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Obtaining Cellulose Nanocrystals in a Medium of Primary Monohydric Alcohols

The lack of a universal method for isolating cellulose nanocrystals (CNCs) has encouraged researchers to
look for new methods and approaches as alternatives to traditional sulfuric acid hydrolysis. Acid alcoholysis
has long been actively used in cellulose depolymerization processes to obtain a variety of alkyl glycosides
and further alcoholysis products. In the present article, the authors continue their earlier research on the syn-
thesis of CNCs in the presence of a sulfuric acid catalyst in an alcoholic environment. In this work, CNCs
were obtained from sulfate-bleached pulp in a medium of primary monohydric alcohols (C,H..1OH,
n =5-8). A maximum CNC yield of 60 % was achieved with pentanol-1 at a sulfuric acid concentration of
50 %. The work revealed that the alcohols studied can be ranked in descending order based on both the acid
concentration corresponding to the maximum CNC yield and the vyield itself, as follows: pentanol-1,
hexanol-1, heptanol-1, and octanol-1. For octanol-1 the maximum CNC yield was 20 % at an acid concentra-
tion of 40 %. The physicochemical properties of the isolated CNCs were studied. No surface alkylation of the
synthesized CNCs was found to occur during cellulose treatment in the media of the alcohols studied, as the
properties of the CNCs, in general, were similar to those of CNCs obtained by standard sulfuric acid hydroly-
sis. This study broadens the scope of alternative methods to traditional sulfuric acid hydrolysis, and is likely
to appeal to researchers engaged in developing novel approaches for CNC extraction.
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Introduction

Cellulose is the most accessible renewable natural resource. As a low-cost biopolymer, cellulose plays
an important role in the production of environmentally friendly biocompatible and biodegradable functional
materials [1]. Almost defect-free crystalline rod-shaped particles of nanocrystalline cellulose, i.e., cellulose
nanocrystals (CNCs), can be isolated from cellulose fibres by acid or enzymatic hydrolysis [2]. Currently,
CNCs are of great interest to materials scientists due to their unique combination of physical and chemical
properties, including biocompatibility, biodegradability, large specific surface area and high elastic modu-
lus [3]. The scope of CNC application is extensive. CNCs can be used to produce thermal insulation materi-
als, create selective membranes, and deliver systems for medicinal and biologically active compounds. These
new materials offer vast opportunities for scientific research and practical applications [4—6].

One of the obstacles to the commercialization of promising materials based on CNCs is that CNC isola-
tion is a rather costly process (associated with the high consumption of energy and reagents, problems with
equipment corrosion, environmental risks, and low final product yield). The lack of a universal method for
obtaining CNCs has encouraged researchers to search for new methods and approaches (using metal salts,
heteropolyacids, ionic liquids, and deep eutectic solvents), as well as to exploit a variety of physical and
combined effects (ultrasound, steam explosion, electron beam, supercritical conditions, plasma chemistry,
etc.) [7, 8].

The classical method of CNC production is sulfuric acid hydrolysis of cellulose under controlled condi-
tions [9]. Treatment with an acid causes selective hydrolysis of the amorphous regions of cellulose, whereas
the presence of glycosidic bonds between the elementary units of cellulose macromolecule is responsible for
the relatively low resistance of cellulose to aqueous acid solutions. The generally recognized mechanism of
acid hydrolysis of cellulose involves protonation of glycosidic oxygen, followed by cleavage of the
glycosidic bond and addition of water molecules [10, 11]. The glycosidic bond cleavage of a cellulose mac-
romolecule in the presence of mineral acids can also be carried out in nonaqueous media. The best studied
process from this point of view is alcoholysis, which is the action of solutions of mineral acids in alcohols on
the process of cellulose depolymerization [12—14]. Cellulose alcoholysis is similar to hydrolysis, however,
the cleavage of glycosidic bonds is accompanied by the acetalization of the resulting free hydroxyl group
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[15]. In contrast to complete cellulose hydrolysis, complete alcoholysis produces an alkyl glycoside rather
than glucose. It is considered proven that alcoholysis is more effective than hydrolysis and proceeds at a
much higher rate, although researchers explain this fact in different ways, and there is no single point of view
on this issue [16-19]. However, an analysis of the literature data allows us to conclude that the activation
energy for glycosidic bond cleavage during cellulose depolymerization in alcoholic media is lower than that
in an aqueous medium, which is responsible for the higher efficiency of cellulose alcoholysis compared to
hydrolysis [20]. Currently, cellulose alcoholysis in the presence of an acid catalyst is being actively studied
to obtain alkyl glycosides as well as products of further alcoholysis [21-27].

Consequently, it is reasonable to assume that an alcohol medium can be used to obtain CNCs. In one of
the recent works [28], we confirmed this hypothesis and showed that cellulose treatment with sulfuric acid in
a medium of primary monohydric alcohols makes it possible to obtain CNCs in a higher yield and under
milder conditions (at a reduced acid concentration) than hydrolysis in water. We obtained CNCs through sul-
furic acid treatment of sulfate-bleached pulp in methanol, ethanol, propanol, and butanol-1 and studied their
physicochemical properties. The alcohol media were shown to increase the yield of CNCs and reduce the
optimal acid concentration. The properties of the CNCs obtained in the alcohols sudied were similar to those
of the CNCs obtained by hydrolysis in water, i.e., no functionalization of the surface of the CNC particles
with the alkyl groups of the respective alcohols was observed. However, there was an increase in the content
of surface sulfate groups and in the surface charge. Under certain synthesis conditions (0.025 g mL ™ concen-
tration of the pulp suspension, 55 % H,SO, concentration, 50 °C temperature, 2-hour duration), the use of
butanol-1 medium enables us to obtain a maximum possible CNC yield of 60 %.

In this work, we continued to investigate acid cellulose treatment for obtaining CNCs, expanding the
range of alcohols used. Namely, in this work, we studied the optimal conditions for CNC synthesis in the media
of pentanol-1, hexanol-1, heptanol-1, and octanol-1 and explored the properties of the synthesized CNCs.

Experimental

To obtain CNCs, dried sulfate-bleached pulp of coniferous wood (State Standard 9571-89, Arkhangelsk
Pulp and Paper Mill, Russia) (Table 1), sulfuric acid (98 %, chemically pure, State Standard 4204-77,
Chimmed, Russia), pentanol-1 (Chimmed, Russia), hexanol-1, heptanol-1, and octanol-1 (Sigma—Aldrich,
USA) were used. All the alcohols used were chemically pure or extra pure and were used without further
purification.

Table 1

Chemical composition of the sulfate-bleached pulp of coniferous wood (State Standard 9571-89)

Component Content, %
Cellulose 93-96
Hemicellulose 3-6
Lignin 0.1-0.4
Qils, resins, waxes 0.1-0.2
Ash 0.1-0.15

The process of preparing CNCs was similar to the procedure described earlier [28]. In brief, the pulp
ground in a blender was subjected to treatment in sulfuric acid solutions of various concentrations
(20-55 wt%) in an appropriate alcohol at 50 °C for 2 hours with vigorous stirring. The concentration of the
pulp suspension was 0.025 g mL . The reaction was carried out in a water bath using a flask equipped with a
reflux condenser. After completing the treatment, the heating was stopped, and the reaction mixture was di-
luted 10-fold with ice-cold deionized water. The CNC suspension was left to settle overnight, followed by
decantation of the supernatant. The suspension was then washed in successive cycles of centrifugation
(3-5 times for 10 minutes at 8000 rpm) and removal of the supernatant, first with distilled water and then
with the appropriate alcohol. The final washing step involved treatment with water. Subsequently, the CNC
aqueous suspension was treated with ultrasound (Sonorex DT100, Bandelin, Germany) for 15-30 min, fol-
lowed by purification with ion exchange resin (TOKEM MB-50(R)) and a dialysis membrane (cut-off of
14 kDa, Roth, Germany) until a constant pH was reached.

The CNC yield was determined by the gravimetric method described elsewhere [29]. The CNC aqueous
suspension was left to stand at a temperature of 4 °C for one month, during which large particle aggregates
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with a small surface charge precipitated. The CNC suspension was separated from the sediment, and its vol-
ume was determined. Three parallel samples of a precisely measured volume were taken, poured into pre-
weighed Petri dishes and air-dried until the weight was constant. Having thus determined the concentration
of the suspension and knowing its volume, the total yield of the CNCs was calculated taking into account the
initial pulp mass (under the assumption that all the water-soluble products had been removed at the stage of
washing and dialysis). The relative error in determining the CNC vyield in the three parallel samples did not
exceed 3 %.

For some further recordings, CNC film samples were obtained by free evaporation of water at room
temperature from aqueous CNC suspensions at a concentration of 10 gL .

A JEOL JEM-1011 transmission electron microscope (TEM) (Japan) with an 8.5 megapixel ORIUS
SC1000 W digital camera, an acceleration voltage up to 100 kV, and an image resolution up to 0.3 nm was
used to examine the shape and size of the CNC particles. A diluted CNC suspension (approximately 0.01 gL ™)
was sonicated and then coated onto a copper TEM grid with a 200-mesh size. After complete drying, the
samples were treated by shadowing with tungsten oxide WO;3; on a JEOL JEE-4C vacuum evaporator.

The elemental composition of the CNC films was determined by X-ray energy dispersive analysis using
an X-Max 6 spectrometer (Oxford Instruments NanoAnalysis) with an x-ACT detector included in a VEGA
3 TESCAN scanning electron microscope (SEM). Range of the analyzed elements: ,Be—y4Pu. The equipment
was synchronized with the SEM electron gun, allowing detailed surface elemental mapping and providing a
highly accurate analysis.

The FTIR spectra were obtained on a VERTEX 80v spectrophotometer (Bruker, Germany) in the fre-
quency range of 4000400 cm . The samples were pressed into tablets containing 1 mg of the analyte and
100 mg of potassium bromide.

The Raman spectra of the CNC samples were recorded on a Confotec NR 500 instrument (Sol Instru-
ments, Belarus). The spectral range for recording the Raman signals ranged from 30 cm™ to approximately
6000 cm ™ and a spectral resolution of 0.25 cm™ was achieved by simultaneous use of 3 lasers (785 nm,
633 nm, 488 nm) through automatic switching of the necessary components within the system.

The sizes of the CNC particles in the aqueous suspensions were measured by the dynamic light scatter-
ing method (DLS) (emission wavelength of 633 nm) on a Zetasizer Nano ZS device (Malvern Instruments
Ltd., UK) operating in the range of 0.3 nm — 6 um. The measurements were carried out in disposable poly-
styrene cuvettes at a 0.1 gL suspension concentration. During the measurements, the cuvette with the test
sample was thermostated at a temperature of 20 °C. The obtained particle size values are the results of aver-
aging over five successive measurement cycles. The value obtained in each cycle is, in turn, the result of au-
tomatic processing of 10-15 measurements. The sizes of the CNC particles obtained by the DLS method are
averaged values for the hydrodynamic diameters of equivalent spheres and do not reflect the real physical
sizes of anisotropic rod-shaped CNC particles; rather, they are used for comparative analysis [30].

The surface charge of the CNC particles in an aqueous suspension was evaluated by the (-potential
(Zetasizer Nano ZS). The obtained (-potential values were the results of averaging over five successive
measurement cycles.

X-ray diffraction (XRD) analysis was carried out on a Bruker D8 Advance diffractometer according to
the Bregg-Brentano scheme using Cu-K, radiation (A = 0.1542 nm). The angular scanning range was 2—45°
with a 0.01° step. A Vantec-1 high-speed meter was used. The pulse acquisition time at each scanning point
was 0.5 s. The CNC crystallinity index according to Segal [31] was determined as

IC = (l200 — 1)/l 200,
where 1, is the intensity of the reflection corresponding to the crystallographic plane (200) and I, is the in-
tensity of the amorphous halo (the minimum between the peaks corresponding to crystallographic planes
(200) and (110)).
The sizes of the CNC crystallites (L) were calculated using the Scherrer formula [32]:

L=0.91/BcosO ,

where A is the X-ray wavelength, nm; [ is the full width of the diffraction peak, measured at its half-
maximum, rad.; 0 is the diffraction angle of the peak, degrees.

Thermogravimetric analysis was performed on a TG 209 F1 Iris thermomicrobalance (Netzsch, Germa-
ny) using rl)latinum crucibles in an atmosphere of dry argon at a flow rate of 30 ml min™ and a heating rate of
10 Kmin™.
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The degree of polymerization of the CNC samples was determined by the viscosity of the solutions in
cadoxene, as described earlier [33].

Results and Discussion

Pulp treatment was carried out at a temperature of 50 °C for two hours with intense stirring, changing
sulfuric acid concentration (from 20 to 55 wt%). Figure 1 shows the CNC vyield in the media of alcohols
studied: pentanol-1, hexanol-1, heptanol-1, and octanol-1. Each of the alcohols is characterized by its own
sulfuric acid concentration range in which CNCs can be isolated. This range is limited by the minimum sul-
furic acid concentration, at which virtually no depolymerization of cellulose occurs (the CNC yield is low),
or the maximum concentration, at which cellulose is depolymerized to low-molecular-weight oligomers, glu-
cose and other soluble products (the CNC yield is also low). The maximum CNC yield and the proper opti-
mal acid concentration depend on the alcohol used. Both the acid concentration corresponding to the maxi-
mum CNC vyield and the yield itself decreased in the pentanol-1, hexanol-1, heptanol-1, and octanol-1 series
(Table 2).
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Figure 1. CNC yield during pulp treatment in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3), and octanol-1 (4).
For comparison, the curve for hydrolysis in water is shown (5) [28]

Table 2

The concentration of sulfuric acid corresponding to the maximum CNC yield in the alcohols studied.
For comparison, data for hydrolysis in water is shown [28]

Medium H,SO, con(_:entrqtion range | H,SO, concgntration corr_esponding Maxi_mum
for CNC isolation, wt% | to the maximum CNC vyield, wt% CNC yield, %
Pentanol-1 35-55 50 60+2
Hexanol-1 35-50 45 45+1
Heptanol-1 30-45 40 23+1
Octanol-1 20-50 40 20+1
Water 53-70 62 41+1

It should be taken into account that a certain amount of acid is spent on interactions with alcohols to
form the respective alkyl sulfates and dialkyl ethers [10, 20]. As a result of interactions with sulfuric acid,
alcohols become darker, from light yellow for pentanol-1 to dark brown for octanol-1. Titration of the reac-
tion medium with sodium hydroxide after alcoholysis was completed showed that the sulfuric acid consump-
tion in esterification reactions was approximately 30 % of the initial acid amount (determined for the sulfuric
acid-alcohol systems, in which the maximum CNC yield was registered). For this reason, the acid concentra-
tions in Table 2 and Figure 1 are somewhat overestimated because the initial concentrations are given with-
out considering acid consumption for interactions with alcohols.

The transmission electron microscopy (TEM) images show that the CNC particles have an anisotropic
rod-like shape (Fig. 2). The length of the particles ranges from approximately 200 to 400 nm, and the diame-
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ter is approximately 10-20 nm, although aggregates of the particles formed due to their lateral interaction are
observed.

e)

Figure 2. TEM images of CNC particles obtained in pentanol-1 (a), hexanol-1 (b), heptanol-1 (c), and octanol-1 (d).
For comparison, an image of CNC particles obtained through hydrolysis in water is shown (e) [28].
The scales are 1 um (a—d), and 200 nm (e)

The data obtained by DLS were in good agreement with the TEM images of the CNC particles. The DLS
experimental data (Fig. 3) for aqueous suspensions show polydispersity of the size distribution of the CNC par-
ticles. Two groups of particles can be distinguished at approximately 100-300 and 10-40 nm in size.
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Figure 3. Hydrodynamic diameters of the CNC particles obtained in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3),
and octanol-1 (4). For comparison, data for CNC particles obtained through hydrolysis in water are shown (5) [28]

Notably, the results shown in Figures 2 and 3 and further discussed in the article refer to the CNCs ob-
tained with the maximum yield.

Aqueous suspensions of CNCs exhibit high colloidal stability for a long time (a month or longer),
which is due to the significant charge of sulfate groups grafted onto the surface of the CNC particles during
sulfuric acid treatment. The {-potential values of the aqueous CNC suspensions and the sulfur content (as
part of the surface sulfate groups) of the samples are given in Table 3.

Table 3

Particle charge and elemental composition of the CNC samples obtained in the alcohols studied.
For comparison, the data for hydrolysis in water are shown [28]

“Elemental composition, %

Medium C-potential, mV S C 0 O/C ratio
Pentanol-1 —47+43 1.2+0.1 54.5+0.1 45.940.1 0.84
Hexanol-1 —46+3 1.0+£0.1 54.1+0.1 44.9+0.1 0.83
Heptanol-1 —45+2 0.9+0.1 52.9+0.1 45.5+0.1 0.86
Octanol-1 —41+2 0.8+0.1 53.5+0.1 46.6%0.1 0.87
Water —38+2 0.7£0.1 47.6+0.1 39.6+0.1 0.83

* Determined by X-ray energy dispersive analysis

The oxygen-to-carbon ratios for all the CNC samples are close to the theoretical value of 0.83 for a pure
cellulose surface [34, 35].

The thermal stability of CNCs largely depends on the content of surface sulfate groups. The sulfate
groups catalyze the thermal decomposition of CNC samples, decreasing their thermal stability [36]. The high
sulfur content in the samples is confirmed by the lower decomposition temperatures than those of CNCs with
surface carboxyl groups or microcrystalline cellulose (MCC) [37]. The TG curves of the CNC samples under
study are characterized by three main mass loss regions (Fig. 4). The first region (approximately 100 °C) is
associated with water evaporation, the second region (from approximately 200 to 400 °C) is associated with
CNC pyrolysis and the formation of gaseous products, and the third region (above 400 °C) is associated with
the thermal decomposition of carbonaceous matter [38].

The X-ray diffraction patterns of the CNC films shown in Figure 5 indicate that the resulting CNCs are
cellulose 1. Despite the relatively low intensity of the diffraction patterns, there is a clearly visible peak at a
Bragg angle of 20 = 22.9°, an implicit double peak in the region 26 = 15-17°, and a diffraction peak of low
intensity at approximately 20 = 34.5°, which corresponds to the crystallographic planes (200), (1-10), (110),
and (004) of cellulose IB, respectively [39]. The CNC films are characterized by a high crystallinity index
(approximately 90 %) and a crystallite size of approximately 4 nm (perpendicular to the (200) crystallo-
graphic plane) (Table 4).
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Figure 4. TG (a) and DTG (b) curves of the CNC samples obtained in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3),
and octanol-1 (4). For comparison, curves for the CNC sample obtained by hydrolysis in water (5) [28] are shown
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Figure 5. X-ray diffraction patterns for CNC films obtained in pentanol-1 (1), hexanol-1 (2),
heptanol-1 (3), and octanol-1 (4). For comparison, diffraction patterns for the CNC sample
obtained by hydrolysis in water (5) [28] are shown

Table 4
Properties of the CNC samples obtained in the alcohols studied and in water [28]

Medium C(ystallinity Crystallite size perpendicular
index, % to the (200) plane, nm
Pentanol-1 87+4 3.9+0.2
Hexanol-1 86+4 4.1+£0.2
Heptanol-1 84+4 3.6+0.1
Octanol-1 86+4 4.0+0.2
Water 80+4 3.3+0.1

The degree of polymerization of the CNC samples ranges from approximately 90 to 110, which is char-
acteristic of the leveling off degree of polymerization of nanocrystalline cellulose; i.e., CNCs were formed,
and the crystallites were left intact [40, 41].

Figure 6 shows the FTIR spectra of the CNC samples obtained in pentanol-1, hexanol-1, heptanol-1,
and octanol-1. The spectra are typical of cellulose and are characterized by intense absorption bands in the
wavenumber regions of 3500-3300 cm ™ and 3000-2750 cm*, which correspond to the stretching vibrations
of the OH and C—H bonds of the cellulose macromolecule. In the range of 1500-1200 cm*, bending vibra-
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tions of the OH, CH and CH, groups appear. The absorption region at 1200-950 cm* refers to the stretching
vibrations of the C-O and C-C bonds of the pyranose ring. The bands in the frequency range of 950-
400 cm ™ are caused by the vibrations of large fragments of the cellulose macromolecule, as well as out-of-
plane vibrations of the hydroxyl groups. The fairly intense band at approximately 1640 cm™ is due to the
stretching vibrations of the adsorbed water. In general, the FTIR spectra of the CNC samples obtained in the
alcohols studied are identical to those obtained by standard sulfuric acid hydrolysis [28].
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Figure 6. FTIR spectra of the CNC samples obtained in pentanol-1 (1), hexanol-1 (2), heptanol-1 (3),
and octanol-1 (4) in the wavenumber ranges of 4000400 cm™ (a) and 2000400 cm™ (b). For comparison,
the FTIR spectrum of the CNC sample obtained by hydrolysis in water (5) [28] is shown

The Raman spectra of the studied CNC samples generally correspond to MCC spectra [42]. The intense
peak at a frequency of 1096 cm is attributed to the stretching vibrations of the C—O and C—C bonds of the
pyranose ring (Fig. 7). The intense peak at 1380 cm ™ in the “fingerprint” region characterizes the ring bend-
ing vibrations. The intense bands in the spectral regions of 2800-3000 cm ™ and 1430-1480 cm* describe
the stretching and bending vibrations of the CH groups, respectively. The less intense band in the range of
3100-3600 cm ™ is ascribed to the stretching vibrations of the OH groups [43, 44].

The CNCs samples obtained in the alcohols studied were cellulose |, as evidenced by the presence of
the characteristic peak at 1480 cm™ (CH, bending vibrations of the hydroxymethyl group in the tg confor-
mation) and 380 cm™ (out-of-plane vibrations of the pyranose ring). In addition, the high intensity of the
peak at 380 cm ' proves the high crystallinity of the samples [43]. Another peak at 93 cm™ (twisting defor-
mations along the polymer chain), also used to characterize the crystallinity of cellulose samples [45, 46],
has a lower intensity and is much less pronounced.

In the spectra of the CNC samples under study, the bands at 1060 and 1274 cm™ are attributed to the
symmetric and asymmetric O=S=0 stretching vibrations of sulfate esters, respectively [47]. For the CNCs
under study, there are surface sulfate groups on the surface of the nanoparticles as a result of esterification of
the hydroxyl groups (mainly the primary hydroxyl groups at the carbon atom C6). The intensity and width of
the bands at 1060 and 1274 cm™ increase as the substitution degree increases, i.e., as the content of the sur-
face sulfate groups increases. The sulfate groups grafted onto the surface of the CNC particles also affect the
vibrational modes of the entire pyranose. Therefore, for the CNC samples under study, the ratio of the inten-
sities of the bands at 2896 and 2969 cm™ changes (these bands reflect the CH and CH, stretching vibrations,
respectively). The intensity of the CH, stretching vibrations increases when going from octanol-1 to
pentanol-1, and that of the CH vibrations decreases. In comparison, for the CNC sample obtained by hydrol-
ysis in water, the peak at 2896 cm™ (CH vibrations) is much greater than that of the other materials, and the
band at 2969 cm™ (CH, vibrations) appears only as a shoulder. However, the replacement of protons with
sulfate groups as a result of esterification does not reduce the intensity of the bands in the range of 3100-
3600 cm ™ (stretching vibrations of the OH groups) compared to that of MCC [42] since the substitution de-
gree is low.
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Figure 7. Raman spectra of the CNC samples obtained in pentanol-1 (4), hexanol-1 (3), heptanol-1 (2), octanol-1 (1),
and by hydrolysis in water (5) [28] in the wavenumber ranges of 0-500 cm™ (a), 1000-1600 cm™ (b),
2600-3200 cm™ (c), and 3100-3700 cm™ (d), respectively. The spectra are normalized to the band at 1096 cm™

The formation of ester bonds at C6 may be responsible for the appearance of rotamers of the
unsubstituted surface CH,OH groups, while in the crystalline phase, they are in the tg conformation (for cel-
lulose Io. and IB) [43, 48, 49]. The intensity ratio of the bands at 1460 and 1480 cm™ is used to estimate the
gt/tg rotamer ratio of the CH,OH group of cellulose I [50]. The higher intensity of the band at 1460 cm™ for
the CNC samples obtained in the alcohols studied indicates an increase in the proportion of rotamers of the
CH,OH groups with the gt conformation.

As we have previously shown [28], an acid treatment of cellulose in methanol, ethanol, propanol, and
butanol-1 is not accompanied by CNC surface alkylation. We observed the same phenomenon during CNC
isolation in pentanol-1, hexanol-1, heptanol-1, and octanol-1. The elemental analysis, FTIR and Raman spec-
tra did not reveal any differences between the CNC samples obtained in the alcohols studied and the CNC
sample obtained by hydrolysis in water (Table 3, Figures 6, 7) [28].

When the surface of CNC particles are alkylated during alcoholysis, one expects an increase in the in-
tensity of the absorption bands of the methylene groups and the appearance of new bands corresponding to
the methyl groups. In this case, symmetric and asymmetric stretching vibrations, as well as bending vibra-
tions of the C—H bond, are expected to appear in the FTIR spectra in the wavenumber ranges of 2800-
3000 cm*, 1365-1395 cm ™, and 14301470 cm'*, respectively. We did not observe any changes in the Ra-
man spectra associated with possible alkylation of the surface of the CNC particles during alcoholysis either.
In the case of CNC alkylation, one expects an increase in the intensity of the bands in the Raman spectra as-
sociated with the stretching and bending vibrations of the methyl and methylene groups (spectral regions of
2800-3000 cm* and 14301480 cm*, respectively).
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Apparently, in contrast to the homogeneous process of alkylation of glucose during complete
alcoholysis, the heterogeneous process of acid cellulose treatment in alcohol media during CNC production
does not involve CNC surface alkylation. One possible cause of this difference may be that, despite the use
of an alcohol medium, hydrolysis ultimately occurs due to the presence of water in the alcohol, the acid cata-
lyst, and/or cellulose. Alternatively, water can result from side reactions of alcohol esterification (part of the
sulfuric acid will be irretrievably consumed by the reactions) [51].

We have previously shown [28] that in the series water—methanol—ethanol-propanol-butanol-1, the acid
concentration corresponding to the maximum yield of CNCs decreases, and the yield itself increases. Since
protonation of the glycosidic oxygen in an agueous environment with subsequent cleavage of the glycosidic
bond in the elementary units of the cellulose macromolecule requires rather harsh conditions (strong acid,
high proton concentration), we hypothesized that the process of cellulose depolymerization can proceed
more efficiently in an environment in which the solvated proton has much greater acidity than that of the hy-
dronium ion H;O" (pKa —1.7). Protic solvents, particularly alcohols, can create such an environment. Ac-
cording to the literature, the pKa values for protonated alcohols decrease in the series CH;OH,", C,HsOH,",
(CHs),CHOH,", and (CH3)sCOH," and are, respectively, —2.2, 2.4, -3.2, and —3.8 [52, 53].

We found [28] that the dependence of the maximum yield of CNCs on the pKa value of the protonated
solvent (water and alcohols, methanol, ethanol, propanol, and butanol-1) is well described by the following
quadratic function: Max.yield = a-pKa®+ b-pKa + ¢, where Max.yield is the maximum yield of the CNCs;
pKa are the pKa values of the protonated solvents (water, methanol, ethanol, propanol, and butanol-1); and a,
b, and ¢ are constants. Notably, we used published data on the pKa values for protonated isopropanol
(CHs),CHOH," and tert-butanol (CH3);COH,", although the experiment was carried out with propanol and
butanol-1.

The coordinates of the parabola vertex, according to the parameters of this quadratic equation are
pKa = -3.65 and Max.yield = 60.08. This means that under the given conditions for CNC synthesis (the pulp
suspension concentration of 0.025 g ml™, a temperature of 50 °C, and a duration of 2 hours), the butanol-1
medium enables us to obtain a maximum possible CNC yield of approximately 60 %. In this regard, it would
be interesting to check whether the values of the maximum CNC yield obtained in the media of pentanol-1,
hexanol-1, heptanol-1, or octanol-1 lie on the descending branch of the parabola. It is difficult to answer this
guestion because the pKa values for the protonated alcohols, pentanol-1, hexanol-1, heptanol-1, and
octanol-1, are, to our knowledge, unavailable in the literature.
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Figure 8. Dependence of the pKa of a protonated solvent (water, methanol, ethanol,
isopropanol, or tert-butanol) on the number of carbon atoms in the alkyl chain

However, Since, in the series H30+*CH3OH2+*C2H5oH2+*(CH3)2CHOH2+*(CH3)3COH2+, the depend-
ence of the pKa values on the alkyl chain length is well approximated by a linear function (Figure 8 and the
inset in it), it is possible to estimate the probable pKa values for protonated pentanol-1, hexanol-1, heptanol-
1, and octanol-1. According to the parameters of the linear equation given in the inset in Figure 8, these val-

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 101



Surov, O.V., & Voronova, M.I.

ues are —4.2+0.4, —4.7+0.5, —5.3+£0.6 and —5.8+0.6 for protonated pentanol-1, hexanol-1, heptanol-1, and
octanol-1, respectively.

Thus, based on the estimated pKa values for protonated pentanol-1, hexanol-1, heptanol-1, and octanol-
1, plotting the dependence of the maximum yield of the synthesized CNCs on the pKa of the protonated al-
cohols from methanol to octanol-1 is possible (Fig. 9).
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Figure 9. Dependence of the maximum CNC yield on the pKa values of protonated solvents (water and alcohols)

Figure 9 indeed shows that the values of the maximum CNC vyield obtained in the media of pentanol-1,
hexanol-1, heptanol-1, and octanol-1 lie on the descending branch of the parabola. In addition, in pentanol-1,
a maximum yield of 60 % is achieved at an even lower acid concentration (50 wt%) than that in butanol-1
(55 wit%).

Thus, the dependence of the maximum CNC yield on the pKa of protonated alcohols is extreme and is
quite well described by a parabola with a vertex corresponding to the pKa values of protonated butanol-1 and
pentanol-1 (approximately —4) and a yield of approximately 60 %. The extreme nature of the dependence is
apparently determined by the competition of at least two factors. On the one hand, the increase in the acidity
of the protonated alcohols with increasing length of the alkyl radical (the increase in the negative pKa val-
ues) promoted cellulose depolymerization and, accordingly, an increase in the CNC yield. On the other hand,
due to process heterogeneity, the hydrolysis and alcoholysis rates (and, accordingly, cellulose
depolymerization) depend on phenomena such as cellulose wetting and swelling, adsorption and diffusion of
reagents. The process of cellulose swelling is reduced to the penetration of solvent molecules into the inter-
molecular space of cellulose and solvation of the respective sections of the polymer chain, which changes the
intermolecular interactions between the macromolecules, increases their mobility and makes it easier for the
reagents to enter the intermolecular space. However, the swelling degree of cellulose is known to be lower
for aliphatic alcohols than for water and decreases with increasing length of the hydrocarbon radical [54].
Therefore, this factor does not increase the hydrolysis rate in an alcohol environment.

In a recently published paper, Zhao et al. [55] studied the mechanism of catalytic conversion of cellu-
lose into 5-ethoxymethylfurfural and ethyl levulinate in ethanol and water-ethanol mixtures. A mixture of
Brensted and Lewis acids (H,SO, and AICI;) was used to catalyze the reaction. Based on the experimental
data and results of computer simulations, the authors showed that the presence of water lowers the energy
barrier of the depolymerization of cellobiose (as a model of cellulose) compared to that for pure ethanol.
Thus, the presence of water in the system contributes to the maximum conversion of cellulose into products
of alcoholysis.

Apparently, when CNCs are produced in an alcohol medium, water plays a key role, and the alcohol
medium promotes hydrolysis, increasing the yield of the synthesized CNCs and lowering the optimal acid
concentration. Obviously, further research, including computer simulation methods, is required for a detailed
elucidation of the mechanism of acid hydrolysis of cellulose in an alcohol environment during CNC synthe-
sis, which is the goal of our further work.
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Conclusions

For the first time, CNCs were obtained by sulfuric acid treatment of sulfate-bleached pulp in
pentanol-1, hexanol-1, heptanol-1, and octanol-1, and their physicochemical properties were studied. In
pentanol-1, the maximum CNC yield was 60 % at a sulfuric acid concentration of 50 wt%. During cellulose
treatment in the alcohol media, no alkylation of the CNC surface occurs, and the properties of the CNCs are
similar to those of the CNCs obtained by standard sulfuric acid hydrolysis. In CNC synthesis, water plays a
key role, and alcohol media promote hydrolysis, increasing the CNC yield and reducing the optimal acid
concentration. Additional studies in organic solvents and mixed aqueous-organic media are necessary to ful-
ly elucidate the mechanism of cellulose solvolysis during the production of CNCs.
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