the subsequent experiments.

In view of the increasing demand of methodologies based on the use
of milder reaction conditions, the use of 14.4 mol L~! HNOj alone is not
appropriate for the nitration reaction of cellulose. The main reasons
associated to that is the need of a huge amount of reagent, HNO3 present
a relatively high vapor pressure, which represent reagent losses by
volatility, and the reaction medium becomes very reactive [5]. In this
sense, nitrating mixtures containing several auxiliary acids (HySOj,
H3PO4, CH20,, or CH3COOH) were evaluated. In this study, 25 mL of
acid solution (13.6 mL of concentrated auxiliary acid + 9.2 mL of 14.4
mol L™} HNO3 + 2.2 mL H50) and 1 g of microcrystalline cellulose was
submitted to UANS process (40 min, 30 °C, 70% US amplitude). The
obtained results are summarized in Table 1.

(H) bath 80 kHz/330 W (9.0 L)

14 _ (F) bath 37 kHz/330W (12.9 L) (I) bath 80 kHz/330 W (12.9 L) ~ 160

(C) bath 25 kHZI100W (3.5 L) (G) bath 45 kHz/100 W (3.5L) (J) bath 130 kHz/200 W (8.6L)

(D) bath 35 kHz/200 W (8.6 L)
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Fig. 1. Nitrogen content obtained by several ultrasound application systems for UANS (grey bars, left axis), and its correlation with delivered power (black line, right
axis). Experimental conditions: 1 g of microcrystalline cellulose and 25 mL of acid solution (13.6 mL of 18.4 mol L ™! H,SO4 + 9.2 mL of 14.4 mol L ™! HNO3 + 2.2 mL
H50), which was sonicated during 40 min at 30 °C, with US amplitude operating at 70% (error bars are the standard deviation, n = 3).
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Fig. 2. Infrared spectra obtained by several HNO3 concentration for UANS. Experimental conditions: 1 g of microcrystalline cellulose and 25 mL of acid solution
(13.6 mL of 18.4 mol L™ H,SO4 + 11.4 mL of diluted HNO3) for 40 min at 30 °C and 70% of US amplitude.

Table 1

Characterization of nitrocellulose produced by UANS from microcrystalline
cellulose. Experimental conditions: 1 g of microcrystalline cellulose and 25 mL
of acid solution (13.6 mL of concentrated auxiliary acid + 9.2 mL of 14.4 mol Lt
HNOj3 + 2.2 mL H,0) for 40 min at 30 °C and 70% of US amplitude.

Auxiliary Nitrogen Degree of Viscosity of Solubility in
acid content, % Substitution 2% solution in alcohol-ether
acetone, cP mixture (1 + 2

ratio), %

H2S04, 95% 12.5 + 0.3 2.45 + 0.04 17.0 +£1.2 90 +7

H3PO4, 85% 11.1 + 0.4 1.99 + 0.02 15.8 +£ 0.9 87 £ 13

CH202, 99% 11.5+ 0.3 2.11 £ 0.03 8.91 + 2.65 71+9

CH3COOH, 10.9 £ 0.6 1.94 + 0.05 12.6 + 0.7 91 +10

99%

All the evaluated acids contributed for a nitration reaction with a
degree of substitution near or higher than 2. Using H3PO4, CH202 or
CH3COOH, the nitrogen content was lower than 11.5%, which can be
associated with physical-chemical properties of microcrystalline cellu-
lose. Some properties, such as the crystallinity degree, may affects the
diffusion of nitrating species (NO3) into the macromolecule matrix,
resulting in a low substitution degree [37].

When H3SO4 was evaluated, high nitrogen content was obtained
with a substitution degree of 2.45 (substitution of approximately 82% of
hydroxyl groups available for nitration). The products obtained when
H,SO4 was used as auxiliary reagent presented high solubility and high
values of viscosity, which can be used as evidence about the homoge-
neous product that were obtained, with a uniform distribution of NOy
groups. Some authors investigated the mechanisms of HoSO4 action in
the nitration reaction. This study described that HaSO4 contributes for
the HNOj3 ionization to NO3, stabilized the water excess during the re-
action, and to work as a swelling agent for cellulose [5].

Based on the presented results it is possible to state that the condition
using HoSO4 was most appropriate for the synthesis of nitrocellulose,

using microcrystalline cellulose as starting material. Thus, the acid
mixture with HNO3 and H,SO4 was selected for subsequent evaluations.

3.3. Evaluation of the US amplitude and reaction time for the nitration of
cellulose

The ultrasound energy delivered in the reaction medium, as well the
reaction time, are directly related with cavitation and physical effects of
ultrasound energy. Then, to investigate how US amplitude may affect
the delivered power, and the time that reaction is exposed to US, be-
comes important aspects to be investigated aiming to understand how
the nitration reaction takes place in UANS.

UANS was investigated at different conditions of US amplitude (from
10 to 70%). Reaction time was set at 40 min (30 °C) and UANS was
performed using the conditions previously optimized. The obtained re-
sults are presented in Fig. 3a.

As it was observed, the nitration reaction presented a positive effect
while US amplitude was increased. When lower US amplitudes were
used (below 50%), less nitrogen content (12.2% or less) were deter-
mined from the obtained products. Increasing the amplitude to 60%, the
nitrogen content increased to 12.5%, and a sort of a plateau was ach-
ieved. Even increasing the US amplitude to 70%, no significant
enhancement was observed. Thus, 60% of US amplitude was assumed as
a compromise condition (lower energy that provides higher nitrogen
content products), being selected for further evaluations of UANS
process.

Besides to the US amplitude, the time that ultrasound was used to
assist the reaction was also evaluated. The sonication time was ranged
from 5 to 50 min (30 °C, 60% of US amplitude), using the experimental
conditions previously optimized. As presented in Fig. 3b, after 30 min of
UANS the reaction products presented 12.5% nitrogen content. No
additional improvement in the nitrogen content was obtained when the
reaction system was sonicated for longer times (40 or 50 min). Based on
this result, 30 min of reaction time was selected for further evaluations.
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Fig. 3. Effect of (a) ultrasound amplitude and (b) reaction time in the UANS process. Experimental conditions: 25 mL of acid solution (13.6 mL of 18.4 mol Lt
H,SO4 + 9.2 mL of 14.4 mol L™! HNO; + 2.2 mL H,0); 1 g of microcrystalline cellulose; 30 °C (error bars are the standard deviation, n = 3).

After evaluating the conditions associated with the proposed US
system, such as amplitude (delivered power) and sonication time, a
compromise condition between energy saving and substitution degree
was achieved. The optimized condition was 1 g of microcrystalline
cellulose, 25 mL of acid solution (13.6 mL of 18.4 mol L™} HySO4 + 9.2
mL of 14.4 mol L ™! HNOj3 + 2.2 mL H»0), 30 °C, 60% of US amplitude
and 30 min of sonication. Considering these conditions, it was possible
to achieve a nitrocellulose production with a substitution degree of 2.45
(12.5% of nitrogen content in the obtained product).

3.4. Influence of ultrasound and mechanical stirring

In order to evaluate the effects of ultrasound in the nitration reaction
of cellulose, the reaction was performed at silent conditions. The
experimental conditions selected in this case were those previously
optimized for UANS process (1 g of microcrystalline cellulose, 25 mL of
acid solution containing 13.6 mL of 18.4 mol L~! HySO4 + 9.2 mL of
14.4 mol L! HNO3 + 2.2 mL H0, at 30 °C for 30 min), but using
mechanical stirring (100 to 500 rpm) instead of ultrasound energy. The
obtained results for nitrocellulose synthesis at silent conditions can be
seen in Fig. 4.

According to the results obtained using silent conditions, the nitro-
gen content was lower than 11.8%. The nitrogen content presented an
increase trend while stirring was also increased, which is in agreement
with results obtained by UANS. The rise in the nitrogen content was
observed up to 300 rpm. It is important to emphasize that when eval-
uated a delivered energy in mechanical stirring systems, the power

13 r
UANS J

12 + optmized —I
condition

Nitrogen content, %

1
10 1 1 1 L J
100 200 300

400 500

Mechanical stirring, rom

Fig. 4. Nitrogen content obtained by silent conditions for nitrocellulose syn-
thesis. Experimental conditions: 1 g of microcrystalline cellulose, 25 mL of acid
solution (13.6 mL of 18.4 mol L™} H,SO4 + 9.2 mL of 14.4 mol L' HNO3 + 2.2
mL H,0), at 30 °C for 30 min.

density was lower than 3 W dm ™2 for all evaluated conditions. These
results can be used to infer that US energy contributed for the nitration
reaction of cellulose. Since the US system deliver more energy in the
reaction medium, it ensures appropriate conditions for increasing the
mass transfer, while promoting an effective contact of nitrate species
and OH groups in the cellulose.

3.5. Comparison between the proposed UANS process and other
treatments

The UANS process was compared with other nitration protocols, as
described in Table 2. As it is observed the proposed process enables a
nitrocellulose production with a substitution degree of 2.45. The most
part of literature also reported to the use of concentrated acids for the
nitration reaction and the use of diluted HNO3 remains a challenge for
future works. However, the proposed work was considered a promising
alternative for the synthesis of nitrocellulose, from microcrystalline
cellulose. High nitrogen content was obtained and it is important to
emphasize that physical-chemical properties of reaction products were
similar to the products obtained in conventional synthesis.

4. Conclusion

Based on the results obtained in the present study, the proposed
UANS process was considered as a promising alternative for nitrocel-
lulose production, given a product with the substitution degree of 2.45.
The proposed process is prone to produce nitrocellulose using approxi-
mately 82% of the hydroxyl groups available for reaction. It was
observed that the cup horn system allowed to get a high substitution
degree than those obtained when mechanical stirring (100 to 500 rpm)
was evaluated. The main advantages of UANS are: (i) relatively small
reaction time, (ii) low temperature, (iii) atmospheric pressure, and (iv)
high efficiency of nitrogen substitution.
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Table 2
Comparison between the proposed UANS with other processes.
Process Feedstock Acid solution Reaction Temperature, Nitrogen Substitution Ref.
time, min °C content, % degree
Mechanical Miscanthus cellulose 54.6% of concentrated H,SO4 + 37% of 40 95 11.9 2.20 [13]
Stirring concentrated HNO3 + 6.4% of H,O
Fermentation* Bacterial cellulose 75% of concentrated HySO4 + 25% of 30 80 13.7 2.85 [14]
concentrated HNO3
Mechanical Alfa grass fibers 72% of concentrated H,SO4 + 28% of 35 40 12.5 2.43 [37]
Stirring concentrated HNO3
UANS Microcrystalline 54.6% of concentrated H,SO4 + 37.0% of 30 30 12.5 2.45 This
cellulose concentrated HNO3 + 6.4% of H,O work

" Physical properties and explosive performance were not similar to conventional product.
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