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Abstract: A multilevel factorial design of 23 with 12 experiments was developed for the preparation
of cellulose nanocrystals (CNC) from Agave tequilana Weber var. Azul bagasse, which is an
agroindustrial waste from Tequila production. The studied parameters were acid type (H250sand
HCI), acid concentration (60 and 65 wt% for H2SO4, 2 and 8N for HCl) temperature (40 and 60°C for
H2504, 50 and 90°C for HCI), and hydrolysis time (40, 55 and 70 min for H2504, 30, 115 and 200 min
for HCl). The obtained CNC were physical and chemically characterized using dynamic light
scattering (DLS), atomic force microscopy (AFM), Fourier-transform infrared spectroscopy (FT-IR),
X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XDR) techniques. The size and
morphology of A. tequilana CNC strongly depend on the acid type and hydrolysis parameters. The
shortest CNC were obtained with H2SO4 (65 wt%, 40 °C, and 70 min) had a length of 137 + 68 nm,
width 33 + 7 nm, and height 9.1 nm, whereas the shortest CNC obtained with HCI (2 N, 50 °C and
30 min) had a length of 216 + 73 nm, width 69 + 17 nm, and height 8.9 nm. CNC prepared from
H2S0s resulted shorter and thinner than those obtained with HCI. The total sulfate groups content
in CNC obtained with H2SOs increase with time agree to Cs; = ae’®, and increases with tempera-
ture and acid concentration.

Keywords: Agave tequilana; bagasse; cellulose nanocrystals; acrylic hydrolysis; AFM; factorial de-
sign

1. Introduction

Cellulose nanocrystals (CNC) are highly crystalline nanoparticles shaped like an
elongated bar, with diameters between 2-20 nm, and lengths of <500 nm [1,2]. CNC have
desirable physical, chemical, and mechanical properties, such as an elastic modulus
around 150 GPa, which is greater than the elastic modulus of glass fibers (85 GPa) and
aramid (65 GPa) [3-5], high tensile strength (7500 MPa), high stiffness (Young's modulus
2140 GPa), a high surface area, high aspect ratio, an abundance of surface hydroxyl
groups available for easy chemical modifications, and full biodegradability, due to its
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natural origin [1-4,6]. Therefore, CNC have been used as reinforcing materials to im-
prove the mechanical properties of composites in multiple applications, such as plastics,
ceramics, concrete, etc. [7].

Typically, CNC are obtained through the removal of the amorphous cellulose re-
gions by chemical means [3,6]. The prior purified cellulose material is subjected to hy-
drolysis with a strong acid under strictly controlled conditions, followed by dialysis in
water and successive washes to remove the free acid. Usually, an extra step with ultra-
sound and filtration is considered to separate residues and ensure a stable colloidal sus-
pension [5,8,9]. The amorphous regions in the cellulose chains are more susceptible to
acid hydrolysis than crystalline regions, thus the breakdown of glycosidic bonds is facil-
itated, releasing the individual crystals. H2SOs and HCI are frequently used for the
preparation of CNC, however phosphoric and hydrobromic acids have been regularly
employed [10]. The most studied parameters for acid extractions with HaSOs include
hydrolysis times from 40-70 min, temperatures ranging from 40-60°C and acid concen-
trations between 60-65 wt% [9-15]. In the case of HCI the most used conditions are 30-200
min, 60-110°C, and concentrations from 2-8 N for HCI [16-19].

Agave tequilana Weber var. Azul is the main resource from the tequila industry. To
obtain a liter of tequila, A. tequilana heads are cooked, crushed, and sugar extracted, to
finally generate approximately 1.4 kg of bagasse in wet weight. According to the Tequila
Regulatory Council, 490,000 tons of bagasse from, all A. tequilana varieties, were obtained
in the process of tequila generation solely in 2019, of which 290,500 tons corresponded to
the A. tequilana Weber var. Azul [20]. The excess bagasse creates an enormous environ-
mental impact in terms of agro-waste management and disposal by tequila industries
[21]. Extensive effort has focused on the comprehensive use of A. fequilana bagasse in the
last years. Many studies point to the high cellulose content of A. tequilana bagasse, close
to 80% [22,23], as the main source for the production of high-added value subproducts,
such as cellulose nanocrystals [24].

Depending on the cellulose raw material, pretreatment, and hydrolysis process,
CNC with tunable properties can be obtained [25]. CNC extracted with HCI show poor
colloidal stability, whereas CNC produced with H2504 form highly stable colloidal dis-
persions due to electrostatic repulsion caused by negatively charged sulfate ester groups
on their surface and lower thermal stability [26]. Increasing temperatures and reaction
times have been associated with smaller nanocrystal sizes; however, severe reaction
conditions can reduce the yield and shorten the crystal size [13,27]. Thus, a comprehen-
sive study analyzing acid concentration and determining the best operational output is
mandatory to universally optimize the obtaining of CNC. In this sense, the design of a
factorial experiment can be employed to optimize the process of CNC production from A.
tequilana bagasse. The design aims to determine if the principal factors are statistically
significant based on a null hypothesis test, with a confidence value of p < 0.05 [16,28].
Compared to one-factor-at-a-time experiments, factorial designs allow the detection and
study of interactions in a more efficient way [29]. This technique has already been em-
ployed to optimize the isolation and production of microcrystalline and nanocrystalline
cellulose from recycled wood pulp [30], Picea abies [31], and Acacia farnesiana L.
Willd bagasse [32] with a reduced number of experiments, time, and cost.

In the present work, two multilevel factorial 2° experimental designs were selected
to optimize the process of CNC isolation from A. tequilana by acid hydrolysis with H250x4
and HCI respectively. The principal factors were acid concentration, reaction time, and
temperature. To determine the best operational conditions and if they are statistically
significant, CNC length measured by AFM, reaction yield and, sulfate groups in CNC-S
were analyzed; while AFM width and height, DLS, FTIR, and XRD were used to charac-
terize the obtained CNC.

2. Materials and Methods
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2.1 Materials

Bagasse from A. tequilana Weber var. Azul was kindly donated by Mundo Agave
(Tequila, Jalisco, Mexico). Sulfuric acid (H250s, 97 wt%) and hydrochloric acid (HCl, 37
wt%) were obtained from Golden Bell (Mexico). Dialysis membranes Spectra/Por 4
MWCO 12-14 KDa were purchased from Thomas-Scientific (Swedesboro, NJ, USA). Fil-
ters were provided by Thermo Fisher Scientific (Waltham, MA, USA). All solutions were
prepared using milli-Q water with a resistivity of 10 MegOhm.cm at 25°C.

2.2 Experimental design

The multilevel factorial designs of 2° were developed via STATGRAPHICS Centu-
rion XVI (The Plains, VA, USA) to investigate the effect of acid concentration, hydrolysis
time and, temperature in the final length measured using AFM and yield of CNC pro-
duced from A. tequilana Weber var. azul. The experimental factor details are described in
Table 1 and the detailed list of controllable process factors is shown in Table 2. CNC ob-
tained using H2504 hydrolysis will be denoted as CNC-S and HCI hydrolysis as CNC-H.

Table 1. Controllable process factors and their respective levels for CNC acid hydrolysis length
optimization.

H2S04 HCl
-1 0 +1 -1 0 +1
Concentration 60 wt% - 65 wt% 2N - 8N
Temperature (°C) 40 - 60 50 - 90
Time (min) 40 55 70 30 115 200

Table 2. Multilevel factorial design 2° process factors for CNC acid hydrolysis length optimization.

H2S0:4 HCl
Conc. T t Conc. T t
Sample ) Sample .
(wt%) °Q) (min) (N) O (min)
E1S 60 40 40 E1H 2 50 30
E2S 65 40 40 E2H 8 50 30
E3S 60 60 40 E3H 2 50 200
E4S 65 60 40 E4H 8 50 200
E5S 60 40 70 E5H 2 90 30
E6S 65 40 70 E6H 8 90 30
E7S 60 60 70 E7H 2 90 200
E8S 65 60 70 ESH 8 90 200
E9S 60 40 55 E9H 2 50 115
E10S 65 40 55 E10H 8 50 115
E11S 60 60 55 E11H 2 90 115
E12S 65 60 55 E12H 8 90 115

2.3 Preparation of cellulose nanocrystals

Soluble-grade cellulose pulp from A. tequilana was obtained according to Gallar-
do-Sanchez et al. [22]. Briefly, soluble-grade cellulose was ground with an IKA MF 10
mill (Staufen, Germany) until particles of 0.5 mm mesh. The hydrolysis was carried out
with variable conditions of concentration, temperature, and time (Table 2), with 12 dif-
ferent conditions for each acid. The acidic solutions were prepared and poured into a
three-necked reactor with a capacity of 1 L, then, the solution was heated to the working
temperature in an isothermal Haake bath C1 (Vreden, Germany), with a mechanical
stirrer RZR 50 Caframo (Ontario, Canada) at 300 rpm. Next, 20 g of soluble- grade cellu-
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lose (dry base) was added during the corresponding time. A ratio of 10:1 (v/w) and 30:1
(v/w) was used for the hydrolysis with H2SOs and HCI, respectively.

After the hydrolysis reaction, the CNC solution was poured into deionized water at
4°C, centrifuged (5000 rpm for 45 min), and the precipitates were dialyzed in deionized
water (12-14 KDa) at room temperature until the pH reached 5.5. The water was replaced
every 12 h. The CNC were then sonicated for 8 min in an Elma ultrasound bath model
TI-H-15 (Singen, Germany), filtered through 2, 1.5, and 1 um filters, and stored at 4°C
until further use.

2.4 Determination of sulfate groups in CNC-S

The residual concentration of sulfate groups on the CNC-S surface (mmol/kg) was
measured using a Thermo Fisher Scientific Orion Star A211 potentiometer (Waltham,
MA, USA). Titration of sulfate groups (Css) was performed using 0.05 N NaOH and 30
mL of a CNC-S solution in 150 mL of deionized water in a 3-neck flask. The analysis of
the samples started by adding 0.5-1 mL of NaOH to the CNC suspension at constant
stirring. pH and conductivity values were recorded until no further variations were de-
tected. The conductivity vs NaOH volume plot shown two tendencies, so two slope lines
were drawn, the intercept of both was located and V2 was determined and the ionizable
groups were calculated as follows:

Csg = Ct = 1)
Where Csc is the total sulfate groups content in mmol/kg, Ct is the NaOH concentration, in
this case, 0.05 N, V2 is the NaOH consumed volume in ml and m is the dried mass of the
CNC-Sing.

2.5 X-ray photoelectron spectroscopy (XPS)

XPS which is a quantitative analysis method, measures the energy of excited elec-
trons with an X-ray beam, at the lowest energy levels. This technique is performed within
the first 10 nm of the surface and allows to identify elements, except H and He, in atomic
concentrations greater than 0.1%, determining the elemental composition of the surface
with an error of less than 10% [33]. The equipment possesses an X-ray source, Al kaa XR5
(hv = 1486.7 eV), and a Phoibos detector with hemispherical Thermo Fisher Scientific
Alpha 110 spectrometer (Waltham, MA, USA).

2.6 Fourier-transform infrared spectroscopy (FTIR)

FTIR measurements were performed with a Perkin-Elmer Spectrum GX (Waltham,
MA, USA) in ATR mode. The spectra of powdered CNC were obtained by recording 16
scans at a resolution of 4 cm, and a frequency range from 4,000 to 700 cm™.

2.7 X-ray diffraction (XRD)

CNC were analyzed with a Malvern Instruments XRD Empyrean (Malvern, UK)
with Cu-Ka radiation at 45 kV and a current of 40 mA. The incidence angle was set to
5-70° (step size of 0.2°). The percentage of crystallinity was calculated according to the
Rietveld method [34], and the data was analyzed with the University of Trento MAUD
2.1 software (Trento, Italy).

2.8 Atomic force microscope (AFM)

The morphology of CNC was characterized using a Park Systems AFM NX10 (South
Korea). A solution of CNC (0.005%, in water) was transferred to a metal microscope slide
and air-dried. CNC images were obtained via tapping mode in the air using Budget
Sensors Tap300-G probe (Izgrev, Sofia, Bulgaria). For most images, at least 30 CNC were
measured and the AFM dimensions reported are the CNC length (L), height (H), and
width (W).

2.9 Dynamic light scattering (DLS) and Z-potential
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The average size and polydispersity index (PdI) of CNC were measured using a
dynamic light scattering (DLS) form Malvern Instruments Zetasizer Nano Series Z590
(Malvern, UK). CNC solutions were first sonicated in an Elma P120H ultrasound bath
(Singen, Germany), at a frequency of 40 kHz and 30% power, at room temperature, for 30
minutes. Subsequently, the second dilution of CNC was made (1:10 ratio) and sonicated
again for 10 minutes. Between 6 and 18 scans were made for each sample and each scan is
the average of 10 repetitions, the statistical average is reported. The selected DLS pa-
rameters were refractive index (RI = 1.3) and absorption (0.01). Z-potential measurements
were made using the same diluted samples prepared for DLS (E1S and E1H), but using a
disposable capillary cell (DTS1070).

3. Results

3.1. Yield and Factorial design

CNC of A. tequilana bagasse were prepared using 24 experimental acid hydrolysis
conditions (12 conditions with H2SOs and 12 conditions with HCl) (Table 2). The maxi-
mum CNC yields obtained were 96% and 90% for experimental conditions E8S and E8H,
respectively. The minimum CNC yields were observed with the experimental conditions
E1S and E1H, with values of 4.2% and 4.5%, respectively. The standardized Pareto plots
for both CNC yields, exhibits that not a single factor or interaction between factors is
statistically significant as shown in Figure S1. The complete list of obtained yields for all
experimental are shown in Tables 51 and S2 for HCl and H250: respectively.

3.2. Determination of sulfate groups in CNC-S

Figure 1a shows the total sulfate groups, i.e. the residual charge of H2504 on the
CNC-S surface, as a function of hydrolysis time for all H2SO4 hydrolysis experiments. The
total content of sulfate groups (Csc) increased with time, temperature, and acid concen-
tration, exhibiting an exponential behavior of Cs; = ae’®. The “a” and “b” equation val-
ues are shown in Table 3.

Table 3. Total sulfate groups content equation parameters.

40 60
a b , a b )
(mmol/kg)  (1/min) (mmol/kg)  (1/min)
60 190+0.84 0.04+8x10° 0.8976  1.46=0.69 0.07+8x10° 0.9446
65 1.95+0.13 0.01 +1x10° 0.9983  5.38 +0.015 0.05 + 5x10-° 1.0

The principal factors and factor interactions with higher influence are shown in the
Pareto diagram (Figure 1b). Positive effects indicate an increase from the minimum level
to the maximum, while negative effects implies the opposite [35]. Concentration, time,
and temperature are statistically significant (p < 0.05) factors contributing to the increase
in Csc. The highest amount of sulfate groups was quantified for experimental conditions
E7S (162.0 mmol/kg) and E8S (166 mmol/kg). The complete list of total sulfate groups
content is shown in Tables S3. Our results are similar to those obtained for other source,
such as huizache wood (39.78 mmol/kg with 65% H2S0s, 45°C and 45 min reaction, and
26.9 mmol/kg with 60% H250s, 55°C and 65 min of reaction) [27]. Interactions BC (time
and temperature) and CC (quadratic time) were also statistically significant (p < 0.05),
and had a positive effect.
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Figure 1. (a) Total sulfate groups content (Csc) as a function of time, for different temperatures and
H2SO: concentrations. The lines represent the exponential equation: Cs; = ae®. (b) Standardized
Pareto diagram for total sulfate groups present in CNC-S, the sum of squares and the p value are
shown at the right side of each bar.

3.3. X-ray photoelectron spectroscopy (XPS)

Soluble-grade cellulose pulp and CNC-S were analyzed by XPS before and after acid
hydrolysis at the lower limit condition tested (E1S). In the inspection spectrum of solu-
ble-grade cellulose and CNC-S (Figure 2a,b), the main peaks are located at 285 and 532
eV, corresponding to C and O atoms, respectively. In the case of CNC-5, there is the
presence of an S atom peak at 164 eV, which is obtained during H2504 hydrolysis.
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Figure 2. XPS spectrum of (a) soluble-grade cellulose pulp, and (b) CNC-S (Sample E1S).

The spectra deconvolution were performed for Cls, O1S for soluble-grade cellulose
(Figure 3a,b), and C1s, Ols, and S2p for CNC-S (Figure 3c,d,e). In the high resolution C1s
spectra, the C signal is resolved into three distinctive peaks for both soluble cellulose and
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CNC-S, with bond energies at 283, 285 and, 288 eV, attributed to C-C, C-O, C-OH, and
C-O-C bonds, respectively. In the high resolution Ols spectra, two peaks were observed
at 532 and 533 eV, attributed to O-H and O-C bonds for soluble cellulose spectra. In the
O1ls spectra of CNC, these signals were resolved at peaks 533 and 534 eV, due to the
presence of S atoms [33]. Due to this shift, the S-O bond is located at a binding energy of

169 eV for S2p.
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Figure 3. High resolution spectra for soluble-grade cellulose pulp: (a) C1s, (b) Ols, and CNC-S: (c)
C1S, (d) Ols, and (e) S2p.

Table 4 shows the atomic composition of soluble-grade cellulose pulp and CNC-S.
After hydrolysis, the total SOs group content of CNC-S was 4.92 wt%. The stoichiometry
of the sample could not be determined, as the H atom was not detected by the XPS tech-
nique. However, the total percentage of O atoms was higher compared to soluble-grade
cellulose due to an increase in OH bond formation. The values obtained in the analysis of
soluble-grade cellulose pulp (a-cellulose) are similar to the results depicted at the data-
base of the natural polymers manual [36], in where two components for Cls are reported,
with binding energies of 286.73 and 288.06 eV for the C-C and C-O bonds, respectively.

For Ols spectra, two components at 532.93 eV for the O-H bond, and 533.51 eV for the
C-O are detailed.

Table 4. Atomic composition of soluble-grade cellulose pulp and CNC (E1S) by XPS.

\Sa.mpl\e Soluble-grade cellulose pulp CNC (E1S)
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Z C Atom %  Atom % C Atom %  Atom %

C-0-C 4.51 10.96 5.63 7.58

Cls C-O, C-OH 12.89 31.32 57.82 23.58 31.72 56.12
C-C 6.40 15.54 12.50 16.82
O-H 15.44 37.49 25.74 34.63

O1ls O-C 1.93 4.69 42.18 1.90 2.56 38.96
O-S - - 1.31 1.77

S2p S-O 41.17 100 0 3.66 4.92 4.92

Total 41.17 100 100 74.33 100 100

3.4. Fourier-transform infrared spectroscopy (FTIR)

Figure 4 shows the comparison of the spectra of soluble-grade cellulose pulp and
CNC-S (E10S) and CNC-H (E3H). The obtained spectra showed characteristic frequencies
of cellulose, where the vibration bands of C-H bonds (2918 cm! [asymmetric vibrations],
2851 cm![symmetric vibrations]), and C-H bonds (1360 and 1318 cm™ [crystal band]
[37,38]) were observed, the latter being an indicator of the presence of CNC, as the band
is associated with the preferential directional arrangement of a-cellulose. Bands corre-
sponding to C—O bonds (1054 and 1030 cm-1) are observed, whereas those at frequencies
of 1160 cm are due to asymmetric vibrations (C—O-C bonds), and O-H bonds (broad-
band between 3600 and 3200 cm!, as well as bands at 1335 and 1205 cm). The vibration
of the anomeric carbon group of the carbohydrate C'-H is observed at 898 cm™ and at
1635 cm the band corresponding to adsorbed water [18,39,40].

Soluble-grade cellulose pulp

Transmittance (%)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. FTIR spectra comparison for soluble-grade cellulose pulp, CNC-H (E10H) and CNC-S
(E3S).

The CNC-S spectrum shows a weak sulfur peak at 1202 cm!, which does not appear
in the FTIR spectrum of soluble-grade cellulose pulp. This peak is associated with S=O
bonds indicating esterification of the hydroxyl groups during acid hydrolysis. On the
other hand, a band corresponding to chlorine ions was not observed for CNC-H, indi-
cating that the hydrolysis with HCI results in hydroxyl groups, which are also present in
the soluble-grade cellulose pulp [14,16]. The less intense peak located in the region be-
tween 3400 and 3200 cm indicates the crystallinity of both CNC, since the hydrogen
bond is less flexible in the crystalline structure [17,41,42].

The sensitive region in FTIR for the detection of the crystallinity of cellulosic mate-
rials is located between 850 and 1500 cm™ [41]. The order index is defined by Oconor et al.
[41] as the absorbance ratio of the bands detected at wavelengths of 6.9 and 11 p (1430
and 900 cm-1, known as crystalline and amorphous bands of cellulose) corresponding to
vibrations of CHz, the symmetric and rolling bending, respectively and is defined as LOI:
Au30/ Aooo [41,43-48]. The absorbance ratio of 1363 and 2907 cm-! is attributed to the flex-
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ural and stretching vibrations of C-H bonds. This relationship is known as the total
crystallinity index (TCIL: Aises/A2007) [45,48-50]. The hydrogen bonding intensity is re-
ported by several authors [43,44,46,51] as the ratio Assso/Aiss7. The lateral (LOI) and total
(TCI) crystallinity indices, as well as the hydrogen bond intensity (HBI) for soluble-grade
cellulose were 1.04, 1.06, and 0.87 respectively. As reference, for Whatman paper the
values were 1.21, 0.89 and 0.99. For CNC-S and CNC-H samples (E1S, E8S, E10S, E3H,
and E8H) LOI and TCI values of 1.03 + 0.17 and 1.00 + 0.13 were obtained, similar to those
of soluble cellulose, and HBI values of 1.14 + 0.1, slightly bigger than that of soluble-grade
cellulose pulp. These values were not related to acid nor hydrolysis conditions and were
different than those reported for CNC-S obtained from sugar cane bagasse (LOI: 0.57,
TCI: 1.32) [45].

3.5. X-ray diffraction (XRD)

Figure 5 shows the diffractograms of the soluble-grade cellulose pulp, CNC-H and
CNC-S. Peaks at 20 angles for the 3 spectra are similar to the reported in the literature for
cellulose crystalline allomorphs [18] with main signals at 20 = 14.5° (1 0 1), 16.5° (1 0 -1),
22.4° (0 0 2) and 34.8° (0 4 0) [52]. The curves showed peaks associated with cellulose
corresponding to the crystalline planes, which are present in all cases with different in-
tensity and broadening. A very common assumption is that the increased amorphous
region contribution is the main source of peak broadening [38]. However, several factors
may influence peak broadenings, such as anisotropy and nanocrystal size [53]. This could
explain the peak 22.4°, peak for CNC-S and CNC-H, where a slight broadening can be
observed at the beginning, which is not observed in the spectra of soluble-grade cellulose

pulp.
Soluble-grade cellulose pulp
>
= ‘
: |
5 \ CNC-H
c WL\““__W
CNC-S
— 1 T *+ T T T T T
10 20 30 40 50 60 70
20
Figure 5. XRD spectra comparison for soluble-grade cellulose pulp, CNC-H (E10H) and CNC-S
(E3S).

The crystallinity percentages were calculated with the Rietveld method [34] (Figure
52). The crystallinity values for CNC were recorded for samples E1S (88.4%), E8S (91.3%),
and E10S (89.7%), whereas the crystallinity value for CNC-H was recorded for sample
E3H (90.1%). Compared to a previous work developed by our research group, a crystal-
linity value of 79.2% was obtained from soluble-grade cellulose pulp [22]. The values
herein reported are higher than those found in the literature for Avicel® PH-102 (51%)
[54], Kraft eucalyptus dry lap pulp (73%, H2SO4 concentration of 58 wt.%) [55], and A.
tequilana (TEMPO/NaOCIl/NaBr system, 78.5%) [56].

3.5. Atomic force microscopy (AFM)

AFM measurements were carried out to measure the length (L), height (H), and
width (W) of dry deposited CNC-H and CNC-S.
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The CNC-H morphology is affected by the hydrolysis conditions, as can be seen in
Figure 6 where can be observed AFM images of CNC-H for 2D and height histogram for
E1H and E8H, respectively (Figure 6a,b), and their 3D projection (Figure 6c,d). The im-
ages show the presence of long, wide, and non-homogenous crystals, with an average H
for the mildest and more severe hydrolysis conditions.

Figure 6. AFM images of CNC-H for two different conditions: (a) 2D image and histogram of E1H,
(b) 2D image and histogram of E8H, (c) 3D image of E1H, (d) 3D image of ESH.

The average lengths are 263 + 73 and 266 + 107 nm for both samples respectively,
while the H are similar, 8.9 and 8.6 nm. It is evident that for the mildest conditions, the
CNC-H are thinner than those obtained for most severe conditions. The values of L and
W were measured from all CNC-H AFM images, while the equipment software provides
the CNC height. The complete set of AFM images of CNC-H are shown in Figure S3 and
the statistical average dimensions obtained from the CNC-H images at different concen-
trations, temperatures, and hydrolysis times are depicted in Table 54, likewise, the aspect
ratios L/W, L/H, and W/H are also reported.

The results show the CNC-H length diminishes as the HCl concentration increases,
the average L for HCI 8N is 322 + 38 nm, except for sample E2H, for which the length is
829 + 282 nm, while when the acid concentration is 2N, L tends to increase with temper-
ature and hydrolysis time, ranging from 200 to 800 nm. Most of the samples exhibit W
between 60 and 110 nm and the average H is 8.9 + 0.2 nm. For the 12 samples, the aspect
ratios L/W and W/H are 5.4 + 3.1 and 11 + 6 nm respectively. The L/H ratios for CNC-H
obtained with 2N HCl tend to increase with temperature and time, with values ranging
from 20 to 98 nm, whereas L/H aspect ratio values for 8N HCI are in the range of 30 to 40,
except for the E2H sample.
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When W and H values are similar CNC have a cylindrical shape with a circular
cross-section, however, our results show that the cross-section of the nanocrystals is
wider than it is high, which may correspond to an elliptical shape, discarding the rec-
tangular cross-section since different heights are observed for a single particle and not a
constant height in all the samples analyzed, as can be seen in Figure 6, Figure S3 and Ta-
ble S4. The CNC-H morphology may be due to a certain degree of agglomeration of the
particles since there are no grafted groups on its molecules to stabilize CNC-H solutions
[27]. A complete comparison of CNC-H with different raw materials is shown in Table 5.
The L/D aspect ratio reported in this work is based on the CNC height. It is worth men-
tioning that there is no information yet in the CNC literature obtained from A. tequilana
by hydrolysis with HCL

Table 5. Length and diameter comparison of CNC-H from different raw sources

Source Conditions Diameter (nm) Length (nm) L/D  Reference
Agave tequi- All 8.6:9.1 216-829  29.9-95.2
lana Weber var. E1H (2N, 50°C, 50 min) 8.9 216 299  This work
azul bagasse pgpy g\ 90°C, 115min) 8.6 266 30.9
MCC 4N, 80°C, 225 min 10 - 20 - - [57]
MCC 8N, 110°C, 180 min 14-16 200 - 250 14-15 [18]
MCC 6N, 110°C, 180 min 10- 30 190 - 250 10-25 [16]
Acacia far-  2-8 N, 50-90 °C, 30-200
nesiana L. min - 100-512 - [27]
willd

AFM images of CNC-S for 2D and height histogram for E1S and E8S (Figure 7a,b),
and their 3D projection (Figure 7c,d) showed the presence of thin, ellipsoidal nanocrys-
tals, with L of 404 and 149 + 59 nm respectively for mildest and more severe hydrolysis
conditions. The H and W are similar, with a W/H aspect ratio (4 + 0.5 and 4.5 £ 1.3 nm
respectively). The complete set of AFM images of CNC-S are shown in Figure 5S4 and the
AFM dimensions obtained from AFM images are presented in Table S5. H is constant
with an average value of 9.1 + 0.3 nm for the 12 experiments.

The CNC-S morphology is affected by the hydrolysis conditions, the average length
decreases with increasing time in the hydrolysis process for the different temperatures
and acid concentrations, and, at the same time, the width is affected similarly, obtaining
thinner crystals as the hydrolysis time increases, regardless of the acid concentration or
the treatment temperature. For example, in Figure S4, for 65% acid at 40°C, as the hy-
drolysis time increases, the CNC-S width tends to decrease, presenting values of 73 + 11
nm, 49 + 18 nm, and 33 = 7 nm at 40, 55, and 70 minutes respectively (Wezs> We10s> Wees).
A similar pattern was also observed for H250: 60 wt% at 40°C (Weis> Weos> Wess). The
effect is also observed with increasing temperature from 40 to 60°C, for example for 65%
acid and 55 minutes, the width diminished from 49 + 18 to 35 + 6 nm respectively (We1os>
We1s). The W/H aspect ratio decreased with increasing hydrolysis time, with an average
of approximately 4 + 1 (except for E2S sample, W/H=8). L/W aspect ratios had an average
between 3.7 and 13, and tend to decrease with higher acid concentrations. While the
calculated L/H aspect ratios are between 16-43 and, are higher for the low acid concen-
tration, time, and temperatures as shown in Table S5.

CNC-S with aspect ratios between 10 to 45 have proven useful for their use as rein-
forcement materials [10]. A complete comparison from different natural fibers and other
raw materials is shown in Table 6, which shows that due to the similar conditions used in
this article, there is no difference between the raw materials used to generate CNC-S and
the conditions are more important to obtain specific dimensions. The L/D aspect ratio
reported in this work is based on the CNC height.
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Figure 6. AFM images of CNC-S for two different conditions: (a) 2D image and histogram of E1S,
(b) 2D image and histogram of E8S, (c) 3D image of E1S, (d) 3D image of E8S.

For most cellulose nanomaterials, whether they are nanocrystals, nanofibers,
nanowhiskers, etc., L/D of 20 or more is mentioned [58], so the aspect ratios obtained in
this work for sulfuric acid meet for the L/H ratio, the L/W aspect ratios are between 5 and
11 while the W/H aspect ratios are approximately 4 + 1 for most samples.

Different CNC-S morphologies obtained from cotton by hydrolysis with H250s,
have been reported by Lin and Dufresne (2014) [26], which include circular and ellip-
soidal cylindrical shapes as well as flat or laminar shapes, their results probe that sul-
fation degree is related to CNC-S morphology, particularly on cross-section which cor-
responds to an ellipsoid model. Our results showed that the cross-section of the CNC-S is
wider than its high (W > H), which corresponds more to an ellipsoidal shape. The di-
mensions changes with hydrolysis time, temperature, and acid concentration, so this
behavior should be attributed to the total sulfate groups in the CNC-S. This suggests that,
as the content of total sulfate groups in the CNC-S increases, W decreases, that is, the
surface charge increases and prevents interactions between the nanocrystals attributed to
the hydrogen bonds of the OH groups, thus reducing the agglomerations of the CNC-S,
so that W can be directly related to the agglomerations and it could be due to absence of
sulfate groups in the CNC-H.

Table 5. Dimension comparison of CNC-S from different raw sources.

Diameter Length

(nm) (nm) L/D Reference

Source Conditions
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All 8793  137-404 14.7-444
Agave E1S
tequilllnﬂ webel’ (60 Wt%, 4OOC, 40 1'1'111'1) 93 404 434 Thls WOrk
var. Azul ESS
9.2 149 16.2
(65 wt% N, 60°C, 70 min)
Agave 60 wt%,
-1 170 - 10 - 4 11
angustifolia 45°C, 45 min §-15 0-500° 10-45 [11]
Agave 55 wt%,
59-105 177-433 14-15 59
sisalana 45-60°C, 20-30 min 591
Agave 65 wt'e, 11 323+112 28 9]
tequilunu SOOC, 60 min -
Barl 65 wt, 10 329 +123 32 [9]
arley 50°C, 60 min *
Mcc 64 wt, 16 218+56 13 9
44°C, 130 min - ©l
MCC 50°C, 60 min 14-16 200-250 14-15 [18]
Acacia farnesiana
60-65 %, 45-55 °C, 45-65 min - 100-260 - [27]
L. Willd

3.6. Zeta potential, Dynamic Light Scattering (DLS) and Atomic force microscopy (AFM)
comparison

To determine the stability of the solutions, Z-potential measurements were made as
an indicator of the degree of electrostatic repulsion between the charges of the dispersion
particles. Particles with absolute values in the 40-60 mV range show stability, while those
with absolute values lower than 30 mV tend to aggregate [60]. The average Z-potential of
CNC-S (E1S) showed values of -54.1 + 6.2 mV, which is considered stable, due to the
presence of negative sulfate groups on the surface. For CNC-H (E1H), the average Z po-
tential value was -25.1 + 8.9 mV. In terms of stability, CNC-H had lower stability than
CNC-S, due to the presence of OH groups on the surface, as observed by AFM These
results suggest that the CNC-H obtained by hydrolysis with HCI will show a greater
tendency to agglomerate (Figures 6 and S3).

The CNC particle size obtained by DLS was compared to the length values obtained
by AFM, for both acid hydrolysis. The CNC morphology and the aspect ratio are also
discussed as a function of the type of acid and hydrolysis conditions. The complete list of
values of the hydrodynamic diameter (d.nm) and the PdI are shown in Tables S1 and S2.

Figure 8a shows the particle size distribution obtained by DLS for CNC-H corre-
sponding to sample E6H. The rest of CNC-H samples showed a similar size distribution
behavior, which corresponded to a Gaussian type, with a unimodal distribution. For
these samples, the polydispersity index (Pdl) was on average 0.32 + 0.09. The smallest
value was obtained for the E12H sample with a hydrodynamic diameter of 323 + 18 nm
and a PdI of 0.24 + 0.06, while the highest value was for the E2H sample with a hydro-
dynamic diameter of 794 + 245 nm and a PdI of 0.50 + 0.22.

The size distributions of the CNC-S showed a monomodal distribution at the lowest
limit of temperature (40°C) and time (40 min) for both acid concentrations (60 and 65
wt%, experimental conditions E1S and E2S). The samples showed PDI values of 0.31 and
0.36 for ES1 and ES2, respectively. The experimental setup E4S changed to a bimodal size
distribution (Figure 8b), in which two distinctive peaks of 47 + 16 nm (14 + 5%), and 370 +
109 nm (78.7 + 7%) were observed for the hydrodynamic diameters. In almost all CNC-5
samples the first peak represents 10-40% of the signal intensity, with particle sizes be-
tween 30 and 100 nm, while the second peak represents 60-90% of the intensity distribu-


https://doi.org/10.20944/preprints202101.0586.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2021 d0i:10.20944/preprints202101.0586.v1

tion, with particle sizes between 200-550 nm. Samples are bimodal with PDI average
values above 0.66 + 0.12 and are only presented for comparison reasons [61].

Similar bimodal size distributions were also observed for CNC-S obtained from la-
ser printer paper [62]. The bimodal distribution was due to the presence of different sized
fibers in the paper, and it was also attributed to the process applied for obtaining CNC.
Whereas, for CNC-H and CNC-S from Acacia farneciana L. Willd the bimodal size distri-
bution was suggested to be due to the bleaching process and specific hydrolysis condi-
tions [27]. On the other hand, diprotic acids such as H2SO4 produce monovalent and di-
valent ions (HSOs and SOx«), and the composition in aqueous systems depends on the
concentration and temperature of the system. This suggests that during hydrolysis, both
HSOx« and SO+~ ions coexist, which probably can attack pulp in different ways, generating
nanocrystals with varied morphologies and dimensions.

30 . (@)
E6H (8 N, 90°C, 30 min)

20

[EnN
o
I

Intensity (%)
o

E4S (65 wt. %, 60°C, 40 min) (b)
10
54
04
10 100 1000
Size (d.nm)
Figure 8. Representative CNC particle size distribution by DLS: (a) CNC-H (E6H) y (b) CNC-S

(E4S).

Figure 9 shows a comparison of the average particle size of the CNC obtained by
DLS and AFM. Larger CNC-H particle sizes were obtained (Figure 9a, 300-800 nm),
compared to CNC-S (Figure 9b, 100-500 nm). The recorded lengths measured via AFM
are relatively similar to the hydrodynamic diameters measured by DLS, which is a faster
technique and is usually reported in the literature to estimate the lengths of CNC ob-
tained from different types of raw materials.

HCI concentration was a determining factor in the size of the nanocrystal, obtaining
smaller sizes when concentrations were higher (8N) (Figure 9a). In this case, the hydro-
dynamic diameters oscillated between 300-500 nm for HC1 8 N, except for the lower lim-
its of temperature (50°C) and hydrolysis time (30 min) where the diameter is 829 + 282
nm. Lower concentrations of HCl (2N) gave higher hydrodynamic diameters of 450-800
nm. Similarly, CNC-H diameter did not rely on the temperature at low concentrations of
HCI, with an average size of 570 + 164 nm. In contrast, at higher HCI concentrations the
size decreased with increasing temperature (50 and 90°C) and hydrolysis time. Hydroly-
sis with H2504 gave smaller hydrodynamic diameters than those obtained with HCl
(Figure 9b). The size values reported in this graph correspond to the average size from
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their bimodal distribution, which is more inclined to the longer length of elongated el-
lipsoids as demonstrated by AFM.
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Figure 9. CNC length comparison measured using AFM and DLS for both acid hydrolysis: (a)

CNC-H (b) CNC-S.

Figure 10 shows the effect of the hydrolysis conditions with HCI (Figure 10a), and
H2504 60 and 65 wt% (Figure 10b) on the CNC length measured with AFM.

In Figure 10a, CNC smaller crystals can be obtained at higher acid concentrations (8
N), with length values between 270-350 nm, except for E2H (829 + 282 nm). For lower HCl
concentrations (2N), CNC-H length values increased with hydrolysis time (from 200 to
800 nm). A correlation with temperature was not observed. The Pareto analysis (Figure
11a) revealed that concentration and time (AC) was the only statistically significant neg-
ative interaction reflecting an inverse relationship, which was also visualized in the 3D

representation.
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Figure 10. 3D representation of lengths measured by AFM for temperature, time, and different acid
conditions: (a) HCI hydrolysis, 8N (blue) and 2N (magenta); (b) H2S0O4 hydrolysis, 65 wt% (blue)

and 60 wt% (magenta).

The recorded lengths for CNC-S (Figure 10b) are located between two surfaces de-
limited by acid concentration. For 65 wt% H2SOs, lengths are in the range of 140-250 nm,
while for lower concentrations, the length is in the range of 200-400 nm. A non-linear
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dependence with time and temperature was also observed. The Pareto analysis (Figure
11b) showed that concentration was the only statistically significant factor contributing to
CNC-S length.

a) '
AC -
- -
se | [ 84168/p=0.19
A:Concentration _65268/p=0.24
cc | | [56357/p=0.27
ctme | [ ]21115/p=0.48
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Figure 11. (a) Pareto standardized effect for CNC-H length measured by AFM; (b) Pareto stand-
ardized effect for CNC-S length measured by AFM. The sum of squares and p-value is shown at the
right side of each bar.

5. Conclusions

e CNC were successfully obtained from soluble-grade cellulose pulp from A. tequilana
Weber var. Azul bagasse using an experimental design 23 for two acids, H2SOs and
HCL. The use of A. tequilana bagasse as a raw material is an alternative use to a waste
sub-product.

¢ The maximum CNC yield was 90 and 96% for CNC-H and CNC-S, respectively, for
the most severe hydrolysis conditions tested.

e For CNC-S, the total sulfate group content measured followed an exponential be-

havior as a function of time: Cs; = Ct * % The Csc increased with hydrolysis time,

temperature, and H250: concentration. The Csc values ranged from 10 to 150
mmol/kg, depending on the hydrolysis conditions.

e The insertion of sulfate groups on CNC-S was also corroborated using XPS, and the
results showed 4.92% of sulfate groups for E1S sample. The presence of sulfate
groups on CNC-S was also detected by FTIR.

e The FTIR spectra showed LOI and TOI similar to those of soluble-grade cellulose
pulp, near to 1 in both cases (1.03 + 0.17 and 1.00 + 0.13 respectively), while HBI in-
creased about 30%.

e The CNC crystallinity was obtained by XRD using the Rietveld method. For all the
analyzed samples, the crystallinity values ranged from to 88.4 to 91.3%, while the
value for soluble grade cellulose pulp was 79.2%
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e  The Pareto analysis revealed that HCI concentration and time factor interaction (AC)
is statistically significant on CNC-H length, whereas H2SO4 concentration is the only
statistically significant factor for CNC-S length.

e The CNC lengths obtained by AFM are very similar to the diameter (d.nm) obtained
using DLS.

e The CNC-S lengths were shorter and thinner than those of CNC-H, probably at-
tributed to sulfate group insertion.

e The smallest CNC-H was observed with 8N HCI (266-350 nm, with the exception of
sample E2H), and the longest CNC-H was obtained with 2N HCI (256-867 nm). The
smallest CNC-S was obtained with 65 wt% H250s (137-244 nm) and the longest
CNC-S was obtained with 60 wt.% H250s (185-404 nm).

Supplementary Materials: Figure S1. (a) Pareto standardized effect for CNC-H yield production;
(b) Pareto standardized effect for CNC-S yield production. The sum of squares and p-value is
shown at the right side of each bar; Figure S2. Rietveld analysis for (a) CNC-S (E3S), (b) CNC-H
(E10H); Figure S3. AFM 2D images of the 12 CNC-H samples; Figure S4. AFM 2D images of the 12
CNC-S samples; Table S1. DLS and yield results for CNC-H production; Table S2. DLS and yield
results for CNC-S production; Table S3. Total sulfate groups of CNC-S; Table S4. AFM measure-
ments of CNC-H; Table S5. AFM measurements of CNC-S
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