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Abstract: Non-wood biomass is particularly attractive as a cellulose source because of the lower
lignin content. However, optimal cellulose extraction conditions are required as lignin content varies
between plant sources. Further, the use of organic acids in place of harsh mineral acids is of interest
in “greening” the cellulose production process. This study sought to establish optimum parameters
for the extraction of cellulose microfibers (CMFs) from hemp (Cannabis sativa) biomass, using maleic
and formic acids. Hemp fibers were pre-treated in NaOH (4 wt%) and aqueous chlorite in acetate
buffer before ultrasonic treatment to break down bundles. The CMFs produced were compared
with those generated from sulfuric acid hydrolysis. Response surface methodology (RSM) was used
to determine combinations of three processing conditions, including acid concentration (45-64%),
hydrolysis time (30-90 min), and temperature (45-65 °C). A central composite design (RSM-CCD)
model with 21 experimental runs was optimized using MODDE 13.1 software. The model suitably
described the data (R? = 0.99; Rzadj =0.96). Microfibers with an average width of 6.91 um, crystallinity
range 40-75%, and good thermal stability were produced. Crystallinity was influenced by all three
factors. The optimal crystallinity predicted by the model was 83.21%, which could be achieved using
formic acid 62 wt% formic acid, 36 min hydrolysis time, and 47 °C hydrolysis temperature. These
conditions resulted in a crystallinity degree of 82%. These data suggest formic acid can be used
as an alternative to sulfuric acid for synthesis of cellulose microfibers from biodegradable hemp
waste fibers.

Keywords: cellulose; cellulose microfibers; response surface methodology; central composite design;
optimization; response surface plots; response contour plots

1. Introduction

Agricultural biomass is increasingly recognized as a valuable source of cellulose due to
the low lignin content and the wide range of plant sources. With an estimated global annual
production of 214 x 10° tonnes, hemp (Cannabis sativa L.) is one of the most cultivated
industrial crops from which fibrous (bast) fibers and granular fibers can be extracted [1,2].
Hemp bast fibers comprise approximately 76% cellulose, 14% hemicellulose, 5% lignin,
1% pectin, and 6% of other non-cellulosic substances [3,4]. The use of hemp fibers as
an alternative to synthetic fibers for reinforcement of polymer composites is of interest
because hemp fibers are lower in cost, renewable, biodegradable, and environmentally
friendly [5-7]. Hemp fibers also have applications in paper processing, medicine, cosmetics,
pharmaceuticals, food manufacturing, detergent, and bio-composites [4,6,8].

Micro- and nano-cellulose materials can be extracted by chemical and mechanical
methods. Cellulose microfibers (CMFs) with diameters of 10 um and several micrometers
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in length have been obtained using chemical, mechanical, or a combination of both pro-
cesses [9-11]. Acid hydrolysis breaks the glycosidic bonds of the crystalline regions and
amorphous regions of cellulose [12,13]. This can be achieved by using a variety of organic
and mineral acids, including sulfuric acid [11], hydrochloric acid, phosphoric acid [14],
hydrobromic acid, or mixtures of different acids [15]. Cellulose nanofibers (CNFs), on
the other hand, have been extracted using mechanical treatment, ultrasonic treatment,
cryo-crushing, and high-pressure homogenization to produce fibers of diameters ranging
from 10-100 nm and lengths up to several microns [16]. However, for some applications,
including water treatment, there is evidence suggesting that it may not be necessary to
process cellulose all the way to the nanoscale. Chen et al. [17] calculated a maximum
adsorption of As(Ill) as 344.82 and 357.14 mg g~ !, for nanofibrillated and microfibrillated
cellulose, respectively. Periodate oxidation resulted in functionalization of a large surface
area within the fibers, providing high surface areas for adsorption.

Finding more sustainable green approaches for the extraction and purification of
cellulose is also a matter of increasing concern for upholding the sustainability credentials
of cellulose-derived materials. In this endeavor, response surface methodology (RSM) can
be a useful tool for comparing quantitative data from experiments in order to determine
conditions that may be applied to achieve desired results; in this case conditions that may
be used with organic acids, to achieve fiber properties similar to those obtained using
mineral acids [18,19]. Further, RSM allows for achieving this goal with a minimal number
of experiments, thus reducing cost and time [20-22]. RSM has been extensively applied in
the modeling and optimization of numerous acid hydrolysis experiments using cellulose
extracted from plant material. Commonly used RSM designs include the Box-Behnken
design (BBD), and central composite design (CCD) [23].

Guo et al., used a CCD to determine optimal conditions for the extraction of cellu-
lose nanocrystals (CNCs) from tea stalk using sulfuric acid [24]. The maximum yield of
50.96% was achieved at an acid concentration of 62.20%, hydrolysis time of 123.35 min,
and hydrolysis temperature of 45 °C. The predicted yield was closer to the experimental
yield of 49.8%. Akhabue et al., used RSM to determine optimal conditions for maximum
yield of microcrystalline cellulose (MCC) powder from orange peel waste (OPW) [25]. They
found that a maximum experimental yield of 14.12% was predicted when the hydrolysis
temperature of 100.53 °C and 16.28 min hydrolysis time was applied. Chowdhury et al.,
studied the extraction of CNCs from African baobab tree leaves [26]. Optimum conditions
were determined as: 200 watts sonication, 43.11 min, 94 °C. The extracted CNCs (15-20 nm
diameter) were found to have high crystallinity index of 86.46%. Similarly, the production
of cellulose nanocrystals and nanofibers from pine kraft pulp using sulfuric acid hydrol-
ysis was found to require 60% acid concentration, 58 °C hydrolysis temperature, 60 min
hydrolysis time for a 60% yield [27].

These studies suggest that the properties of cellulose microfibers are influenced by
hydrolysis conditions where various parameters can be optimized to obtain fibers with
desired properties.

The aim of this study was to investigate the extraction and synthesis of cellulose
microfibers (CMFs) with high crystallinity index from hemp bast fibers. Three-factors:
acid concentration, reaction time, and temperature, were used in a rotatable composite
design. To our knowledge, no studies have compared the performance of the selected acids
(sulfuric, maleic, and formic acids) in the extraction of CMFs. Thus, this study presents an
opportunity for comparing the chemical and physical properties of CMFs produced from
organic and mineral acids.

2. Materials and Methods
2.1. Materials
All chemicals used were of analytical grade. Sodium hydroxide (NaOH), sodium

chlorite (NaClOy), glacial acetic acid (CH3COOH) were from Ace Chemicals (Johannesburg,
South Africa). Sulfuric acid (H,SOy), formic acid (CH,0»), and maleic acid (C4H4O4) were
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purchased from Sigma-Aldrich, South Africa. Hemp fibers were obtained locally, and all
solutions were prepared with double deionized water. Glassware and polypropylene vials
were washed, soaked in 1 M HNOj acid for at least 24 h, and rinsed with deionized water
before use.

2.2. Cellulose Pre-Treatment

Dried hemp stems and branches were soaked in water overnight and the barks were
peeled off the woody cores. The barks were then treated with 4 wt% NaOH at 80 °C for
2 h. The treatment was repeated 3 times, and this was followed by bleaching with equal
parts of NaClO; (1.7 wt%) and acetate buffer (pH 4.8) for 1 h at 100 °C until the fibers were
white in color. After bleaching, the fibers were washed with distilled water and dried.

2.3. Acid Hydrolysis

The bleached fibers were acid hydrolyzed by exposing them to sulfuric acid, formic
acid, and maleic acids in different experiments. The hydrolysis conditions were pre-
determined by an experimental design, which was derived using response surface method-
ology (RSM). At the end of the experiments, chilled distilled water was added to the
reaction (10-fold dilution) to stop the hydrolysis process. The fibers were washed with
water by centrifugation for 20 min at 4000 rpm to remove excess acid. This cycle was
repeated several times until pH 7 samples were homogenized for 10 min using a Scilogex
D500 homogenizer (Scilogex, Kuala Lumpur, Malaysia) and freeze dried (LABCONCO
CORP. 811, Kansas City, MO, USA) before characterization (Figure 1).
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Figure 1. Schematic showing steps for the extraction and preparation of cellulose microfibers from
hemp bast fibers through acid hydrolysis coupled with ultrasonic homogenization.

2.4. RSM Experimental Design

Physical and chemical characteristics of cellulose microfibers are influenced by several
variables, including acid concentration, hydrolysis time, temperature, and type of acid used.
These variables were optimized using RSM. Table 1 presents process variables chosen. A
full factorial design comprising 21 experiment runs was created in MODDE 13.1 (Sartorius
Stedim Biotech, Malmo, Sweden) to assess CMF hydrolysis. The expected response from
the experiments involved fiber length, fiber thickness and surface functional groups. The
partial least square regression was applied to evaluate the fitting of the model and response
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surface. The adequacy of the model was evaluated by the R? (model fit) and Q? (estimate

of the future prediction precision) values.

Table 1.

Experimental conditions and the types of acids to achieve optimum cellulose

microfibers extraction.

Exp No Temf)oecr;lture Hyc};:llr);slltse ;l;lme Acid Co?);‘::;ntratlon Acid Sample ID
1 45 30 45 Sulfuric acid 1SA-CMFs
2 45 60 45 Formic acid 1FA-CMFs
3 45 90 45 Maleic acid 1IMA-CMFs
4 55 30 45 Sulfuric acid 2SA-CMFs
5 55 60 45 Formic acid 2FA-CMFs
6 55 90 45 Maleic acid 2MA-CMFs
7 65 30 45 Formic acid 3FA-CMFs
8 65 60 45 Maleic acid 3MA-CMFs
9 65 920 45 Sulfuric acid 3SA-CMFs
10 45 30 64 Maleic acid 4MA-CMFs
11 45 60 64 Sulfuric acid 4SA-CMFs
12 45 90 64 Formic acid 4FA-CMFs
13 55 30 64 Formic acid 5FA-CMFs
14 55 60 64 Maleic acid 5MA-CMFs
15 55 90 64 Sulfuric acid 5SA-CMFs
16 65 30 64 Maleic acid 6MA-CMFs
17 65 60 64 Sulfuric acid 6SA-CMFs
18 65 90 64 Formic acid 6FA-CMFs
19 55 60 55 Sulfuric acid 7SA-CMFs

20 55 60 55 Sulfuric acid 7SA-CMFs
21 55 60 55 Sulfuric acid 7SA-CMFs

2.5. Characterization

Scanning electron microscopy (SEM, Jeol JSM IT300, Tokyo, Japan) at an acceleration
voltage of 10 kV was used to examine the morphology of the untreated and acid hydrolyzed
cellulose samples. Before analysis, the samples were coated with 5 um gold in an SCD
005 Cool Sputter Coater (BalTec, Heidelberg, Germany) at a current of 25 pA, which was
applied for 50 s. Fourier transform infrared (FTIR) spectroscopy was performed on a Tensor
27 Infrared Spectrometer (Ettlingen, Germany). The spectra were collected in the range
500-4500 cm ™! in the absorption mode. Thermal stability fibers were determined on a
thermal analyzer (STA 6000; Perkin Elmer, Waltham, MA, USA). Approximately 10 mg of
the fiber samples were weighed and heated from 35 °C to 900 °C at a heating rate of 10
°C min~! in nitrogen gas, at a flow rate of 20 mL min~!. X-ray diffraction (XRD) patterns
of CMFs were collected on a Bruker D2 phase diffractometer (Billerica, MA, USA) with a
Cu-Ka (A = 0.154 nm) radiation source fitted with a LynxEye detector, using a 30 kV X-ray
tube at a current of 30 mA. The scan range was 5° < 20 < 90° in a 0.02° measurement step.
The crystallinity of fibers was determined by applying Segal’s Equation (1).

Crl(%) = % x 100 (1)

3. Results and Discussion

3.1. Characterization of Acid Hydrolysed Fibers
3.1.1. Morphology of Cellulose Microfibrils

Hemp bast fibers were subjected to alkaline treatment (4 wt% NaOH) to aid the
removal of hemicellulose and other non-cellulosic content, resulting in brown hemp
fibers [28,29]. This process was achieved by carrying out three subsequent alkaline treat-
ment rounds to help reduce any non-cellulosic content. Jiang et al. studied the effects of
various concentrations of alkali treatments and found that 3 wt% NaOH was effective in the
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removal of non-cellulosic material [30]. Furthermore, lignin removal was achieved after sev-
eral rounds of bleaching to remove any hemicellulose and lignin content, resulting in white
cellulose fibers [28,31]. Micrographs of the dried cellulose fibers (1000 x magnification)
show that the fibers have smooth flat surfaces with average diameters of 9.18 & 3.17 um
(Figure 2). Further, the fibers were 1 micrometer thick as seen in the SEM micrographs. The
results correspond to native cellulose SEM images reported in many studies using cellulose
extracted from palm tree trunk [32] and recycled Tetra Pak Food Packaging Waste [33].

Figure 2. SEM images of bleached hemp cellulose at varying magnification.

Hydrolysis altered the morphology of the extracted fibers (Figure 3a—r). The fibers
(1SA, 25A) extracted using 45% HSO, at temperatures below 55 °C were hundreds of
micrometers in length and had rod-like morphologies (Figure 3a,b), whereas when the
temperature was increased to 65 °C (3SA) shorter fibers were obtained as the material was
much more degraded. The fibers from the 5SA experimental conditions were degraded the
most. These fibers were rod-like in morphology and differed from fibers obtained under
the 2SA experimental conditions due to higher acid concentrations and a longer reaction
time in the 5SA experiments.

In contrast, the CMFs produced using formic acid had the same morphology despite
variations in the treatment conditions (Figure 3g-1). FA-CMFs showed signs of incomplete
hydrolysis and inhomogeneity, resulting in a mixture of fibers of varying sizes. This can be
attributed to the higher pKa value (3.745) of formic acid, compared to sulfuric acid. Similar
results were recorded when Du and colleagues studied the preparation and characterization
of thermally stable cellulose nanocrystals via a sustainable approach of FeCls-catalyzed
formic acid hydrolysis [34]. The results obtained showed that when hydrolysis was carried
out using formic acid with low catalyst concentration, the hydrolysis was incomplete and
inhomogeneous [34]. Previous studies observed that hydrolysis using formic acid resulted
in incomplete hydrolysis, larger sized CNFs/CNCs.

Maleic acid is also a weak organic acid that can be used for hydrolysis to produce
CMFs as shown in Figure 3m-r. Figure 3m representing IMA—CMFs hydrolysis at low
acid concentration and temperature was characterized by interwoven web-like structural
features. As the hydrolysis conditions were increased (e.g., higher acid concentrations,
higher temperature, and longer reaction time), improvement in structural morphology
was observed where fibers with rod-like structures were formed. Formic acid and maleic
acid hydrolyzed fibers showed similarities in morphologies, although fibers formed from
hydrolysis with maleic acid showed more advanced degradation and this was likely because
maleic acid is a stronger acid (pKa = 1.9).



Processes 2022, 10, 1150

6 of 20

c) 3SA-CMF

(d) 5SA-CMF

[ (i) 3FA-CMF

(m) IMA-CMF 15

A

Figure 3. Scanning electron micrographs of hemp cellulose microfibers (CMFs) after acid hydrolysis.

3.1.2. Surface Chemical Groups of CMFs

The FTIR spectra of raw fibers and bleached cellulose are represented in Figure 4.
Some peaks observed on the raw hemp fiber spectrum did not appear on the spectra
of bleached fibers at 1736, 1509, and 1236 cm~!. The peak at 1736 cm~ 1 is likely from
vibrations of acetyl and uronic ester groups of hemicellulose or from the ester linkages
between carboxylic group of the ferulic and p-coumaric acids of lignin [35-37]. The absence
of the above-mentioned peaks in the bleached cellulose spectra, this can be attributed to
the removal of hemicellulose and lignin content. Similar findings were reported for banana
peels [38], sugarcane bagasse [39], and bamboo [40]. The peaks at 1509 and 1236 cm !
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on the untreated hemp fiber spectrum could be attributed to C=C aromatic ring skeletal
vibrations and guaiacyl ring breathing with stretching C=0 of lignin, respectively [38,41,42].
These groups were greatly weakened in the bleached cellulose spectrum, and as a result,
no peaks were detected. This indicated a complete removal of lignin components after
bleaching treatment of raw hemp fibers.
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Figure 4. FTIR spectra of (a) raw hemp fiber and bleached cellulose, (b) Sulfuric acid hydrolyzed
CMFs, (¢) Formic acid hydrolyzed CMFs, and (d) Maleic acid hydrolyzed CMFs.

FTIR spectra of bleached cellulose was compared to that of acid-hydrolyzed CMFs
(Figure 4b—d). Absorption bands observed at 3329 and 2900 cm ! were due to OH stretching
vibrations and C-H stretching vibration in the CH, and CHj3 groups of cellulose type 1,
respectively [43-46]. The characteristic absorption band at 1640 cm ! was due to absorbed
moisture [47,48]. The characteristic absorption peaks at 1434, 1368, and 894 cm ™! could be
attributed to C6 C-H and C-O bonds in the polysaccharide aromatic ring and B-glycosidic
linkages between anhydroglucose units, respectively [31,35,38,48]. The absorption peaks at
1158, 1056, and 1019 cm~! were due to the C-O-C asymmetric stretching linkages, C-O
stretching vibrations, and C-H pyranose ring stretching vibrations, respectively [30,49,50].

Figure 4b, which represents sulfuric acid hydrolyzed CMFs shows that with less harsh
hydrolysis conditions, CMFs showed weak chemical changes, whereas higher acid condi-
tions revealed advanced chemical changes. Figure 4c,d represent formic acid and maleic
acid hydrolyzed CMFs and the absorption peak at 1714 cm ! spectra corresponds to C=O
stretching vibrations in the carbonyl group from cellulose [51]. However, the hydrolysis
effects on the fibers can be observed with the peak strength varying between the low and
moderate esterification taking place. The results show that the main molecular structure of
cellulose was not altered during extraction except in the 5SA /6SA-CMFs spectrum, which
can be attributed to high sulfuric acid concentration leading to the breakdown of cellulose
chain to glucose [52].
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3.1.3. Crystallinity

XRD analysis is widely used to determine the crystallinity in individualized mi-
crofibers, which plays an important role to determine the mechanical and thermal prop-
erties of microfibers. XRD spectra suggest that oxidative treatments did not alter the
crystalline structure of cellulose in the fibers as 26 angles of 14-18°, 22-24°, and 34.6°
corresponding to (101), (002), and (004) regions of Cellulose-I structure were observed.

The crystallinity index (Crl) of fibers, as determined using the Segal method, are
shown in Table 2. Raw hemp fiber and bleached cellulose (Figure 5) showed an increase in
Crl from 60% to 73% with improved peak intensity due to the removal of hemicellulose,
and lignin [53]. XRD spectra of bleached cellulose has been studied to have a well-defined
crystalline structure due to hydrogen bonding and Van der Waals interactions existing
between adjacent cellulose molecules compared to raw hemp fibers, which have hemicellu-
lose and lignin content and are amorphous in nature [54]. A similar trend was observed for
coir cellulose fibers where crystallinity increased from 35.8% to 57.2% due to the removal
of lignin and hemicellulose [55].

Table 2. Thermal degradation onset temperature (Tonset), max degradation temperature (Tmax) and
CrlI (%) obtained from the TGA, DTG, XRD curves, respectively.

Main Thermal Degradation Char Residue Amount

0,

Sample ID CrI (%) Tonset (°C) Tmax (°C) Weight Loss (%) at 900 °C (%)
Raw hemp fiber 60 207 386 72 14
Bleached cellulose fiber 73 232 359 82 10
1SA-CMFs 75 268 387 78 11
2SA-CMFs 52 178 410 70 18
3SA-CMFs 53 152 489 74 19
4SA-CMFs 71 256 377 85 5
5SA-CMFs 76 244 373 85 4
6SA-CMFs 59 190 522 48 48
7SA-CMFs 66 244 323 53 22
1FA-CMFs 55 208 364 72 18
2FA-CMFs 50 247 378 81 9
3FA-CMFs 66 252 380 83 8
4FA-CMFs 59 238 387 86 7
5FA-CMFs 70 235 389 81 9
6FA-CMFs 61 262 370 85 5
1IMA-CMFs 40 203 368 67 18
2MA-CMFs 55 244 386 84 8
3MA-CMFs 61 253 385 84 8
4AMA-CMFs 65 245 389 84 7
5MA-CMFs 54 261 385 87 3
6MA-CMFs 67 265 384 86 4

The Crl values for sulfuric acid hydrolyzed CMFs ranged between 52 and 75%, 1SA-
CMF had a higher CrI value than 6SA-CMFs. This suggests that the more harsh hydrolysis
conditions (higher acid concentration and temperature and longer reaction time), resulted
in more advanced degradation of fibers by the removal of both amorphous and crystalline
regions of cellulose [56].

As expected, the Crl values of formic and maleic acid hydrolyzed CMFs were lower
than those of CMFs synthesized using sulfuric acid. They ranged from 50-70% for the
former and 40-67% for the latter. Formic and maleic acids are relatively weak acids,
therefore, changes in hydrolysis conditions seem not to have influenced the thermal and
mechanical stability of the extracted CMFs to a great extent. This is similar to findings by
Du et al. [57], who found that crystallinity of fibers from bleached softwood kraft pulp
(BSKP) increased only slightly, i.e., from 49-52.9% using formic acid, despite increasing the
hydrolysis time from 2 h to 6 h.
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Figure 5. XRD spectra of (a) fibers (raw hemp fiber-red and bleached cellulose fiber-black), (b) sulfuric
acid hydrolyzed CMFs, (c) Formic acid hydrolyzed CMFs, and (d) Maleic acid hydrolyzed CMFs
produced from hemp fibers.

3.1.4. Thermogravimetric Analysis

The thermal stability of cellulose microfibers was determined to evaluate their poten-
tial use in high-temperature applications such as thermoplastics reinforcement. The thermal
degradation onset temperatures (Tonset), maximum thermal degradation temperatures
(Tmax), weight loss (%), and residual ash amount at maximum temperature (900 °C) for
all samples are listed in Table 2. All samples showed an initial weak weight loss of less
than 5% at a temperature range between 45 °C and 100 °C, mostly caused by vaporization
of absorbed water [54,57]. Figure 6 shows that the thermal decomposition of raw hemp
and bleached cellulose occurs in two stages. The first stage of thermal decomposition is
from 220 °C to 300 °C, where 3-glycosidic bonds of cellulose were broken down. This was
attributed to thermal depolymerization of hemicellulose and lignin content. The second
stage of decomposition occurred between 300 and 450 °C, which was attributed to cellulose
decomposition as a result of released gases (CO,, CO, H,O) contributing to the formation
of solid char residue at maximum temperature (900 °C) [55,58,59].

G
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Figure 6. TG (a) and DTG (b) curves of raw hemp fiber and bleached cellulose fibers extracted from
hemp fiber waste.
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The thermal degradation of raw hemp fiber began at 207 °C while that of bleached
cellulose fiber began at 232 °C. This upward shift can be attributed to the absence of
lignin in pre-treated cellulose [54]. After chemical treatment, the weight loss (%) increased
from 72% (raw hemp fiber) to 82% (bleached cellulose fiber) and ash residue amount at
900 °C was 14% and 10% for raw hemp fiber and bleached cellulose fiber, respectively.
This suggests that the thermal stability of bleached cellulose fiber is greater than that of
raw hemp fiber. Similar thermal decomposition profiles were reported for pineapple leaf
nanocellulose (Tonset at 215 °C) and raw pineapple fiber (Tonset at 230 °C) [43].

As shown in Figure 7a,b, the thermal stability of sulfuric acid hydrolyzed CMFs
followed the order: 1ISA-CMFs < 4SA-CMFs < 55A-CMFs < 7SA-CMFs < 65A-CMFs < 2S5A-
CMFs < 35A-CMFs. The highest thermal stability was found in 1SA-CMFs with an onset
decomposition temperature of 268 °C and maximum decomposition temperature of 387 °C.
High thermal stability of CMFs can be attributed to the removal of amorphous regions of
cellulose, e.g., hemicellulose, lignin and other non-cellulose content after hydrolysis and
the homogenizing treatment of cellulose samples [16,60]. Sulfuric acid extracted CMFs,
however, e.g., 35A-CMFs had a reduced thermal stability and a lower Tonset at 152 °C. Two
mechanisms can be considered to contribute to this phenomenon; the first is that sulfuric
acid already leads to greater depolymerization of the cellulose chains and the shorter
cellulose chains are more easily degraded [51,61]. Secondly, the presence of sulphate
half ester groups leads to the generation of sulfuric acid in the initial dehydration step.
This stronger acid catalyzes greater cellulose dehydration than the weaker carboxylic acid
(generated from the dehydration of maleic and formic acid treated cellulose).
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Figure 7. TG (a) and DTG (b) curves of sulfuric acid hydrolyzed microfibers extracted from hemp
fiber waste.

The weight loss (%) of 1ISA-CMFs and 3SA-CMFs were determined to be 78% and
74%, respectively. Moreover, the ash residue amount at 900 °C of the previously mentioned
CMFs were also determined to be 11% and 19%, respectively. The high weight loss (%)
and low ash residue recorded in 1SA-CMFs signifies the lack of any non-cellulose contents
(hemicellulose, lignin, wax). Chirayil et al. [54], investigated and found similar results on
acid treated cellulose extracted from Helicteres isora plant, which had low carbon residue at
maximum temperature 800 °C.

The thermal stability of CMFs extracted using formic acid was in the following de-
scending order: 6FA-CMFs > 3FA-CMFs > 2FA-CMFs > 4FA-CMFs > 5FA-CMFs > 1FA-
CMFs as seen in Figure 8a,b. Both the Tonset and Tmax of 6FA-CMFs were determined to
be higher than the Tonset and Tmax of 1FA-CMFs (see Table 2). High thermal stability can
be attributed to the removal of disordered regions of cellulose and hemicellulose during
hydrolysis, whereas low thermal stability can be attributed to insufficient hydrolysis by
weaker formic acid [51,62]. This is also in line with the relatively low crystallinity index
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of 1FA-CMFs showed on the XRD spectra and the high ash residue of 28% at maximum
temperature 900 °C.

80

-
=}
=3
N
=z
Derivative weight (%/m)
) 3
\"‘

60

100 200 300 400 500 600
Temperature (“C)

Weight loss (%)

40 1

——1FA-CMFs

—— 2FA-CMFs

20 3FA-CMFs

4FA-CMFs

5FA-CMFs

——6FA-CMFs
T

T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 8. TG (a) and DTG (b) curves of formic acid hydrolyzed microfibers extracted from hemp
fiber waste.

Figure 9a,b, show the TG and DTG curves of maleic acid hydrolyzed microfibers. The
data show that IMA-CMFs had the lowest initial degradation temperature (203 °C) while
6MA-CMFs had the highest (265 °C). Furthermore, IMA-CMFs had a lower crystallinity and
higher ash residue than 6MA-CMFs. The lower acid concentration and lower temperature
in IMA-CMFs likely resulted in less hemicellulose removal, leading to lower thermal
stability and crystallinity [63,64]. Seemingly, the thermal behavior of the materials is related
to their crystallinity.
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Figure 9. TG (a) and DTG (b) curves of maleic acid hydrolyzed microfibers extracted from hemp
fiber waste.

4. Model Fit

The model parameters are presented in Table 3. They show that the regression model
was significant at a 0.05 significance threshold (i.e., p = 0.034) and the R? value and adjusted
R? value was 0.985, suggesting the predicted residuals closely resembled the experimental
values. The coefficient of variation (CV) of the model was determined to be 4.07%. A
lower CV value signifies high accuracy and reliability of the experimental model [65], and
the standard deviation value of 2.84 indicated that the experimental model has satisfying
precision, reliability, and reproducibility. Finally, the adequate precision values, which is a
measure of the “signal and noise ratio”, was also examined. Values above four signify a
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desirable model [18]. From the data (Table 3), adequate precision value was given as 9.59,
which indicated adequate signal.

Table 3. Analysis of variance estimated by ANOVA and statistical information for the crystallinity

index (%) as a response from the optimization of hydrolysis treatment using sulfuric, formic, and
maleic acid.

Source DF Sum of Squares Mean Square F p
Regression 17 1564.09 92.0051 11.41 0.034 *
Residual 3 24.2 8.8.67
Lack of fit 1 24.2 24.2 - -
Pure error 2 0.00 0
Total corrected 21 1588.21
R? 0.985 Coefficient of variance (CV) (%) 4.07
Adjusted R? 0.961 Adequate precision 9.59
Std.Dev 2.84

* p <0.050 is significant.

4.1. Regression Model and Coefficients Plot

All three factors investigated had a significant effect on the crystallinity of the CMFs
(p-value < 0.05). A positive regression coefficient indicates a direct proportionality effect
to crystallinity, whereas a negative coefficient value indicates the effect of an inverse
relationship with crystallinity [66]. From Figure 10, it is illustrated that the linear factors
(various types of acids and temperature) show that there is both a positive and negative
correlation with the crystallinity, whereas other linear factors, acid concentration, and
reaction time show positive and negative effects, respectively.
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Figure 10. Coefficients plot for acid hydrolyzed CMFs crystallinity degree (%).

An increase in acid concentration resulted in an increase in crystallinity degree of
CMFs extracted from hemp bast fibers and vice versa. However, the regression coefficients
interactions between acid concentration and acid type varied, i.e., a positive interaction was
seen for sulfuric acid, but the opposite effect was possible when maleic or formic acid were
used. The regression coefficients of the quadratic form of the acid concentration (aci*aci)
had a strong significant negative effect on CMFs, whereas the reaction time (rea*rea) had a
positive effect [25,67]. Therefore, from the observed trends an increase in the interaction
of factors and squares between each factor can result in a decrease in crystallinity degree
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or vice versa [66,68]. The observed and predicted responses of the 21 cellulose hydrolysis
experiments care summarized in Table A1 and Figure 11. The results show that the model
is valid because differences between predicted and observed mean values of crystallinity
degree (%) were not significant. The model was, therefore, accurate for optimizing the
experimental conditions.
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Figure 11. Plot of observed vs. predicted crystallinity indexes (%) in the regression model.

4.2. Response Contour and Surface Plot Analysis

Response contour plots as well as surface plot analysis (Figures 12-14) were used to
describe the relationship between varying factors within the experimental range, while
one factor was kept constant at the center point. The shapes of the contour plots indicate
the nature and scope of the interactions. Circular plots describe insignificant interaction
between two variables, whereas non-circular (elliptical) plots represent a significant in-
teraction [69]. The response contour plot for sulfuric acid (Figure 12) suggest that for
microfibers produced using sulfuric acid, the degree of crystallinity was high when hemp
cellulose was exposed to an acid concentration range of 51-65%, and temperature of about
~50 °C for 60 min (Figure 12a). In general, crystallinity seemed to be maximized when acid
concentration was higher than 52% regardless of the reaction time (Figure 12b), and by
manipulation of reaction time and hydrolysis temperature (Figure 12c), at low reaction time
and low temperature, the crystallinity degree increased. Figure 12d shows the surface plots
of sulfuric acid hydrolysis and confirmed the same trend shown in the contour plots that an
increase in crystallinity is influenced by an increase in acid concentration to a certain degree
even at low temperatures. Furthermore, from the results obtained, the crystallinity degree
decreases when high sulfuric acid concentrations are adopted, and this can be attributed
to complete hydrolysis of cellulose to soluble sugars and other by-products [25]. Song
et al. [70], reported that excessive treatment using H,SOj either in higher concentration or
longer treatment conditions NCC yield percentage did not improve but rather NCC would
be degraded into other products. The contour plots show non-circular lines, and this can
be attributed to a significant interaction between variables.

In accordance with the contour plots results, Figure 13a—c shows non-circular con-
tour lines representing a significant interaction between the formic acid concentration and
hydrolysis temperature, acid concentration and reaction time, and reaction time and hydrol-
ysis temperature. From the surface plot (Figure 13d), higher crystallinity was observed with
an increase in formic acid concentration in the range of 50-62% and at lower temperatures
as also shown by the contour plot (Figure 13a).
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Figure 12. Response contour plots for the response between (a) hydrolysis temp vs. acid conc.,
(b) reaction time vs. acid conc., (c) reaction time vs. hydrolysis temp, and (d) response surface plot
from sulfuric acid hydrolysis.
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Figure 13. Response contour plots for the response between (a) hydrolysis temp vs. acid conc.,
(b) reaction time vs. acid conc., (c) reaction time vs. hydrolysis temp, and (d) response surface plot
from formic acid hydrolysis.
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Figure 14. Response contour plots for the response between (a) hydrolysis temp vs. acid conc.,
(b) reaction time vs. acid conc., (c) reaction time vs. hydrolysis temp, and (d) response surface plot
from maleic acid hydrolysis.

In the contour plots (Figure 14a—c), the relationships between maleic acid concentration
and hydrolysis temperature, maleic acid concentration and reaction time, and reaction
time and hydrolysis temperature are presented. The results show a non-circular nature
of the plots, and this can be attributed to significant interaction between two variables.
From Figure 14a, the crystallinity is highly influenced by an increase in temperature and an
increase in acid concentration. The reaction time and hydrolysis temperature contour plot
shows that the crystallinity degree is highly influenced by extreme hydrolysis conditions
(temperature and time). Figure 14d, shows the surface plot relationship to crystallinity and
an increase in crystallinity degree was observed at low temperatures and a maleic acid
concentration range of 50-61%.

4.3. Optimization and Model Verification

To select the optimum conditions and their respective levels, the RSM-CCD model
was analyzed. The maximum crystallinity degree of CMFs predicted from the model was
determined to be 83.69% with the optimum hydrolysis conditions as detailed in Table 4.
To confirm the validity of the model for predicting the maximum crystallinity degree for
CMFs, experiments were repeated three times using the optimum conditions. From the
three replicate experiments, the results obtained showed an average crystallinity degree of
82%, which is significantly closer to the predicted optimum value. Therefore, the results
verified the validity of the model to produce CMFs extracted from cellulose.
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Table 4. Observed vs. predicted results of the optimum crystallinity degree (%).

Observed Results Predicted Results
Acid type Formic acid Formic acid
Acid concentrations 62% 62.1%
Hydrolysis temperature 47 °C 47 °C
Reaction time 36 min 36 min
Maximum crystallinity 82% 83.69%

5. Conclusions

The extraction of cellulose microfibers (CMFs) has been successfully carried out from
Hemp (Cannabis Sativa) bast fibers. Bast fibers underwent alkali pre-treatment followed by
subsequent bleaching processes. Fibers were then acid hydrolyzed using varied conditions
(acid type, acid concentration, reaction time, and hydrolysis temperature) followed by
homogenization. The surface morphology, chemical, crystalline, and thermal properties of
the untreated, treated, and acid hydrolyzed fibers was determined using SEM, FTIR, XRD,
and TGA. SEM confirmed that hydrolysis produced cellulose microfibers of varying size
and morphology. FTIR spectra showed that the main chemical structure of cellulose was not
altered during the hydrolysis process. TGA also showed that CMFs with high crystallinity
resulted in good thermal stability, which is a favorable property for high temperature
applications. To optimize the experimental conditions of acid hydrolysis for the production
of highly crystalline cellulose microfibers, a central composite design (CCD) model was
employed under response surface methodology (RSM). For acid hydrolysis processes using
sulfuric acid, formic acid and maleic acid, the acid concentration, hydrolysis temperatures,
and hydrolysis time within the ranges 45-64 wt%, 45-65 °C, and 30-90 min, respectively.
Therefore, this study allows the following conclusions, for sulfuric acid hydrolysis the
model showed that the crystallinity strongly depended on the acid concentration even
at low hydrolysis time and hydrolysis temperature. Whereas, for formic acid hydrolysis,
interaction between acid concentration and hydrolysis temperature was more favorable to
obtain maximized crystallinity degree. For maleic acid hydrolysis, crystallinity was highly
influenced by an increase in temperature and in acid concentration 50-61%. Under the
optimum hydrolysis conditions, the predicted crystallinity degree of 82% predicted by the
model agreed with the experimental results of ~84% of crystallinity and validated by the
model generated by CCD-RSM. This optimum crystallinity degree was obtained by apply-
ing the following hydrolysis conditions, using formic acid at 62% acid concentration, 47 °C
hydrolysis temperature and 36 min of reaction time. This study established that the wide
available bast fiber can be regarded as a greener and sustainable waste for the preparation
of cellulose microfibers, and RSM-CCD can be used to optimize extraction conditions.
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Appendix A

Table Al. Results from the RSM-CCD experimental design and response data for sulfuric, formic,
and maleic acid hydrolysis of cellulose extracted from Cannabis sativa bast fibers.

Crystallinity Degree (%)

Sample ID

Predicted Observed

1SA-CMFs 72.8 75
1FA-CMFs 57.2 55
1MA-CMFs 40 40
2SA-CMFs 54.2 52
2FA-CMFs 47.8 50
2MA-CMFs 55 55
3FA-CMFs 66 66
3MA-CMFs 61 61
3SA-CMFs 53 53
4MA-CMFs 65 65
4SA-CMFs 721 71
4FA-CMFs 57.9 59
5FA-CMFs 70 70
5MA-CMFs 54 54
55A-CMFs 76 76
6MA-CMFs 67 67
65A-CMFs 57.9 59
6FA-CMFs 62.1 61
7SA-CMFs 66 66
7SA-CMFs 66 66
7SA-CMFs 66 66

62.1 61
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