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Abstract Bacterial cellulose nanocrystals (BCNCs)
have hydrophilic surfaces due to hydroxyl groups but
are  water-insoluble. The carboxymethylation
improves the solubility of cellulose in polar media
through the insertion of carboxymethyl groups. This
study aims to evaluate the use of two different
alcoholic solvents in the carboxymethylation reaction
of BCNCs: ethanol and isopropanol. BCNCs were
obtained under two hydrolysis conditions: sulfuric
acid (BCNC-S) and combination of sulfuric and
hydrochloric acids (BCNC-S/Cl). Two techniques
(NMR and titration) were used to determine the
degree of substitution (DS) values. Carboxymethyla-
tion of BCNC-S/CI led to high DS compared to
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BCNC-S and the use of isopropanol promoted an even
greater DS. The thermal properties were not affected
after the chemical modification. However, function-
alization provided an increase in the negative charge
density at the surface of nanostructures and a change in
the crystal structure (cellulose type I, for amorphous),
making this material a potential polyanion for the
synthesis of polyelectrolyte complexes (PECs). The
micrographs showed that the nanocrystals became
soluble after carboxymethylation. Carboxymethylated
bacterial cellulose nanocrystals hydrolyzed through
the mixture of inorganic acids and modified using
isopropanol (CBCNC-S/CI-IPA) was a suit-
able polyanion to produce PECs with chitosan. The
PECs produced had particle size ranging from 276 to
588 nm and zeta potential ranging from — 24.3 to
+ 39.0 mV.
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Introduction

Bacterial cellulose (BC) is synthesized by several
genera of bacteria, such as Komagataeibacter (for-
merly classified as Gluconacetobacter), Rhizobium,
Agrobacterium, Aerobacter, Salmonella, Escherichia,
and Sarcina (Shoda and Sugano 2005; Chawla et al.
2009; Yamada et al. 2012; Picheth et al. 2017).
However, bacteria from the genus Komagataeibacter
synthesizes cellulose in higher quantities (Picheth
et al. 2017). During biosynthesis, the cellulose is
excreted by nanometric pores of the bacterial cell
membrane forming a regular and uniform three-
dimensional structure composed of nanofibers (usu-
ally with width ranging 10-90 nm) stabilized by
hydrogen bonds, that exhibits interesting characteris-
tics, such as high porosity, low density, high mechan-
ical strength, biocompatibility, biodegradability, and
high crystallinity (Krystynowicz et al. 2002; Pecoraro
et al. 2008; Chawla et al. 2009; Gama et al.
2012; Gromovykh et al. 2017). Due to these proper-
ties, BC has attracted attention as a starting material
for obtaining cellulose nanocrystals (CNCs), used in
various applications, such as polymeric reinforcing
agent (Pereira et al. 2014; Ng et al. 2015; Dufresne
2017), emulsion stabilizer (Yan et al. 2017; Zhou et al.
2018), suture biomaterial (Wu et al. 2018a), among
other (Grishkewich et al. 2017).
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Electrostatic interaction

The nanocrystals are generally obtained by acid
hydrolysis, in which strong acids, such as sulfuric acid
and/or hydrochloric acid, are used. Many studies have
been conducted to obtain bacterial cellulose nanocrys-
tals (BCNCs) by this process (Roman and Winter
2004; Moreira et al. 2009; Guo and Catchmark 2012;
Vasconcelos et al. 2017). Regardless of the type of
process used, these crystals should have a nanoscale
dimension (1-100 nm), usually their width, and are
fascinating “building blocks” for several applications
(Charreau et al. 2013).

BC and CNCs are completely insoluble in water
and in most organic solvents, limiting their applica-
tions. However, cellulosic material has a hydrophilic
surface due of the high quantity of free hydroxyl
groups (—OH). These groups are highly reactive and
offer the great possibility of surface chemical modi-
fication (Dufresne 2012). Therefore, chemical modi-
fication of cellulose can be extended similarly to
cellulose nanocrystals (Ibrahim et al. 2011; Cha et al.
2012; Seabra et al. 2018).

Chemical modification of nanocrystals aims to
adjust the hydrophilic-hydrophobic balance on the
surface of the nanostructures to obtain a cellulosic
product with suitable functional properties for the
desired application (Habibi 2014). Derivatization is
based on replacing the hydroxyls by organic groups.
Theoretically, the structure of the CNC exhibits three
reactive sites on the D-glucopyranose unit. These
points are the hydroxyls on carbons 2, 3, and 6. The
properties of the modified product depend mainly on
two factors: the type of inserted functional group and
the degree of substitution (DS). Several chemical
modifications of cellulose have been reported, such as
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sulfonation (Gu et al. 2013; Lin and Dufresne 2014),
oxidation (Coseri et al. 2013), esterification (Ramirez
et al. 2014), amidation (Meng and Edgar 2015), and
acetylation (Das et al. 2014). For the CNCs, the
literature reports acetylation (Wu et al. 2018b) and
other modifications to make CNCs hydrophobic
(Shang et al. 2018; Ferreira et al. 2018). However,
the most commonly used chemical modification of
cellulose is etherification via carboxymethylation.
This derivatization improves the aqueous disper-
sion/solubilization of cellulose. In the literature the
most exploited source of cellulose (Qi et al. 2009;
Yeasmin and Mondal 2015; Santos et al. 2015; Can-
dido and Gongalves 2016) and CNCs (Cha et al. 2012;
Ma et al. 2017) is cellulose extracted from plants.
However, the chemical modification in bacterial
cellulose science is poorly investigated (Casaburi
et al. 2018). In addition, the carboxymethylation of
bacterial cellulose nanocrystals was not reported in the
literature.

Based on Williamson reaction, the carboxymethy-
lation of cellulose is carried out in two steps. In the
first step (alkalinization), the pulp cellulose is treated
with an excess of sodium hydroxide in the presence of
a non-aqueous solvent, usually an alcohol. In the
second step (etherification), the alkaline cellulose
reacts with monochloroacetic acid (MCAA) or
sodium monochloroacetate (SMCA), generating car-
boxymethylcellulose (CMC) as the final product
(Togrul and Arslan 2004; Habibi 2014). Chemically,
the carboxymethylation reaction is based on nucle-
ophilic substitution. In the alkalinization step, the base
and the solvent enhance the nucleophilic character of
hydroxyl groups. The formed alkoxy groups (—
O~ Na™) attack the electrophilic carbon in the ether-
ifying agent. The type of alcohol used in the reaction
may directly influence the values of DS and the
dispersibility/solubility of the cellulose, since a higher
DS results in greater solubility in water of the
carboxymethylated product. Therefore, the car-
boxymethylated cellulose is usually obtained and
used in the form of a sodium salt and when dissolved
in water has typical characteristics of a polyelec-
trolyte, in this case, as polyanion due of the presence
of the carboxymethyl group (—CH,COO™) on its
surface.

Polyanion (highly negatively charged) when in
contact with opposite charge (polycation) such as
chitosan originate polyelectrolyte complexes (PECs)

by electrostatic attraction. In addition to the charge, to
occur complexation (interlacing and entanglement)
between the polymer chains it is necessary that they be
solubilized in the medium (polar or non-polar). Such
complexes may be used to prepare nanoparticulate
systems, which may be in the form of nanospheres or
nanocapsules. In this context, carboxymethylcellu-
lose, from plant sources, has been widely used as
polyanion, along with chitosan, in applications involv-
ing controlled drug release systems (Bigucci et al.
2015). Other polycations with CMC from plant were
used in the preparation of membrane separation (Liu
et al. 2014), delivery system of negatively charged
proteins and DNA vaccines (Song and Chen 2015).
Thus, the carboxymethylation of CNC promotes the
formation of polyanions that when complexed are pH
responsive (Cha et al. 2012). In addition to offering
smaller sized PECs. However, there are no previous
studies involving the preparation of PECs using
carboxymethylated cellulose nanocrystals of bacterial
origin and chitosan. The nanocomplexes obtained
from BC have the advantage of high purity. In this
way, the material will be more adequate to biomedical
applications (e.g. as suit the regulatory agencies)
(Lankalapalli and Kolapalli 2009; Vehlow et al. 2016).

Therefore, this study aims to investigate whether
the BCNC extraction process and the type of alcoholic
solvent influence the carboxymethylation of BCNCs
and its properties. Moreover, the potential of car-
boxymethylated bacterial cellulose nanocrystals
(CBCNC) as a polyanion in the preparation of
polyelectrolyte complexes was evaluated as an exam-
ple of successful chemical modification.

Materials and methods

The flowchart shown in Fig. 1 represents a summary
of the stages developed in the present work. Briefly,
BC membranes were initially disintegrated by
Ultraturrax (Physical Deconstruction). Then, the cel-
lulosic material was hydrolyzed with strong acids
(H,SO4 and HCI) to obtain the BCNCs (Extraction of
nanocrystals). BCNCs were chemically modified
through the carboxymethylation reaction, investigat-
ing the influence of two types of alcohol solvents
(ethanol and isopropanol) used in the reaction medium
(Carboxymethylation). From the characterization of
CBCNC, the condition with the highest degree of
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Fig. 1 Flowchart of the
steps developed in the
present work

substitution, that is, greater quantity of groups avail-
able for interaction (Selected condition) was selected
to be used in the preparation of nanoparticles via
polyelectrolytic complexation (PECs) (Nanoparticu-
late Synthesis).

Materials

The bacterial cellulose (BC) used in this study was
obtained from HTK Food Company, Ltd. (Ho Chi
Minh City, Vietnam).

Sodium hydroxide (code 221465), sulfuric acid (code
258105), hydrochloric acid (code 320331), monochlor-
oacetic acid (code 402923), glacial acetic acid (code
695092), isopropyl alcohol (code 278475), and chitosan
(code 48165) were purchased from Vetec™/Sigma-
Aldrich. Ethyl alcohol (code 00A1083.09.BJ) and
methyl alcohol (code 01A1085.01.BL) were purchased
from Synth. Dideuterated sulfuric acid (code 176796),
deuterium oxide (code 151882) were purchased from
Sigma-Aldrich. Chitosan (degree of deacetylation of
76%) was purchased from Polymar. All the analytical
grade reagents were used without further purification
and as received from the supplier.

@ Springer

Methods

Physical deconstruction

BC hydrated membranes (15 mm of thickness and
98% of moisture) were maintained in 0.4% (w/v)
NaOH at room temperature for 24 h, then washed with
distilled water until neutralization to remove any
chemicals used in the BC-preparation process and any
possible microbial, protein, or lipid contamination. BC
membranes were cut into small cubes (5 mm?®) and
processed in an Ultra-Turrax homogenizer (TS50 basic/
S50 N—G45G/IKA®) at 10,160g for 5 min to obtain a
cellulosic pulp. This slurry was filtered through
quantitative filter paper (8 um) and freeze-dried
(K105, Liotop, Brazil). The lyophilized BC was
transformed into powder by grinding analytical mill
(A1l basis/IKA®) and stored in a glass container.
Methodology described by Vasconcelos et al. (2017).

Extraction of nanocrystals/BCNCs

The BC powder was used as the starting material for
the extraction of BCNCs. The conditions were
selected according to an earlier work and reports in
the literature (Vasconcelos et al. 2017). Two acidic
hydrolysis conditions were used in this study: (1)
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hydrolysis with 50% (w/w) H,SO4 for 60 min (re-
ferred as BCNC-S); and (2) hydrolysis with 60% (w/
w)—(34%, wiv)-H,SO,4 and 37% (w/w)—(24%, wiv)—
HCI for 60 min (referred as BCNC-S/CI). The values
in parentheses indicate the real concentrations of the
acids in the reaction medium, due to the dilution
caused using HCI P.A., in which it presents a high
percentage of water.

In brief, for each experiment, 5 g of BC powder and
500 mL of acid solution (ratio 1:100 w/v) were mixed
at 45 °C for 60 min under magnetic stirring at
2030g. After hydrolysis, reactions were stopped by
diluting the system 15-fold with cold deionized water.
Each suspension was centrifuged (Himac CR22III/
R13A, Hitachi, Japan) at 26,400g for 15 min at 20 °C
to precipitate the BCNCs. The BCNCs were washed
with deionized water and centrifuged at 26,400g for
15 min at 20 °C. This process was repeated three
times. Finally, the BCNC suspension was treated with
ultrasound for 3 min (Disruptor 60 kHz; 300 W,
Unique, Brazil) and dialyzed (Spectra/Por 5, 12-14
kD) until neutral pH. The suspension showed a final
concentration of 1% (w/v) (Vasconcelos et al. 2017).

Carboxymethylation of BCNCs

The procedure used for the carboxymethylation reac-
tion was carried out heterogeneously, as described by
Ibrahim et al. (2011) with some modifications. First,
30 mL of BCNC suspension was added to 90 mL of
alcoholic solvent (1:3 v/v). Then, 10 mL of NaOH
60% (w/w) was added dropwise over 30 min, at room
temperature, under magnetic stirring (500 rpm). After
addition of NaOH, the reaction proceeds for 1 h.
Following this first step, 6.5 g of monochloroacetic
acid was dissolved in 15 mL of alcoholic solvent and
added dropwise over 30 min to the system. The
mixture was heated to 60 °C for 2 h, under magnetic
stirring (500 rpm). Finally, the suspension was cen-
trifuged at 26,400g for 15 min for phase separation.
The settled material was resuspended in 150 mL of
methanol 70% (v/v) and neutralized with glacial acetic
acid. The suspension was filtered and washed three
times with anhydrous methanol and dried at 60 °Cin a
vacuum oven.

The alcoholic solvents studied were chosen by two
criteria: first, through the results obtained by Pushpa-
malar et al. (2006), in which ethanol (EtOH) and
isopropanol (IPA) were the solvents that substituted

the cellulose. Second, in the highly stable structure of
nanocrystals (which tends to be more difficult to
replace than cellulose). BCNC-S carboxymethylated
with IPA and EtOH was identified as CBCNC-S-IPA
and CBCNC-S-EtOH, respectively. Similarly, the
BCNC-S/HCI  derivatives were identified as
CBCNC-S/CI-IPA and CBCNC-S/CI-EtOH. The
reaction to obtain each sample was performed twice.

Synthesis of nanoparticles/PECs

Carboxymethylated bacterial cellulose nanocrystals
(CBCNC:s) and chitosan solutions (Ch) were prepared
at concentration of 0.1% (w/v). The chitosan solution
was prepared by dissolving 0.5 g in 22 mL of
0.105mol L™'  HCl under magnetic stirring
(2000 rpm) for 24 h at room temperature. To prepare
the CBCNC solution, 0.5 g of the modified nanocrys-
tals were dissolved in deionized water. The solution
was then heated at 40 °C for 10 min for complete
solubilization of the sample. Both solutions had their
pH adjusted to 4, using 0.105 mol L' NaOH and HCI
solutions. The ionic strength was corrected to
0.05 mol L™! by the addition of 1 mol L™' NaCl
solution. After, each solution was completed with
deionized water in a 500 mL volumetric flask. Finally,
both solutions were filtered using a 0.45 pum cellulose
acetate membrane.

For the formation of the PECs, pre-determined
volumes of the Ch and CBCNCs solutions were used,
as shown in Table 1. The preparation was performed
by slow and constant drip of the solution using a
graduated burette and under magnetic stirring. The
influence of the ratio of positive and negative charges
(q+/q_ = 0.5, 1 and 5), as well as the effect of addition
order of the components (addition of polyanion to
polycation and polycation to polyanion) on complex
formation were evaluated in this work.

Table 1 Volumes of Ch and CBCNCs solutions at 0.1% (w/v)
and the charge ratios of the PECs produced

Charge ratio ~ Volume of Ch Volume of CBCNCs

(qt/q) solution (mL) solution (mL)
0.5 24 41.4

4.8 20.7
5 242 4.1

@ Springer
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Characterizations
Fourier transform infrared (FTIR) spectroscopy

BCNCs and CBCNCs spectra were obtained using a
660 IR FTIR instrument (Varian; Mulgrave, Australia)
in transmittance mode. The resolution was set at
4cm™', and 100 scans were collected in the
4000—400 cm™" spectral region. Before analysis, the
samples were ground and pelletized using KBr (1:100,

w/w), followed by uniaxially pressure.
Degree of substitution (DS)

DS of CBCNCs were obtained through two different
techniques: titration and Nuclear magnetic resonance
(NMR), described below.

Titration To calculate the DS by the titration method
(DS-TITR), the samples were modified to an acid
form, based on method A (acid wash) of ASTM
1439-15 (2015). Initially, 0.125 g of dry CBCNCs was
weighed and 25 mL of deionized water was added.
The solution was left under magnetic stirring
(1000 rpm) for 30 min and then heated at 40 °C for
more 15 min to ensure complete dissolution in water.
After cooling, 30g of Amberlite IRA-120
(conditioned in acid form) cation exchange resin was
added in CBCNC:s solution and kept under magnetic
stirring for 30 min. Finally, the solution was filtered
and freeze-dried. For the titration, 0.05 g of CBCNCs
in the acid form were added in 10 mL of deionized
water and 2.5 mL of 0.5038 mol L™' NaOH. The
solution was heated at 40 °C for 15 min under
magnetic stirring and titrated with 0.5172 mol L™'
HCI, using phenolphthalein as indicator. Reference
samples were treated in similar way. The titration of
carboxymethylated samples was performed in
triplicate and, percentage of carboxymethyl (CMC)
and DS-TITR values were calculated using the
equations below (Egs. 1 and 2) (Elomaa et al. 2004;
Pushpamalar et al. 2006).

%CMC = [162 x (Vaci—Vlank)

1
xMyq X 0.058 x 100]/m (M)

DS-TITR = 162 x %CMC/[5800—(57 x %CMC)]
(2)

@ Springer

where: Vyc is volume of HCI used to titrate sample
(mL), Vijank is volume of HCI used to titrate blank
(mL), My is the concentration in mol L™! of used
HCI, m is amount of dry sample (g), 162 is the molar
mass of cellulose unit, and 58 is molar mass of
carboxymethyl group in the acid form.

NMR The one-dimensional 'H spectra of
carboxymethylated BCNCs were acquired on an
DD2 spectrophotometer (Agilent; California, USA),
operating at a hydrogen frequency of 599.94 MHz,
equipped with a 5 mm hybrid detection multinuclear
probe (HF/15N-31P) and field gradient in the z-axis,
applying a single 90° pulse followed by spectral
acquisition. The spectra were obtained at 26 °C, with a
delay time between each acquisition of 6.86 s, 32
transients in a spectral window of 16 ppm, 66 k
number of points and a waiting time between each
acquisition of 30 s. The 'H signal for the methyl group
of acetic acid at 2.11 ppm was used as the internal
reference standard for calibration of the spectra.

For the two-dimensional gradient selected COSY
spectrum (gCOSY), 16 transients were obtained, with
a waiting time between each acquisition of 1 s, with a
spectral width in F1 and F2 of 8 ppm, and with many
points in the acquisition between 200 and 715,
respectively.

The DS of the CBCNCs was determined by 'H
NMR. Each CBCNC sample (30 mg) was hydrolyzed
in 500 pL of a mixture of D,O/D,SO4 (2:1, v/v). The
hydrolysis occurred in an appropriate glass tube
(Wilmad) at 90 °C for 2 h. After the reaction, 1 pL
of acetic acid was added to the tube as an internal
reference standard (Ho and Klosiewicz 1980). The DS
was calculated by the ratio between the integral area
related to methylene protons from the carboxymethyl
group and the sum of integral areas related to the
proton linked to the C1 carbon of the p-glucopyranose
free ring (Eq. 3).

DS — NMR = (a/2)/b (3)

where a—integral area related to methylene protons
from the carboxymethyl group, which corresponds to
the signals 4.20 < & < 4.56 ppm; b—the sum of
integral areas related to the proton bound to C1 of
the p-glucopyranose ring unit, which corresponds to
the signals 5.26 ppm (singlet) and 4.69 ppm (duplet).
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Furthermore, the two-dimensional homonuclear
gCOSY experiment was used for selecting the best
spectral area to be integrated for the p-glucopyranose
molecule.

X-ray diffraction (XRD)

The X-ray powder diffraction measurements were
done in a Xpert Pro MPD—PANalytical diffractome-
ter, with CoKo, radiation (A = 1.789 A) and operating
at40 kV and 40 mA in parallel beam geometry using a
hybrid monochromator composed of one mirror and
two Ge (220) crystals. Each diffraction pattern was
taken in 60 min with 20 ranging from 10° to 50° in
steps of 0.13°.

The calculation of crystallinity index (Crl) for BC
was obtained in accordance to Segal et al. (1959)
(Eq. 4).

CrI(%) = (Ta00—Tam) /T200 (4)

where: I,go—maximum intensity of the diffraction
major peak, located in angle 26 ~ 26.7°; and 1,,—
minimum intensity between diffraction major peak,
located in the angle 20 ~ 22.5°-23°.

The crystallite size (CS) of the purified BC was
calculated using the Scherrer’s equation (Eq. 5)
(Scherrer 1918).

CS = KA/FWHM x Cos(0) (5)

where: K is a constant that depends on the crystal
shape (in the case 0.94); A is the wavelength of the
incident X-ray (A = 0.17889 nm); 0 is the Bragg angle
of the reflection under consideration. The full width at
half maximum (FWHM, in radians) were obtained by
fitting the diffraction peaks with a pseud-Voigt
function and the software used for this purpose was
the Xpert High Score from PANalytical (Degen et al.
2014). The effect of instrumental broadening was
negligible for the wide peaks of purified BC.

Zeta potential

Each CBCNCs sample (1 g) was suspended in
100 mL of distilled water (1%, w/v) at pH 7 and
placed in ultrasound batch (1400A 40 kHz, Unique,
Brazil) for 15 min at 25 °C. For the PECs, 1 mL of
each sample with concentration 0.1% (w/v), at pH 4,
were collected for measurement. The surface charge
density was measured in the Zetasizer Nano-ZS ZEN

3600 (Malvern Instruments Ltd.; Worcestershire,
United Kingdom). The Smoluchowski algorithm was
used to perform the calculations. The readings were
performed in triplicate.

Thermogravimetric analysis (TGA)

The thermogravimetric profile of approximately
11 mg of each CBCNC samples was obtained with a
thermal analyzer, model STA 6000 (Perkin Elmer;
Shelton, USA), scanning from 50 to 800 °C at a
heating rate of 10 °C min~' and under synthetic air
atmosphere of 40 mL min~'. The TGA curves were
derived in the Origin Pro 8.5 software to obtain the
differential thermogravimetry (DTG) curves.

Differential scanning calorimetry (DSC)

DSC curves were obtained using a DSC using an Q20
DSC (TA Instruments; New Castle, USA). The
samples (&~ 2.5 mg) were scanned from 30 to
350 °C with a heating rate of 10 °C min~', under a
nitrogen atmosphere (50 mL min~"). The variation in
the amount of energy of the carboxymethylcellulose
decomposition reaction (AH,) was calculated as the
integral of the exothermic peak areas using TA
Analysis software.

Transmission electronic microscopy (TEM)

Aqueous suspensions of nanocrystals before and after
functionalization were sonicated for 15 min, and 10
pL of each suspension was deposited in grids (300
mesh copper, formvar-carbon) and held for 10 min.
Excess liquid was removed with filter paper, and the
samples were stained with phosphotungstic acid
solution (1%, w/v), and then vacuum-dried for 24 h.
TEM micrographs were obtained using Tecnai G2
Spirit/Biotwin (FEI Company; Oregon, USA) with an
acceleration voltage of 80 kV, in the Research Center
Aggeu Magalhdes, Oswaldo Cruz Foundation (FIO-
CRUZ). The length (L), width (D) and ratio aspect (L/
D) of the CBCNCs were determined from at least 100
measurements by the image analyzer, using Gimp 2.8
Software and from the obtained values the mean and
standard deviation were calculated.
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Size and distribution of particles

The mean size and distribution of nanoparticles
obtained through polyelectrolytic complexation were
determined by dynamic light scattering (DLS) using
the Zetasizer Nano-ZS ZEN 3600 (Malvern Instru-
ments Ltd.; Worcestershire, United Kingdom), with
red light beam and length of 633 nm wave. For this
analysis, 1 mL PECs (0.1%, w/v) were collected and
placed in polystyrene cuvettes at 25 °C. For each
sample, 10 readings were taken to calculate the mean
value and the standard deviation.

Results and discussion
Proof of substitution

FTIR spectra of all studied materials are shown in
Fig. 2. All spectra show typical cellulose absorption
bands, indicating the presence of common functional
groups. The principal absorption bands are observed at
3371 cm™ ' (due to the stretching vibration of the O—H
bond because of the intra- and intermolecular interac-
tions) and at 2907 cm ™! (attributed to the stretching
vibration of the C-H bond observed in the glucopy-
ranose chain structure). The bands at ~ 1429
and ~ 1316 cm™' correspond to the angular defor-
mation of the -CH, and —OH groups, respectively.
Finally, the bands at 1163 cm™' and 897 cm™'
(indicated by an arrow) are attributed to the asym-
metrical and flexion stretching of the B-glycosidic
bond (C-O-C), respectively, in the polymer chain
(Chang and Chen 2016; Kian et al. 2018). The spectra
of the functionalized nanocrystals feature a strong new
absorption band between 1600 and 1650 cm ™" (high-
lighted in gray in Fig. 2), characteristic of the
carboxylate (-COO™) asymmetrical stretching vibra-
tion from the insertion of a carboxymethyl group (—
CH,COO™) into the molecule (Pushpamalar et al.
2006; Rachtanapun et al. 2012). The presence of this
new absorption band in the spectra of the CBCNCs
confirms the etherification of the nanostructures.

Degree of substitution
From the FTIR spectra of CBCNC:s it is possible to

obtain a qualitative correlation on DS. As previously
observed, the appearance of the vibration band
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Fig. 2 FTIR spectrum of purified BC and BCNCs before and
after functionalization by carboxymethylation

Table 2 DS (by two different techniques) results of the
BCNCs after carboxymethylation

Sample DS-NMR DS-TITR

CBCNC-S/CI-EtOH 1.3 1.29 £ 0.02
CBCNC-S-IPA 1.0 1.25 £ 0.01
CBCNC-S/CI-IPA 1.5 1.50 £ 0.05

(1600-1650 cm™") corresponding to the carboxylate
showed different intensities, indicating that BCNCs
had different DS. CBCNC-S/CI-EtOH and CBCNC-S/
CI-IPA showed the most intense vibration band than
CBCNC-S-EtOH and CBCNC-S-IPA, indicating that
the greater insertion of -COO™ groups in the structure
CBCNC-S/Cl.

Two different techniques used were sensitive in the
quantification of DS. Table 2 shows the results
obtained by the methods employed. It can be observed
that the results provided presented the same tendency,
where the type of BCNC used in the modification and



Cellulose (2019) 26:1725-1746

1733

A "
P N

I

Fl (ppm)

Glc-CMC

o.

Glc-CMC

Glc

FRTRIRTR A FRTR R RTH TR IR TR NIRRT TR NP TA IR RI N AT IRTRINTRTIRTRTH IRTRIRTRTRINTRIRTRTA [RTRIRTRTA (RN

oo 9.
> —

Glc-CMC

Glc

Glc-CMC

....................................................................................................................................................
| ALl Lk bl R R] Rl bl Al bbb AL RhAbl RAAGLRRAA RAhLL AR bbkbl ] bkl L) Rl Uhbhd RAhl LA Rl Rhbhl RRARL RAAL] Whhbl hAkbl RARAL AR RbLL L] R LA |

5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0

3.4 3.2 3.0 2.8 2.6 2.2 P2 (ppm)

Fig. 3 COSY spectrum of carboxymethylated bacterial cellulose nanocrystals (Glc = glucose and Glc-CMC = carboxymethylated

glucose)

the type of alcoholic solvent influenced in the
substitution reaction. On the techniques, the NMR
method should offer absolute DS values. Therefore,
the DS-NMR results were compared with the DS
obtained by titration (DS-TITR).

The DS obtained from the 'H-NMR spectra was
calculated using the ratio of the integral of the
carboxymethyl spectral area represented by “a”, and
the integral of the free glucose proton area, repre-
sented by “b”. The “b” value can be obtained by two
methods: taking the direct sum of the set of two
doublets at low field (single proton on the C1) or using
1/6 of the total integral area of the main 'H signals at
high field (protons on the C2, C3, C4, C5 and C6). The
“b” value is usually obtained by averaging the two
individual measures, whose values are typically close
(Ho and Klosiewicz 1980). The two-dimensional
COSY spectrum obtained for the CBCNC is depicted
in Fig. 3. There is a relationship between the signals of

the "H carboxymethyl group and the free glucopyra-
nose in the region from 2.8 to 3.8 ppm in the F2 axis.
Thus, the integral area of that region of the 'H
spectrum would not be valid for measuring the “b”
value. Therefore, “b” was calculated from the sum of
the whole of the areas of the signals from 5.26 to
4.68 ppm in the F1 axis, which are representative of
C1 protons of a-glucopyranose and B-glucopyranose,
respectively.

The 'H spectra and their respective integrated
areas, used to calculate the value of the DS, are shown
in Fig. 4.

Comparing the values of DS-NMR and DS-TITR it
can be observed that the results were different only for
the samples modified from the BCNC-S. A possible
cause of this discrepancy between the techniques can
be attributed to the quantification of the sulfate groups
during the titration of the samples. According to
Vasconcelos et al. (2017) the nanocrystals obtained by
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Fig. 4 '"H NMR spectra of
CBCNCs: a CBCNC-S-
EtOH; b CBCNC-S/CI-
EtOH; ¢ CBCNC-S-IPA;
and d CBCNC-S/CI-IPA.
The integrated area used to
calculate the DS are
highlighted in the axes
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hydrolysis with H,SO,4 present higher degree of
sulfonation in relation to the nanocrystals extracted
by hydrolysis through the combination of H,SO, and
HCI. Thus, CBCNC-S-EtOH and CBCNC-S-IPA tend
to exhibit a higher amount of sulfate that can react with
NaOH, resulting in overestimated values for DS-
TITR. On the other hand, the CBCNC-S/CI-EtOH and
CBCNC-S/CI-IPA, where the hydrolysis was carried
out through the combined use of acids (promoting a
lower degree of sulfonation in the nanocrystals), DS-
NMR and DS-TITR values presented a good correla-
tion, because the effect of the sulfate group is
considerably smaller. In addition, modified BCNC-S/
ClI has a structure with more free hydroxyls available
for substitution than BCNC-S, which results in higher
DS values, as observed in Table 2.

Effect of hydrolysis

The different hydrolysis conditions influenced the DS
values (Table 2). Sulfuric acid hydrolysis replaces the
hydroxyl group (~OH) with a sulfate group (-OSO;™)
by esterification on the nanocrystal surface. The
presence of hydrochloric acid in the hydrolysis
reaction provides hydronium cations with fewer
sulfate anions, which reduces the substitution of the
hydroxyl group in the nanostructures. Therefore,
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BCNC-S presents more sulfate substitution than
BCNC-S/CI. Thus, the nanocrystals from the sulfuric
acid and hydrochloric acid mixture have more hydrox-
yls available to be carboxymethylated, resulting in
nanocrystals with a higher DS.

Effect of alcoholic solvents

The type of solvent used in the carboxymethylation
reaction also influenced the DS of the BCNCs. IPA
yielded a higher DS than ethanol for both CNCs. A
more acidic solvent has higher reactivity with sodium.
IPA (K, =3.2 x 107"7) is less acidic than ethanol
(K, =13 x 107'% (McMurry 2013). Thus, IPA
shows lower reactivity with Na* ions, letting them
react quickly with the free hydroxyl groups present in
the cellulose chain to form the alkoxy group, which is
more easily attacked by the etherifying agent. There-
fore, the efficiency of the replacement by car-
boxymethylation is highly influenced by the nature
of the acid and of the solvent. Pushpamalar et al.
(2006) observed similar results for carboxymethylated
plant cellulose obtained using different types of
solvents. Furthermore, comparison of the DS values
of the carboxymethylated nanocrystals and the car-
boxymethylated plant cellulose (both obtained with
the same solvent and under the same reaction
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conditions) indicates that that nanocrystals have larger
DS values than the cellulose. This shows that the size
of the molecular structure also influences the car-
boxymethylation process. The nanocrystals have
larger surface area compared to its volume unit,
making available more hydroxyl groups for the
formation of alkoxy followed by the attack of
monochloroacetic acid, resulting in a faster rate of
substitution. Yeasmin and Mondal (2015) observed
similar dependency of the degree of substitution of
carboxymethylcellulose on cellulose particle size.
However, the carboxymethylation of CNCs tends to
provide a more substituted product.

Zeta potential

Zeta potential values of the CBCNCs can be seen in
Table 3. The carboxymethylated nanocrystals showed
negative zeta potential with values close to those of the
BCNC:s obtained by Vasconcelos et al. (2017) (— 33.6
and — 43.9 mV for BCNC-S and BCNC-S/CI, respec-
tively). Overall, all the aqueous suspensions of
CBCNCs showed good colloidal stability, since they
exhibited zeta potential absolute value greater than
30 mV (Mirhosseini et al. 2008).

As stated before, the CBCNC-S/C1 produced with
IPA presented a higher DS than the CBCNC-S/CI
produced using EtOH, which also led to higher zeta
potential modulus. Similar observation can be made
for CBCNC-S samples. This is attributed to the higher
amount of negative charges from the insertion of
carboxymethyl groups on the surface of the nanocrys-
tals, which can be define as a polyanion. Moreover, the
increase of the surface negative charge of the
nanocrystals promotes the extension of the polymer
chain, in which it improves the interaction with the

Table 3 Zeta potential, XRD, and TGA results of the CBCNCs

polycations, thus facilitating the obtaining of the more
stable PECs.

Crystal structure
Figure 5a shows the diffraction spectra of the BC and

functionalized nanostructures. XRD pattern of the
purified BC showed the three main characteristic
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Fig. 5 XRD patterns a of BC and CBCNCs (functionalized by
carboxymethylation); and b position of diffraction patterns of
type I, cellulose and type II cellulose. These x-ray patters were
obtained using CoKa radiation (A = 1.789 10%)

Samples Zeta potential (mV) XRD TGA

Structure type Temperature Onset (°C) Residual mass (%)
Purified BC n.d. Cellulose I, 333 0.6
CBCNC-S-EtOH — 44 +£30 Cellulose I, 4+ non-crystalline 243 7.5
CBCNC-S/CI-EtOH —43+£15 Cellulose I, + non-crystalline 251 5.6
CBCNC-S-IPA — 48 £ 1.8 Non-crystalline 257 14
CBCNC-S/CI-IPA - 52425 Non-crystalline 255 15.5

n.d. not determined
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peaks of type I, cellulose at 26 ~ 17.0°, 19.7° and
26.6°, which correspond to the crystallographic planes
with Miller indices (100), (010) and (110), when a
triclinic unit cell with the following parameters is
considered; a = 6.717 A, b = 5.962 A, ¢ = 10.400 A,
o =118.08, B =114.80 and y = 80.37 (Nishiyama
et al. 2003; Morais et al. 2013; French 2014; Ghasemi
et al. 2016). The I, polymorph is most common in BC
while Ig, that has similar peak positions, is most
common in plant cellulose (Horii et al. 1987;
Sugiyama et al. 1991; Nishiyama et al. 2003). For
the crystalline structure of cellulose I, given by
Nishiyama et al. (2003), the (100) and (010) peaks
have approximately the same intensity, whereas in
Fig. 5a the (100) reflection is considerably stronger.
This discrepancy in peak intensity is not uncommon
and can be seen in other studies on cellulose, as:
Zugenmaier (2008) for plant cellulose; Vasconcelos
et al. (2017) for BC/nanowhiskers; Lu and Hsieh
(2010) and Morais et al. (2013) for cellulose nano-
whiskers. It may be due to some degree of preferred
orientation, or the fact that the actual cellulose is not a
perfect crystalline structure (structure formed by unit
cells totally equal and/or perfectly coupled).

XRD patterns observed for CBCNCs were different
when compared to the BC purified and the nanocrys-
tals studied by Vasconcelos et al. (2017), expressing
that the carboxymethylation reaction affected the
crystalline integrity arrangement of the material. As
observed in the literature, the crystallinity of both
cellulose and nanocrystals is altered by the chemical
modification process to obtain the cellulose deriva-
tives. This occurs due to the insertion of larger clusters
(like the carboxymethyl group) than the hydroxyl, in
which it causes a conformational difference, altering
the crystalline packaging. Similar result was observed
by Wu et al. (2018b), in which chemically modified
cellulose nanocrystals by acetylation, causing a
change in their structure. Casaburi et al. (2018) also
observed a decrease in crystallinity after car-
boxymethylation of BC. Furthermore, since these
substitutions occur randomly along the polymer chain,
it may not be possible to promote enough intermolec-
ular interactions to organize a new crystalline block.

For carboxymethylated nanostructures with ethanol
(CBCNC-S-EtOH and CBCNC-S/CI-EtOH) an allo-
morphic transformation of cellulose is observed. The
diffractograms presented mainly two broad peaks at
20 ~ 23.65° and 26.43°, which could indicate an
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allomorphic transformation from type I, cellulose to
type II, where those peaks would correspond to the
crystallographic planes (110) and (020) of cellulose
type IL, respectively (French 2014). For confirmation
of the allomorph of type II cellulose, the presence of a
diffraction peak at 20 = 14.2° should be evidenced.
However, in Fig. 5a this diffraction pattern was not
observed, indicating that the nanostructure tends to
have unorganized state. Moreover, the angular differ-
ence (A20) between the crystallographic plane (110)
of type I, and plane (020) of type II can be used to
verify the transformation from structure. If the struc-
ture of cellulose I, was transformed into type II
cellulose, the theoretical A20 pattern for the crystal-
lographic plane (110) should be 0.745° (ranging from
26.6° to 25.855°), as showed in Fig. 5b. However, in
the spectra of the samples with ethanol, this A26
pattern was only 0.170° (ranging from 26.6° to
26.43°), as showed in Fig. 5a, which still corresponds
to a type I, cellulose structure. This angular shift in the
spectra should be attributed to and the presence of the
carboxymethyl group in nanostructure that contributes
to the increase of the space between crystalline planes
(Abraham et al. 2016). In addition, the presence of two
weak and broad diffraction peaks at 20 &~ 17.0 and
19.7, confirms the presence of type I, cellulose since
they correspond to (100) and (010) reflections. The
decrease in the intensity and broadening of the peaks
are indicative of a partial “amorphization” of struc-
ture. Finally, the partial deconstruction of the crys-
talline arrangement can be observed by the presence of
the diffraction peak at 23.5°, that is characteristics of
the amorphous cellulose (Zugenmaier 2008; Mukar-
akate et al. 2016; Hattori and Arai 2016; Leng et al.
2018). Therefore, it is verified that the structure of the
samples carboxymethylated with ethanol is formed by
a mixture of type I, cellulose and non-crystalline
cellulose. For carboxymethylated nanostructures with
isopropanol (CBCNC-S-IPA and CBCNC-S/CI-IPA),
a single broad and low intensity peak at 20 ~ 23.5°
characterizes a structure tendency in becoming non-
crystalline.

It could be argued that increasing of substitutes in
the crystalline structure in a random/heterogeneous
form in the glucopyranose ring tends to distort the
organization of the atoms and the fit between the unit
cells, generating a disorganized structure with poor
crystallinity. Further, as noted in the literature, a
highly substituted crystal structure tends to exhibit
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additional XRD peaks depending on the size of the
substituents of the hydroxyl groups of cellulose
(indicating the formation of new crystallographic
planes) (Abraham et al. 2016). The change of cellulose
from type I, to non-crystalline, results in a more
flexible structure, capable of interlacing and stabiliz-
ing with other polymers of opposite charge, favoring
the complexation and formation of the PECs.

On the other hand, although the literature shows
that the degree of substitution influences the crys-
talline structure of the cellulose, our study did not
verify a direct correlation between crystallinity and the
values of DS. Moreover, as the effect of hydrolysis on
the extraction of BCNCs influenced the degree of
substitution, the types of nanocrystals used in car-
boxymethylation did not present alterations in the
XRD patterns. It is known that the nanostructures
obtained only with sulfuric acid have a high density of
sulphate group on its surface and, consequently, a
smaller number of hydroxyls available to react with
NaOH—"Na-cellulose”—in the alkalization step. In
addition, occur steric hindrance in the substitution of
the remaining hydroxyls by the carboxymethyl group,
resulting in nanocrystals with lower DS values. The
nanostructures obtained by the mixture of sulfuric and
hydrochloric acid have more hydroxyls available,
forming more “Na-cellulose”, in which it allows the
occurrence of allomorphic transformation of cellulose
and favors the substitution in the structure, resulting in
nanocrystals with higher DS values. Nevertheless, any
valid consideration can be made about the use of
BCNC-S and BCNC-S/CI.

Despite the fact that no direct correlation can be
obtained between DS and crystallinity, it is possible to
observe that the effect of the alcoholic solvent used in
the functionalization of the nanocrystals affected the
crystalline structure of the cellulose, determining its
transformation partial (in the case of ethanol) or total
(in the case of isopropanol) in a non-crystalline
material. This alomorphism that occurs in the nanos-
tructures is related to the alkalization step (also
reported as mercerization) in the CMC production
process. As reported in the literature, NaOH promotes
the transition from type I, cellulose to type II cellulose
(more stable crystalline form), and this process is
irreversible. However, the concentration of the alkali
solution may be considerably important in determin-
ing the structure of the CMC. High concentrations (as
in our study) promote a complete transformation from

crystalline cellulose to Na-cellulose, in which it
changes its skeletal structure (Ambjornsson et al.
2013). As already discussed above, the more acidic
alcoholic solvent has higher affinity for the sodium ion
(item 3.4). Thus, the use of ethanol in carboxymethy-
lation will compete in the formation of Na-cellulose,
reducing its interaction with the structure. On the other
hand, isopropanol has a lower affinity for Na™, leaving
the ions free to react with the cellulose, forming more
Na-cellulose and disorganizing the structure of the
material.

The crystallite sizes (CS) for purified BC were very
similar: 9.3, 9.4 and 9.5 nm, in the direction of the
three main peaks (100), (010), and (110), respectively,
forming an isotropic crystallite. The percentage of
crystallites present in the structure of BC is repre-
sented by the index of crystallinity (CrI) and was 81%.
For the carboxymethylated nanostructures prepared
with isopropanol, the values of CS could not be
calculated because the structure is non-crystalline
while Crl = 0% (French and Cintrén, 2013). For the
carboxymethylated nanostructures prepared with etha-
nol, the severe peak overlap prevented us of obtaining
meaningful values for DS and Crl. Suffice to say that
there is some degree of crystallinity due to the
presence of type L.

Thermal analysis (TGA/DSC)

Thermogravimetric (TG) curves and their respective
derivative thermogravimetric (DTG) curves of
CBCNCs and purified BC are shown in Fig. 6. The
curves from the samples have three thermal mass loss
events. The first one, around 50150 °C, is attributed
to the evaporation of residual water from the drying
process. The difference between the mass losses of the
CBCNC and the BC is attributed to the increase in the
hydrophilic nature of cellulose nanocrystals after
carboxymethylation, which leads to higher moisture
content in the functionalized nanocrystals. In fact,
similar results were reported by Varma et al. (2016).
The second event, occurring in the range of
200-400 °C, corresponds to cellulose degradation,
and is associated with a high mass loss observed in the
cellulosic material. This high mass loss is due to a
series of reactions such as: dehydration, depolymeri-
sation, and decomposition, characterizing its onset
temperature (Tp,,s.,). Table 3 shows the T, values
for all CBCNCs obtained using EtOH and IPA. The
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Fig. 6 a TG and b DTG 100
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type of solvent used in the carboxymethylation
reaction did not change the T, values considerably.
The difference in Ty,,,.; values between CBCNC and
purified BC could be due to the higher crystallinity of
BC film and the lower amount of intramolecular
hydrogen bonds in carboxymethylated nanocrystals.
In addition, due to their conformation differences,
cellulose I has a much higher modulus (140 GPa) than
cellulose I (90 GPa) than amorphous cellulose (< 20
GPa), as reported by Wan et al. (2017). The third
thermal event, which extends from 450 to 800 °C, is
related to oxidation and breakdown of carbonaceous
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residues and organic salts (e.g. sodium acetate,
products formed in depolymerisation of car-
boxymethylcellulose), yielding gaseous products of
low molar mass.

From the thermal analysis, one may observe a
degradation profile similar to the one presented by the
CNCs (not chemically derivatized) studied by Vas-
concelos et al. (2017). However, it is noted that
CBCNC-S-IPA and CBCNC-S-EtOH showed an
increase in the Ty, value (34 °C and 20 °C,
respectively) compared to non-functionalized BCNCs
obtained by Vasconcelos et al., (2017) (223 °C for
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BCNC-S). This increase can be due to new interac-
tions and/or chemical bonds formed and/or the
increase in molar mass (carboxymethyl group has a
higher atomic volume/molar mass than the sulfate
group). In addition, the substitution reaction may have
eliminated some sulfate groups on the surface of
nanocrystals. The presence of these groups is related to
decreases in the activation energy during thermal
degradation of cellulose nanocrystals that were
obtained by hydrolysis with sulfuric acid. It is known
that chemical modification on the surface of cellulose
nanocrystals could change the thermogravimetric
behavior of the material (Fukuzumi et al. 2008;
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Fig. 7 DSC curves of BCNCs functionalized by car-
boxymethylation in an alcoholic solvent (EtOH and IPA)

Petersson et al. 2007; Ge and Li 2013). However, in
the case of CBCNC-S/CI-IPA and CBCNC-S/CI-
EtOH the degradation temperatures did not change
significantly after the carboxymethylation reaction
when compared with the nanocrystals studied by
Vasconcelos et al. (2017) (263 °C for BCNC-S/CI).

Comparing the profiles of the TG curves, the
residual mass from carboxymethylated nanostructures
showed a marked increase (see Table 3). This high
percentage of ashes comes from the decomposition of
the sodium salt of carboxymethylcellulose. In addi-
tion, the higher the DS value observed in the samples,
the greater the percentage of ash produced.

Figure 7 shows DSC thermograms of CBCNCs. It
can be observed the presence of three peaks: the first
peak being endothermic, and the second and third
peaks being exothermic. Table 4 shows the tempera-
ture and enthalpy values observed in each event. The
endothermic peaks occurred in the range of
130-160 °C, which correspond to the crystalline
melting temperature (T,,) of the polymer. A similar
result was reported by Varma et al. (2016), who
observed endothermic transitions around 140 °C for
carboxymethylated orange pulp cellulose. According
to Vasconcelos et al. (2017), T,, values for BCNCs
ranged from 140 to 195 °C. Therefore, when com-
pared with the T,, values for the CBCNCs, it can be
observed that there was no change after the chemical
modification of the nanocrystals. In the DSC curve, the
glass transition (T,) was not observed due the presence
of intermolecular bonds in the cellulose chain that
makes rotational movement of the chemical bonds
present in the monomers very difficult, resulting in the
decomposition of the cellulosic material before the
event.

The second peak presented an exothermic character
and occurred around 273 °C. This peak is related to
initial degradation temperature (T,;) of the car-
boxymethylated cellulosic material, which includes
dehydration, decarboxylation, and decarbonylation.

Table 4 Temperature and

Samples 1st peak endothermic 2nd peak exothermic 3rd peak exothermic
enthalpy values of the
BCNCs modified via T,(°C) AH,(g™) T,(C) AH,g™) T,  AHUg)
carboxymethylation
reaction CBCNC-S-EtOH 138 141 273 97 319 25
CBCNC-S/CI-EtOH 157 90 272 87 323 9
CBCNC-S-IPA 144 190 274 128 315 38
CBCNC-S/CI-IPA 141 141 273 147 323 37
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Fig. 8 Images of aqueous suspensions of nanocrystals before and after carboxymethylation with the respective sodium salts of

CBCNCs

The difference between T, (observed by TGA) and
T, (obtained by DSC) values shall be attributed to
different (N, and synthetic air) gases used in the
analyses. The peak area provides the enthalpy varia-
tion values of the carboxymethylcellulose decompo-
sition reaction (AH,). The AH, values obtained for
CBCNC-S-IPA and CBCNC-S/CI-IPA were higher
than those for the CBCNC-S-EtOH and CBCNC-S/CI-
EtOH samples. This may be due to the more homo-
geneous substitution of the nanocrystalline cellulose
samples obtained with IPA, probably leading to more
stable intermolecular interactions.

Finally, the third exothermic peak was observed
around 320 °C and corresponds to initial formation
temperature (Tj) of levoglucosan, which is the struc-
ture resulting from the degradation process of anhy-
drocellulose through the elimination reaction of
intramolecular water (transglycosylation). CBCNC-
S-IPA and CBCNC-S/CI-IPA showed enthalpy
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variation values of the levoglucosan formation reac-
tion (AHp higher than those of carboxymethylated
nanocrystals produced using ethanol, due to the
formation of more stable anhydrocellulose. This result
can be correlated with the residual mass observed in
the TG curves (see Table 3), showing that the
percentage of ashes formed was derived from the
levoglucosan degradation and formation of sodium
salt.

Morphology

Figure 8 shows the aqueous suspensions of nanocrys-
tals before (BCNC-S and BCNC-S/Cl) and after
carboxymethylation reaction (CBCNC-S-EtOH,
CBCNC-S-IPA, CBCNC-S/CI-EtOH and CBCNC-S/
CI-IPA), in which presented in the form of a sodium
salt, with white coloration. Comparing the images, it
can be observed that the type of acid used in the
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10 um

Fig. 9 TEM micrographs of a BCNC-S/Cl and b CBCNC-S/
CI-IPA

extraction of BCNCs and the type of alcoholic solvent
used in the carboxymethylation reaction did not
influence the visual aspects of the salts. However, a
change in color between the solutions in water can be
observed. After the functionalization, the appearance
of the suspension of BCNCs changed from opaque to
translucent, due to the presence of the substituent
group, which is more easily solvated by water
molecules, suggesting solubility in aqueous media of
the nanocrystals. No distinction in the visual aspect of
the modified nanocrystals solutions was observed for
the two different solvents and the DS values.

TEM analysis of nanocrystals that presented the
highest DS value (CBCNC-S/CI-IPA) was performed
to evaluate their structures before and after car-
boxymethylation. Figure 9a, b shows the micrographs
of BCNC-S/CI (non-functionalized) and CBCNC-S/
CI-IPA (functionalized), respectively. The non-func-
tionalized nanocrystals have needle-shaped structures
with a length (L) ranging from 300 to 760 nm
(L = 644.2 £ 95.2 nm) and a width (D) ranging from
23 to 70 nm (D = 48.8 £ 19.7 nm), corresponding to

an aspect ratio (L/D) of 17.7 &£ 7.5. These results
agree with those reported by Vasconcelos et al. 2017.
However, the functionalized nanocrystals produced
using IPA lost the needle shape, acquiring an amor-
phous appearance, which can result from the breaking
of the hydrogen bonds between the cellulose chains,
due to the substitution of hydroxyl (OH) by the
carboxymethyl group (-CH,COO™) which is more
voluminous. These results are consistent with those
reported in the literature for plant cellulose (Yeasmin
and Mondal 2015). Furthermore, it can be observed
that the CBCNC-S/CI-IPA structure changes, forming
anew morphology. According to Haleem et al. (2014),
the structural and morphological modification of
polysaccharide chains is due to the alkaline environ-
ment during the carboxymethylation reaction.

Preliminary characterization of PECs

According to the results obtained in this work, the
CBCNC-S/CI-IPA was selected because it presented
the highest value of DS and, consequently, solvation,
solubility and high density of negative surface charges
when in aqueous solution. Thus, it was used as a
polyanion to obtain PECs, along with chitosan, which
is in the polycation. The obtained nanoparticulate
system was, preliminarily, characterized by zeta
potential and particle size and results are shown in
Table 5.

The zeta potential of the aqueous suspension was
measured to verify the surface charges of the nanopar-
ticles, in relation to charge ratios. For sample with the
same charge molar ratio (q*/q~ = 1), the particles had
a slightly negative but tended to zero potential value.
This shows that occurred an equal amount of positive
charge existent in chitosan (-NH3™) with the amount
of negative charge of CBCNC-S/CI-IPA (-COO™),
generating charge-free surface nanoparticles with low
stability in water. For the charge ratio of 0.5 (q*/
q < 1), where there is a negative charge excess, the
Zeta potential showed negative values, indicating that
the particle surface is covered with modified nanocrys-
tals, with free carboxylate anion. On the other hand,
the charge ratio of 5 (q*/q~ > 1), where there is a
positive charge excess, showed positive Zeta potential
values, indicating that the surface of the nanoparticle
is covered with chitosan and has free protonated amine
group. The aqueous suspensions obtained from the
complexes with charge ratios of 0.5 and 5 showed high
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Table 5 Zeta potential, mean diameter (D), and polydispersity index (PDI) for the polyelectrolyte complexes of Chitosan in
CBCNC-S/CI-IPA and CBCNC-S/CI-IPA in Chitosan at the concentration of 0.1% (w/v)

Charge ratio (q*/q") Order of addition of polyelectrolytes

Chitosan in CBCNC-S/CI-IPA

CBCNC-S/CI-IPA in Chitosan

Zeta potential (mV) D (nm) PDI Zeta potential (mV) D (nm) PDI
0.5 —24+£29 391 £ 7.8 0.5 + 0.02 —-32+12 514 £ 123 0.5 +0.05
—-03+£03 386 £ 6.9 0.3 £ 0.04 —-05+14 588 £20.2 0.3 £ 0.07
5 + 37+ 1.0 276 £ 158 0.3 £ 0.02 + 39+ 1.6 355+ 157 0.3 +£0.03

surface charge density (negative and positive, respec-
tively) thus presenting good stability. Regarding the
order of addition of the electrolytic solutions, it can be
observed that, practically, there were no significant
changes in the Zeta potential values.

The results observed are consistent with those of the
literature. Boddohi et al. (2009) synthesized nanopar-
ticles by electrolytic complexation of chitosan (4)/
heparin (—) and chitosan (+)/hyaluronic acid (—) in
different charge ratios and observed that ratios larger
than 1 (higher molar amount of polycation), the
potential values were positive and at loading ratios less
than 1 (higher molar amount of the polyanion), zeta
potential values were negative. Campelo et al. (2016)
developed films from PECs (sulfonated chitosan and
carrageenan) with anti-thrombogenic and anti-calci-
fying properties. According to the referred study, for
films to exhibit these properties, their surface must be
negatively charged, preventing the adsorption of
proteins from blood plasma, lipids, calcium, platelets,
leukocytes and erythrocytes. The authors applied these
films as coating of cardiac biomaterials, providing an
improvement in the biocompatibility of the implanted
material, thus guaranteeing long-term success.

The particle size (average diameter, D) of nanopar-
ticles tend to decrease with the increase in the amount
of positive charges. As can be observed, the smaller
particle diameter was obtained by qt/q~ = 5, where
the molar amount of chitosan is higher. The difference
between the values of D with respect to order of
addition of the polyelectrolytes is based on the
difference in molar mass between polyions. Since
chitosan presents a higher molar mass and a high
density of positive charge, tends to interact more
strongly with the negative polyelectrolyte (CBCNC-S/
CI-IPA) promoting the contraction of the complexes
and, consequently, a decrease in its diameter, as

@ Springer

reported by Schatz et al. (2004). Another factor that
could affect the diameter of the particles formed by
polyelectrolytes—which it is directly related to its
size—is the flexibility of the polymer chain. The
CBCNC-S/CI-IPA polyanion exhibits low molar mass
because it is a product obtained from a reaction of acid
hydrolysis. In this way, BCNC have a shorter chain
than the starting cellulosic material and a reduced
flexibility, which makes it difficult to interact with
other polycations of high molar mass, such as
chitosan. In the regions where the modified nanocrys-
tals interact with the chitosan, there is a stiffening of
the chitosan polymer chain. Thus, complexes formed
from CBCNC-S/CI-IPA in chitosan exhibited particles
with larger diameters than the complexes obtained
from chitosan in CBCNC-S/CI-IPA.

The polydispersity index (PDI) is an important
parameter to be evaluated because it determines the
variety of particle size present in the aqueous solution.
It can be observed that the smaller the diameter of the
particles the lower the PDI values, showing that the
complexes formed are more homogeneous in relation
to the size. Similar result was obtained by Schatz et al.
(2004), where they obtained complexes from chitosan
and dextran sulfate and observed that the smaller the
particle size the more discrete was the decrease in the
polydispersity of the samples. The profile of the
particle distribution of the polyelectrolyte nanocom-
plexes obtained in this work is found in the supple-
mentary materials.

Conclusions
This study evaluates the acid hydrolysis process and

the use of EtOH and IPA in the chemical modification
of BCNCs by carboxymethylation. The use of IPA as a



Cellulose (2019) 26:1725-1746

1743

solvent in the reaction provided a higher reactivity,
and a higher DS. The nanocrystals obtained by
hydrolysis with a combination of sulfuric and
hydrochloric acids (BCNC-S/Cl1) showed more degree
of substitution compared with those obtained by
hydrolysis with sulfuric acid only (BCNC-S). The
chemical modification did not alter the thermal
stability of CBCNCs and promoted an improvement
in the hydrophilic character, making them solvable in
all DS values obtained. Moreover, the increase in
negative charge density (high zeta potential), a change
in the crystal structure (transformation cellulose type
I, for amorphous), allowed its use as a polyanion in the
preparation of polyelectrolyte complex. The PECs
synthesized from bacterial carboxymethyl cellulose
nanocrystals with chitosan showed variable sizes
(276-588 nm) with different surface charges. In our
future research, we will evaluate in more details the
use of CBCNC for the development of other products,
such as the coating of biomaterials in contact with the
blood (such as stents), providing surface with anti-
thrombogenic and anti-calcification properties.
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