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Abstract Waste biomass (agave bagasse) and native
birch wood were used as raw materials for a novel
fractionation and derivation process to produce cellu-
lose acetates (CAs). During the first stage of the
fractionation process, a significant amount of hemi-
celluloses and lignin were dissolved from the biomass
using a natural deep eutectic solvent (NADES) that
consisted of a mixture of choline chloride and lactic
acid with the molar ratio of 1:9. Then, the residual
solid material was delignified by bleaching it with a
mixture of acetic acid and sodium chlorite. The
fractionation process generated differently purified
pulps (celluloses) which were converted to CAs. The
crystallinity index, polymerization degree, chemical
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composition, and thermal properties of the differently
purified pulps and CAs were analyzed to evaluate the
efficacy of the acetylation process and to characterize
the CAs. The chemical derivation of the differently
purified cellulose samples generated CAs with differ-
ent degrees of substitution (DSs). The more purified
the cellulose sample was, the higher its DS was.
Moreover, some differences were observed between
the acetylation efficiencies of birch and agave bagasse.
Typically, cellulose purified from birch by treating it
with NADES followed by bleaching was acetylated
more completely (DS = 2.94) than that derived from
agave bagasse (DS = 2.45). These results revealed
that using green solvents, such as NADES, to treat
both agave bagasse (waste biomass) and birch wood,
allowed pure fractions to be obtained from biomass,
and thus, biomass could be valorized into products
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such as CAs, which present a wide range of
applications.

Keywords Agave bagasse - Birch - Waste biomass
valorization - Delignification - Green solvents -
NADES

Introduction

Lignocellulosic biomasses have emerged as promising
feedstock for the development of value-added prod-
ucts, and their abundancy, renewability, and
biodegradability are some of their most attractive
characteristics. Wheat straw, corn stover, sugarcane
bagasse, cornhusk, cotton, oil palm empty fruit bunch,
agave bagasse, rice husk, cereal straw, and different
types of wood mainly comprise cellulose, hemicellu-
loses, and lignin, and have been used as raw materials
for the production of chemicals, energy, and various
materials.

Cellulose is the most abundant natural polymer on
earth and the predominant component of lignocellu-
lose (Wan Daud and Djuned 2015; Chen et al. 2016;
Ruiz-Cuilty et al. 2018; Candido et al. 2017). Cellu-
lose has been typically described as a linear chain of -
p-glucopyranosyl units linked by 1-4-B-glucosidic
bonds. Each anhydroglucose unit contains three reac-
tive hydroxyl groups, which are susceptible to
replacement by other chemical groups. Moreover,
cellulose can be chemically modified to obtain mate-
rials with different physical and chemical properties
for specific purposes.

Cellulose acetates (CAs), which are some of the
most important derivatives of cellulose, are widely
used for manufacturing textile fibers, cigarette filters,
coats, films, composites, and membranes for filtration.
CAs are synthesized via the acetylation of cellulose,
where acetyl groups substitute the hydroxyl groups
during esterification reactions where acetic acid,
acetic anhydride, and sulfuric acid are typically used
as the solvent, acetylating agent, and catalyst, respec-
tively (Candido and Gongalves 2016; Filho et al. 2005;
El Nemr et al. 2015; Cerqueira et al. 2007; Das et al.
2014; Cao et al. 2018). CAs are typically produced
from materials such as wood pulps or cotton, which
contain highly pure cellulose, but are rather expensive
(Cao et al 2018). Therefore, in the past decades,
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researchers focused their efforts toward the prepara-
tion of CAs from less expensive lignocellulosic
biomasses, including corn fiber, rice hulls, and wheat
straw (Biswas et al. 2006), rice husk (Das et al. 2014),
agave bagasse (Soto-Salcido et al. 2018), sugarcane
bagasse (Candido et al. 2017; Nakanishi et al. 2011),
newspaper paper and mango seeds (Meireles et al.
2010), and Pinus sp. sawdust (Ballinas-Casarrubias
et al. 2015).

The interactions of cellulose, hemicelluloses, and
lignin result in the highly complex tridimensional
structure of biomasses. Each of these compounds
could be used for manufacturing value products.
However, to be able to use them separately, biomasses
need to be fractionated first (Li et al. 2018). Fraction-
ation changes the micro- and macrostructure of
biomasses and is typically performed by dissolving
lignin and hemicellulose while leaving cellulose
relatively unchanged and suitable for derivation (Chen
et al. 2017). Kraft (sulphate) and sulfite cooking
processes are the most commonly used pulping
methods in the industry. Delignification occurs when
lignin reacts with the sodium hydroxide in white
liquor. The mass yields of these processes are
considerably low, namely 50% or even lower, owing
to the degradation and solubilization of carbohydrates
during alkaline pulping at high temperature. The
dominant pulping process, i.e., Kraft pulping, utilizes
sodium sulfide under strongly alkaline conditions, and
generates undesired sulfide derivatives and lignin,
which contains sulfur (Idarraga et al. 1999; Santos
et al. 2012; Robles et al. 2018; De La Torre et al.
2013). The Kraft cooking process is carried out in
large cooking plants. When pure cellulose is the target
compound, the pulp requires pre- and/or post-treat-
ment. The large plants do not allow tailoring the pulp
quality, and therefore, novel solvents for its fraction-
ation have been developed. The fractionation pro-
cesses studied and developed to date have aimed to
minimize the loss and degradation of sugars, avoid the
generation of harmful byproducts and the use of
environmentally harmful reagents, and reduce the
process cost (Chen et al. 2017). During the last
decades, novel pretreatment methods using ionic
liquids (IL) or organic solvents have been developed
for the fractionation of biomasses. IL-based pretreat-
ments have been demonstrated to be effective for the
fractionation of several types of feedstock (Perez-
Pimienta et al. 2016) however, their large-scale use is
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limited, mainly owing to the high cost of ILs and the
need for complex and expensive recycling processes
(Berglund et al. 2017).

Recently, a novel type of ionic solvents, known as
deep eutectic solvents (DESs) have attracted the
attention of researchers owing their high biodegrad-
ability and facile preparation process; moreover, DESs
need not be purified after they are produced. Previous
studies mostly defined DES as special mixtures of at
least one hydrogen-bonding donor (HBD) and at least
one hydrogen-bonding acceptor (HBA). The ability of
DESs to donate and accept protons allows them to
form hydrogen bonds with other compounds, and
therefore, it improves their solvation properties. When
natural compounds, such as amino acids, organic
acids, sugars, urea, and choline derivatives, are used to
synthesize DESs, the obtained solvents are commonly
called natural deep eutectic solvents (NADESs). The
natural origin of the components of NADESs prevails
over some of the main drawbacks of common organic
solvents, including their toxicity and high volatility
(Santana et al. 2019; Faggian et al. 2016).

NADESs are prepared using heating, grinding,
vacuum evaporation, and freeze-drying methods.
When NADESs are prepared via heating, which is
the simplest and most commonly used method, the
components are mixed and heated until eutectic
solvents form. The vacuum evaporation method
requires that the components are first dissolved in
water followed by their evaporation in vacuum. For
the grinding method, the solid components are grinded
in a mortar under nitrogen atmosphere until a trans-
parent and homogeneous liquid is formed. When
NADESs are prepared via freeze drying, the solid
components are separately dissolved in water, and
then, the solutions are mixed, frozen, and freeze-dried
until a clear mixture is obtained (Van Osch et al.
2017).

The NADES that consists of choline chloride (CC)
and lactic acid (LA) as the HBA and HBD, respec-
tively, has been used to extract highly pure lignin from
wood and is considered to be a promising solvent for
the fractionation of biomasses and recovery of cellu-
loses, because it requires milder cooking conditions
than those used for conventional methods (Chen and
Mu 2019; Mamilla et al. 2019; Satlewal et al. 2018; Li
et al. 2018). According to the literature, different type
of waste biomasses and pulps treated with NADESs
present a wide range of delignification yields. For

example, pretreatment using the NADES that con-
sisted of a mixture of CC and LA with a molar ratio of
approximately 1:9 in the temperature range of
60-90 °C was reported to decrease the lignin content
of wheat straw to 14.6% (Jablonsky et al. 2015), potato
peels and apple residues to 33% and 62%, respectively
(Procentese et al. 2018), hardwood Kraft pulp to
37.8% (Jablonsky et al. 2018), and corncob to 93.1%
(Zhang et al. 2016). The waste biomass used in this
study was agave bagasse, which is a solid waste
generated during the production of tequila. Annually,
approximately 350 kiloton of agave bagasse is
produced in Mexico. This waste stream is typically
discarded to landfills or is burnt. Furthermore, the
usability of the agave bagasse waste biomass for the
production of CA using the new NADES-based
process was compared with that of silver birch (Betula
pendula). The effect of the NADES pretreatment of
agave bagasse on its delignification, crystallinity index
(CrD), degree of polymerization (DP), hemicellulose
removal, and cellulose accessibility for further chem-
ical modification is currently unknown.

Therefore, the feasibility of the novel NADES-
based fractionation process aimed at purifying cellu-
lose, for further synthesis of CAs, from waste biomass,
was studied. We hypothesized that the waste biomass
could be valorized into CAs via NADES pretreatment
followed by conventional acetylation. It was assumed
that the NADES pretreatment of the waste biomass
could be an efficient and mild fractionation process for
producing cellulose-enriched pulp, which would be
suitable for valorization into CAs.

Materials and methods
Lignocellulosic biomass

The agave bagasse was provided by Casa Cuervo
(Jalisco, Mexico), a tequila manufacturer. The particle
size of the bagasse was reduced using a hammer mill.
The milled material was classified via sieving using
710 and 250 pm meshes. The material that was
collected using those meshes was selected for NADES
pretreatment. The fibers were washed with acetone
(1:10 w/v) for 2 h at 50 °C to remove the dirt and
extractives. The average size of the birch chips was
34 x 16 x 3 mm, and they were not treated prior to
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the NADES pretreatment. Both biomasses were dried
at 80 °C for 24 h before use.

NADES preparation

The NADES used in this study was prepared according
to the procedure described by Esmaeili et al. (2018). A
mixture of CC and LA with the molar ratio of 1:9 was
vigorously stirred for 2 h at 70 °C. The transparent
and homogeneous mixture that was obtained was
poured into a glass container, which was then sealed,
where it was stored for further use.

NADES pretreatment of biomasses

First, 1000 g NADES was added to a pressure-
resistant glass recipient that contained 100 g biomass.
The glass container was manually agitated to properly
mix the reactants. Once the biomass was completely
soaked with NADES, it was autoclaved for 5 h at
1.5 bar and 121 °C. Then, a 3 L aqueous ethanol
solution (ethanol-to-water ratio of 2:1 v/v) was used to
wash the pretreated biomass. Afterward, an abundant
amount of water was used to wash and remove the
impregnated NADES from the pulp. The pulp was
dried for 24 h at 55 °C, and the yield of the pretreat-
ment, delignification, and cellulose recovery were
calculated as follows:

w
Yield(%) = <—2) x 100, (1)
Wi
where W is the dry mass of the biomass (g) and W, is
the dry mass of the pulp (g);

Lb — Lp) x X5
Delignification(%) = {(Ll;)loo] x 100,

(2)

where Lb is the amount of lignin in the biomass (g/g),
Lp is the amount of lignin in the pulp (g/g), and Y is the
mass pulp yield; and

CpxY

Cellulose recovery(%) = l(lg—z)l x 100, (3)

where Cb is the cellulose content of the biomass (g/g)
and Cp is the cellulose content of the pulp (g/g).
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Acid-chlorite delignification

In an attempt to remove as much lignin as possible, the
NADES-pretreated pulps were delignified using
sodium chlorite and acetic acid. First, 20 g pulp and
640 mL deionized (DI) water were added to a 1 L
Erlenmeyer flask, and the mixture was magnetically
stirred; the temperature was set to 75 °C. Then, 10 g
sodium chlorite and 4 mL acetic acid were added to
the flask and the mixture was agitated for 2 h while
maintaining the same temperature. The produced
delignified pulps were first washed with 160 mL
acetone and then with DI water until their color
changed from yellow to clear. Lastly, the pulps were
dried at 55 °C for 24 h.

Determination of biomass and pulp composition

The methods used to determine the cellulose, lignin,
and hemicellulose composition of the biomass and
pulps are described in Sect. 1.0 of the Supplementary
Material (Anugwom et al. 2012; Sundberg et al. 1996;
Sluiter et al. 2008; Willfor et al. 2009).

Degree of polymerization

The average number of anhydroglucose units, known
as the degree of polymerization (DP), determines the
chain length of cellulose. The DP is an important
factor that must be considered when designing cellu-
lose derivatives owing to its effect on the mechanical,
physical, chemical, and rheological properties of
cellulose (Hilal et al. 2015). The effects of the NADES
pretreatment and acid-chlorite delignification on the
chain length were determined by measuring the DPs of
the samples. We used the method described by Liu
et al. (2016) who established a relationship between
the intrinsic viscosity ([#]) and molecular weight of
cellulose dissolved in ILs. The pulps were added to a
mixture of dimethyl sulfoxide and 1-ethyl-3-
methylimidazolium acetate (1:1 w/w) and were
allowed to dissolve at 80 °C for at least 24 h. The
concentration of the samples was 0.5% (0.005 g/mL).
Then, the relative viscosities (1,) of the samples were
determined using an ST analytics 532 20-II Ubbelohde
viscometer at 40 °C. The equations used to calculate
1 and the specific viscosity (1,,) are included in
Sect. 2.0 of the Supplementary Material (Shi et al.
2018).
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Acetylation reaction

The acetylation of the extracted cellulose was per-
formed using the typical cellulose acetylation method
described by Ballinas-Casarrubias et al. (2015). The
method involved the use of acetic and sulfuric acids as
solvent and catalyst, respectively in a temperature-
controlled process. Briefly, first, cellulose was acti-
vated by adding acetic anhydride to it. Then, cellulose-
sulfate ester was formed upon the addition of sulfuric
acid to the system. The reaction of acetic anhydride
and sulfuric acid generated acetyl-sulfuric acid, which
led to the formation of cellulose sulfate esters. During
the acetylation reaction, a fraction of cellulose
degraded owing to the hydrolysis of the glycosidic
oxygen bonds in the acidic media. The distribution of
the acetyl groups and degree of acetylation of cellulose
were affected by the water content of the reaction
mixture during hydrolysis (Ballinas-Casarrubias et al.
2015).

Four pulps with different lignin and hemicellulose
contents were acetylated. First, 20 g pulp was collo-
cated into a glass container; then, 55 mL acetic acid
was added to it and the mixture was stirred manually
every 10 min for 1 hat 38 °C. A solution of 118.5 mL
acetic acid and 0.12 mL sulfuric acid was subse-
quently added to the container, and the reactants were
mixed for 1 h using a magnetic stirrer; the temperature
of the reaction mixture was maintained at 38 °C.
Afterward, the mixture was cooled to 18 °C, and a
solution of 72 mL acetic anhydride and 0.24 mL
sulfuric acid was added dropwise to it under constant
stirring for 1 h at 18 °C. Subsequently, the mixture
was stirred for 1 h as its temperature was increased to
35 °C. The viscosity of the mixture increased notice-
ably. Then, a solution of 72 mL acetic acid and
112 mL water was added to the container, and the
mixture was stirred for 1 h at 38 °C. The resulting
acetylated lignocellulose material was filtrated and
washed with abundant water until neutral pH was
achieved. Lastly, the sample was dried at 55 °C for
24 h.

Esterification degree

The esterification degree (ED) was determined using
the procedure reported by Candido and Gongalves
(2016). First, 5 mL of 0.25 M NaOH was added to an
Erlenmeyer flask that contained 0.1 g acetylated

lignocellulose sample. The mixture was allowed to
react for 24 h. Then, 10 mL of 0.25 M HCl was added
to the flask and the content of the flask was mixed for
30 min. Afterward, the mixture was titrated using a
0.25 M NaOH solution and phenolphthalein as the
indicator. The ED was calculated as follows:

gD — U(VBi+ Vor) x b — (Vc‘z}vx pa)] x M x pa x 100}

(4)

where W is the mass of the sample (g), M is the molar
weight of the acetyl group (43 g mol™"), Vbi is the
volume of NaOH added to the system (L), Vbr is the
volume of NaOH used for titration (L), ub is the
concentration of NaOH (M), Va is the volume of HCI
added to the system (L), and pa is the concentration of
HCl (M).

Characterization

All samples were analyzed using X-ray powder
diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR) and thermogravimetric analysis
(TGA). The analysis methods are described in
Sect. 3.0 of the Supplementary Material.

Results and discussion

The following nomenclature was used for the pulps
herein: Agave N and Birch N denote the NADES-
pretreated agave and birch pulps, respectively; Agave
NB and Birch NB denote the NADES-pretreated and
acid-chlorite-delignified agave and birch pulps,
respectively; Agave NA and Birch NA denote the
NADES-pretreated and acetylated pulps derived from
agave bagasse and birch chips, respectively; and
Agave NBA and Birch NBA denote the NADES-
pretreated, acid-chlorite-delignified, and acetylated
pulps from agave bagasse and birch chips,
respectively.

NADES pretreatment and acid-chlorite
delignification

Different DESs and NADESs have been extensively
used for feedstock fractionation processes. The effi-
ciency of the pretreatment depends on several factors,
including the type of biomass, HBA and HBD used,
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HBA/HBD ratio, DES/biomass ratio, and reaction
conditions. Thus, the removal of hemicelluloses,
delignification, and fractionation yield might vary
depending on the experiment. High delignification
yields have been reported when a mixture of CC and
LA was used for the purification of cellulose (Jablon-
sky et al. 2015; Alvarez-Vasco et al. 2016). This might
be attributed to the presence of chloride ions in CC.
Smink et al. (2019) studied the effect of CC on the
pulping of Eucalyptus chips and determined that the
chloride ion was the active reactant for biomass
conversion. Pretreatment using other feedstocks and
different NADESs is discussed in Sect. 4.0 of the
Supplementary Material (Zhao et al. 2018).

The cellulose, lignin, and hemicellulose content of
the investigated biomasses and their respective pulps
are summarized in Table 1. The initial compositions of
the agave bagasse and native birch used in this study
were consistent with the values reported in literature,
which ranged from 42 to 47%, 21.3-27%, and
19.3-20.5% for cellulose, hemicelluloses, and lignin,
respectively, for agave bagasse (Perez-Pimienta et al.
2013, 2015; Saucedo-Luna et al. 2010), and from 34.7
to 41%, 27.9-31.2%, and 18.7-29.6% for cellulose,
hemicelluloses, and lignin, respectively for native
birch (Matsakas et al. 2018; Wen et al. 2013;
Mirahmadi et al. 2010).

The NADES pretreatment and acid-chlorite delig-
nification were aimed at increasing the production of
cellulose-enriched pulps by degrading and dissolving
the hemicelluloses and lignin. Jablonsky et al. (2018)
efficiently removed lignin and hemicelluloses from
birch after pretreatment using a LA and CC-based
NADES, and achieved a delignification yield of 35%,
whereas the hemicellulose removal reached 82.5%

Table 1 Content of main biopolymers in biomass samples.
Here N and NB denote NADES-pretreated and NADES-
pretreated and acid-chlorite-delignified pulps, respectively,

(see Table 2). Moreover, after acid-chlorite delignifi-
cation, the decrease in the hemicellulose content was
negligible, and, as expected, the lignin fraction
decreased up to 77%. This delignification yield was
considerably higher than that reported by Wen et al.
(2013) who used [C2mim][OAc], an IL, to pretreat
birch. In addition, Wen et al. (2013) reported that the
lignin and hemicellulose contents of the analyzed
samples only decreased from 25.4 to 20.5% and from
29.9 to 12.8%, respectively.

The NADES pretreatment resulted in the efficient
delignification of agave bagasse, which led to the
removal of up to 23.4% of the total lignin in the
biomass. In addition, hemicelluloses were dissolved,
which promoted the cellulose accessibility and its
suitability for chemical modification. Compared with
the pretreatment reported by Perez-Pimienta et al.
(2016), who used the [C2mim][OAc] IL, under similar
reaction conditions (120 °C and 3 h of reaction time),
lignin removal reached up to 16% and hemicellulose
removal was almost the same. In addition to the
improved delignification yield and hemicellulose
removal, the NADES pretreatment of agave bagasse
generated pulp that was readily available for chemical
modification, with and without acid-chlorite deligni-
fication after pretreatment. Because NADESs are less
toxic and more affordable than ILs, they are consid-
ered better alternatives for the pretreatment of
biomasses.

In this study, the delignification yield of native
birch after NADES pretreatment was higher than that
of agave bagasse. The effectiveness of any pretreat-
ment in the terms of delignification yield, hemicellu-
lose removal, and cellulose recovery depends on the
structure and composition of the biomass that is

where NADES is a natural deep eutectic solvent that consists
of a mixture of choline chloride and lactic acid with the molar
ratio of 1:9

Lignin (% £ SD) Hemicelluloses (% £ SD)

Sample Cellulose (% + SD)
Agave bagasse 42.0 + 3.46
Agave N 73.8 £ 2.30
Agave NB 88.5 + 1.27
Native birch 38.4 £ 4.51
Birch N 63.6 + 1.60
Birch NB 89.3 £ 2.18

18.8 £ 0.53 225 £ 1.70
14.4 £ 0.55 6.5 £ 0.56
6.4 £ 1.69 72 £0.15
26.5 £ 1.51 309 £5.22
17.2 £ 1.27 54 £ 0.69
3.9 £ 0.56 5.1 £0.60
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Table 2 Mass yield, delignification, hemicellulose removal, and cellulose recovery of natural deep eutectic solvent (NADES)-
pretreated and acid-chlorite delignified agave bagasse and birch chips

Biomass NADES pretreatment Acid-chlorite delignification
Mass Delignification =~ Hemicellulose  Cellulose Mass Delignification =~ Hemicellulose  Cellulose
yield (%) removal (%) recovery yield (%) removal (%) recovery
(%) (%) (%) (%)
Agave 59.5 234 71.1 62 754 55.5 0 50
bagasse
Birch 66.5 35 82.5 73 71.1 713 5.5 45
chips

subjected to it. The substructure of lignin comprises
mainly syringyl (S) and guaiacyl (G). The S/G ratio
has been demonstrated to be an important factor when
defining biomass recalcitrance. The reactivity of the G
aromatic ring is lower than that of the S one
(Derkacheva, 2013), and thus, higher delignification
yields after pretreatment could be obtained from
biomasses that contain more S than G (Lupoi et al.
2015). Perez-Pimienta et al. (2016) reported that the
S/G ratio of untreated agave bagasse was 4.3, which
was considerably higher than that of untreated birch
(2.4) (Derkacheva 2013). Thus, we hypothesized that
another reason, such as the size of the fibers, could
have led to the delignification yield of birch being
higher than that of agave bagasse, although the S/G
ratio of agave bagasse was higher than that of birch
according to Derkacheva (2013).

Effect of NADES pretreatment and acid-chlorite
delignification on DP

Numerous studies have reported the effects of the
NADES pretreatments on the chain length of cellu-
lose. The conditions of the pretreatment, such as the
type of solvent, temperature, reaction time, and
catalyst (if used), directly determine the DP of the
resulting pulps. The DPs of the NADES-pretreated
agave bagasse and birch were 479 and 755, respec-
tively. The DP of NADES-pretreated birch was higher
than that of birch that underwent thermocatalytic
treatment in the presence of HCI, which was 450 (Laka
and Chernyavskaya 2007). The milder effect of the
NADES pretreatment on biomass delignification
resulted in cellulose with longer chains. Hence, the
accessibility to the hydroxyl groups that could be
replaced by acetyl groups during esterification was

increased. After acid-chlorite delignification, the DPs
of agave bagasse and birch pulps increased from 479
to 550 and from 755 to 819, respectively. Other
researchers who used acid-chlorite to delignify Pinus
radiata and cotton linters have also reported this effect
and claimed that the increase in DP might have been
caused by the formation of long chains between the
fibers in the network via hydrogen bonds (Puri 1984;
Kumar et al. 2013).

Acetylation reaction

The degree of substitution (DS) determines the
average number of hydroxyl groups replaced by acetyl
groups in the glucosidic units of cellulose. The DS
values range from O to 3, where 3 indicates the full
substitution of unbranched CAs. The DS affects the
solubility and also the mechanical, chemical, physical,
and thermal properties of CAs. In addition, the
biodegradability and crystallinity of CAs vary accord-
ing to their DS (Filho et al. 2005; Ghareeb and Radke
2013). CAs with DS ranging from 2.2 to 2.7 consist
mostly of cellulose diacetate (CDA). This cellulose
derivative exhibits low toxicity and is soluble in a wide
variety of common organic solvents, including ace-
tone. The main drawback of CDA is its biodegrad-
ability. The DS of cellulose triacetate (CTA) ranges
from 2.8 to 3.0; moreover, CTA presents low
flammability, low toxicity, and better resistance to
degradation by microorganisms than CDA, which are
considered advantages (Cao et al. 2018; Wan Daud
and Djuned 2015; Fan et al. 2013).

The hydrophobicity of the acetyl groups leads to
their great solubility in organic solvents. CDA is
soluble in acetone and tetrahydrofuran, and CTA is
soluble in dichloromethane and chloroform. The
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solubility of CAs with low DS values in common
organic solvents is low (De Freitas et al. 2017). The
acetylation reaction efficiency depends on the acces-
sibility of reactants to cellulose. Therefore, the
replacement of the hydroxyl groups by acetyl groups
starts in the amorphous region of cellulose owing to
the crystalline structure of cellulose hindering chem-
ical reactions (Wan Daud and Djuned 2015; Cheng
et al. 2010). The DS depends on multiple factors, such
as the type of pulp, catalyst, reaction time, and
esterification method, and a summary of the DS values
reported in the literature for different biomasses
subjected to different acetylation methods is presented
in section 5.0 of the Supplementary Material (Filho
et al. 2007).

The DS of Agave NA and Agave NBA were 2.14
and 2.45, respectively, and were both ascribed to the
presence of CDA in these pulps. The DS values of
Agave NA and Agave NBA were lower than those of
Birch NA (2.74), and Birch NBA (2.94). The lower DS
values of the agave bagasse-derived pulps was
attributed to the lignin content of the agave bagasse
pulps being higher than that of the birch-derived pulps.
Lignin surrounds cellulose, and thus, it hinders the
access of acetyl groups to the hydroxyl groups and
diminishes the efficiency of the acetylation reaction
(Biswas et al. 2006). Similarly, even though the DS of
Birch NA was higher than those of Agave NA and
Agave NBA, the number of substituted hydroxyl
groups of Birch NA was lower than that of Birch NBA,
which contained less lignin than Birch NA. The
NADES-pretreated pulps obtained in this study were
esterified before and after acid-chlorite pretreatment
and their DS values are presented in Table 3.

The low DS values of CA do not translate into poor
quality materials. CA with DS values ranging from
2.45 to 2.5 are preferred owing to their high solubility
in many solvents (including acetone), and good
melting properties, which render them useful for a
variety of products (Candido et al. 2017). Thus, Agave
NBA with the DS of 2.45 is preferred over birch with
higher DS values for manufacturing more products,
because the solubility of birch in commonly used
solvents is limited. During the acetylation reaction, the
amorphous lignin/hemicellulose matrix that surrounds
the cellulose microfibrils, restricts the accessibility of
reagents to cellulose. In addition, lignin and hemicel-
luloses contain hydroxyl groups that are susceptible to
acetylation, and therefore, the chemical modification
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Table 3 Cellulose acetates yield, esterification degrees (EDs),
and degrees of substitution (DSs) of acetylated cellulignin
pulps. Here NA and NBA denote NADES-pretreated and
acetylated and NADES-pretreated, acid-chlorite-delignified,
and acetylated pulps, respectively, where NADES is a natural
deep eutectic solvent that consists of a mixture of choline
chloride and lactic acid with the molar ratio of 1:9

Acetylated pulp Yield (%) ED (%) DS

Agave NA 24.3 32.33 2.14
Agave NBA 33.7 37.13 245
Birch NA 335 41.50 2.74
Birch NBA 44.7 44.56 2.94

of cellulose is hindered. The reaction rates of the
lignocellulose components decreases as follows:
lignin > hemicelluloses > cellulose (Hill et al. 1998).

It has been reported that the size of the agave
bagasse fibers is important during cellulose valoriza-
tion. Reagents reach cellulose via diffusion, and
diffusion occurs more efficiently for powdered agave
bagasse than for agave bagasse that consists of long
fibers. The high lignin content of biomasses has been
reported to inhibit the acetylation reaction or interfere
with the esterification process, and therefore, would
result in CAs with low DS values. For example,
Meireles et al. (2010) attempted to acetylate newspa-
per paper with the lignin content of 24.65% and
reported that the reaction was not effective until the
newspaper paper was subjected to delignification (Cao
etal. 2018; Tronc et al. 2007; Hill et al. 1998). NADES
pretreatment improved the accessibility of cellulose,
and thus, led to obtaining acetylated celluloses with
higher DS values. Tronc et al. (2007) reported that
powdered and long fibers of unpretreated acetylated
agave bagasse presented the DS values of 0.34 and
1.17, respectively. The DS of the agave bagasse-
derived pulp in this study was as high as 2.14, which
was attributed to the presence of CDA in its structure,
and that of Agave NB was 2.45.

FTIR spectroscopy

To assess the possible changes in the structure of
biomasses during the synthesis of CAs, all samples
were subjected to FTIR analysis. The fractionation of
both biomasses and hydroxyl substitution by acetate
groups during the acetylation reaction could be
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observed in the FTIR spectra of the samples. The
spectra of agave bagasse and their respective pulps are
depicted in Fig. 1, and those of native birch and its
pulps are illustrated in Fig. 2. The biomasses (agave
bagasse, and native birch) and their pulps (Agave N,
Agave NB, Birch N, and Birch NB) presented similar
behaviors.

The intensity of the broad peak at approximately
3350 cm™ ' was assigned to the—stretching of the ~OH
group, which is characteristic of cellulose, and slightly
decreased after the NADES pretreatment. This might
be due to the removal of some of the hydroxyl groups
of hemicellulose and lignin during NADES pretreat-
ment. The intensity of the 1510 cm™' peak, which is
characteristic of the stretching or bending vibrations of
the C=C and C=0O bonds of lignin noticeably

samples. The peaks at 1444 and 1431 cm™' were
assigned to the bending and scissoring of the —CH,—
groups. The intensity of the 1250 cm™' peak, which is
characteristic of the stretching of the C-O bonds of
lignin, decreased after NADES pretreatment. The
intensity of the peak at approximately
1280-1300 cm™!, which is attributed to the bending
of the —-CH,— groups of crystalline cellulose, increased
significantly (Barud et al. 2008; Robles et al. 2018;
Chen et al. 2016; De Freitas et al. 2017; Ruiz-Cuilty
et al. 2018; Garside and Wyeth 2003; Candido and
Gongcalves 2016).

The intensities of the broad peaks at 3350 cm™' in
the FTIR spectra of the acetylated pulps (Agave NA,
Agave NBA, Birch NA, and Birch NBA) were
significantly lower than those of the non-acetylated

decreased in both the NADES-pretreated and pulps, which indicated that the number of —OH groups
NADES-pretreated and acid-chlorite delignified decreased as they were substituted by acetyl groups
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Fig. 1 Fourier-transform infrared spectra of Agave bagasse,
Agave N, Agave NB, Agave NA, and Agave NBA; here Agave
N, Agave NB, Agave NA, and Agave NBA denote the NADES-
pretreated, NADES-pretreated and acid-chlorite-delignified,
NADES-pretreated and acetylated, and NADES-pretreated,

acid acid-chlorite-delignified, and acetylated pulps from agave
bagasse, respectively, where NADES is a natural deep eutectic
solvent that consists of a mixture of choline chloride and lactic
acid with the molar ratio of 1:9
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Fig. 2 Fourier-transform infrared spectra of Native Birch,
Birch N, Birch NB, Birch NA, Birch NBA; here Birch N, Birch
NB, Birch NA, and Birch NBA denote the NADES-pretreated,
NADES-pretreated and acid-chlorite-delignified, NADES-pre-
treated and acetylated, and NADES-pretreated, acid acid-

during the esterification reaction. The intensities of the
1750 cm ™" peaks, which were assigned to the stretch-
ing of the C=0 ester carbonyl bonds present in the
structure of the acetyl groups of the acetylated
samples, were noticeably higher than those of the
non-acetylated samples. The intensities of the
1360 cm™' peaks, which were assigned to the C-H
bonds of the acetyl groups of the acetylated samples,
were remarkably higher than those of the non-acety-
lated samples. The intensities of the 1240 cm ™' peaks
in the spectra of the acetylated samples were higher
than those of the non-acetylated samples owing to the
stretching of the C—O bonds of the acetyl groups
linked to cellulose (Chen et al. 2016; De Freitas et al.
2017; Wan Daud and Djuned 2015; Luz et al. 2008;
Candido et al. 2017; El Nemr et al. 2015). These
results confirmed the removal of lignin and hemicel-
luloses from the pulps after NADES pretreatment and
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chlorite-delignified, and acetylated pulps from birch chips,
respectively, where NADES is a natural deep eutectic solvent
that consists of a mixture of choline chloride and lactic acid with
the molar ratio of 1:9

acid-chlorite delignification. Moreover, the acetyla-
tion of the pulps was confirmed using the FTIR
spectra, which revealed that the hydroxyl groups were
replaced by acetyl groups.

Powder XRD analysis

The morphological changes and Crls of the samples
obtained when CAs were synthesized from biomasses
were determined using XRD analysis. The Crl
provides important information on the mechanical
properties of materials (Zhao et al. 2016). Figure 3
presents the XRD pattern of native birch, its pulps, and
acetylated pulps, and Fig. 4 illustrates the correspond-
ing XRD patterns of the agave bagasse-based samples.

The patterns of Native Birch, Birch N, and Birch
NB presented an intense peak at approximately 16° 26
corresponding to overlapped peaks of the
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Fig.3 X-ray diffraction patterns of Native birch, Birch N, Birch
NB, Birch NA, and Birch NBA; here Birch N, Birch NB, Birch
NA, and Birch NBA denote the NADES-pretreated, NADES-
pretreated and acid-chlorite-delignified, NADES-pretreated and
acetylated, and NADES-pretreated, acid acid-chlorite-

crystallographic planes with Miller indices (1-10) and
(110). The major intensity contributor to the peak at
23.0° 20, attributed to crystalline cellulose, corre-
sponds to the (200) plane (French 2014; Pereira et al.
2020). In the 34.5° 28, is assigned to an overlapping of
several peaks including (004) plane without this being
the dominant contributor (French 2014). Whereas, the
height of minimum intensity between the major peaks
correspond to the amorphous material and it is located
approximately at 18° 20 for cellulose I (French 2014;
French and Santiago Cintrén 2013). The pretreated
and delignified samples presented higher Crls than
native birch and agave bagasse owing to the removal
of amorphous lignin and hemicelluloses from them
during these processes. Ruiz-Cuilty et al. (2018)
indicated that the crystallinity of Quercus sp. pulp
samples was higher when their lignin content was
lower. This was attributed to the degradation of
amorphous  cellulose  during high-temperature

30 35 40 45 50 55 60

26(°)

delignified, and acetylated pulps from birch chips, respectively,
where NADES is a natural deep eutectic solvent that consists of
a mixture of choline chloride and lactic acid with the molar ratio
of 1:9

(180 °C) delignification. The Crls of the samples
were calculated using the method proposed by Segal
et al. (1959), where the height intensity of the
diffraction peak from the (200) plane, was divided
by the height of minimum intensity of the amorphous
fraction. The XRD patterns of the acetylated samples
(Birch NA and Birch NBA) presented significant
changes. According to Chen et al. (2016), the main
diffraction peaks characteristic for semi-crystalline
CAs are found at 8.3°, 10.4° and 13.3° 20, whereas the
amorphous material is found at the diffraction peak
17.7° 20. The changes observed in the XRD pattern of
the acetylated materials, are reported to have occurred
during the acetylation of cellulose, this kind of
disorder can be related to the substitution of acetyl
group along the axes. This is often connected to an
increased interfibrillar distance and microfibrillar
structural breakage (Wan Daud and Djuned 2015).
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Fig. 4 X-ray diffraction patterns of Agave bagasse, Agave N,
Agave NB, Agave NA, and Agave NBA; here Agave N, Agave
NB, Agave NA, and Agave NBA denote the NADES-pretreated,
NADES-pretreated and acid-chlorite-delignified, NADES-pre-
treated and acetylated, and NADES-pretreated, acid acid-

The XRD patterns of agave bagasse and its pulps
included strong peaks at 20 of 15°, 24.5°, and 30.5°.
These peaks were only visible in samples of agave
bagasse collected after the production of tequila and
were not observed in other varieties of agave (Perez-
Pimienta et al. 2013). These peaks were ascribed to
calcium oxalate monohydrate which commonly accu-
mulates in the tissues of more than 215 plant families
(Perez-Pimienta et al. 2015). The CrIs of all analyzed
samples are summarized in Table 4. The CrI of agave
bagasse calculated in this study was 28%, which was
consistent with the Crl of 28.6% reported by Perez-
Pimienta et al. (2013). The NADES pretreatment of
agave bagasse resulted in high hemicellulose removal
and partial delignification, which led to the increase in
the Crls of the NADES-pretreated samples. This was
in agreement with the increase in the CrI of the agave
bagasse pulp observed after organosolv pretreatment,

where hemicellulose removal was considerable.
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chlorite-delignified, and acetylated pulps from agave bagasse,
respectively, where NADES is a natural deep eutectic solvent
that consists of a mixture of choline chloride and lactic acid with
the molar ratio of 1:9

Table 4 Crystallinity indices of agave bagasse, birch chips,
and their corresponding pulps; here N, and NB, denote the
NADES-pretreated, NADES-pretreated and acid-chlorite-
delignified, respectively, where NADES is a natural deep
eutectic solvent that consists of a mixture of choline chloride
and lactic acid with the molar ratio of 1:9

Sample Crystallinity index (%)
Native agave 28
Agave N 36
Agave NB 35
Native birch 58
Birch N 61
Birch NB 66

However, when [C,C;Im][OAc], an IL, was used to
pretreat agave bagasse, the Crls of the samples
decreased by approximately 42% and the amount of
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hemicelluloses in the samples after pretreatment was
almost unchanged (Perez-Pimienta et al. 2017).

The Crls of both biomasses increased after NADES
pretreatment and acid-chlorite delignification. This
was attributed to the removal of amorphous lignin and
hemicelluloses, and the degradation of amorphous
cellulose during the treatments (Ruiz-Cuilty et al.
2018). The higher the number of hydroxyl groups in
the polymer chains, the more hydrogen bonds were
formed, which improved the organization of chains
and increased the amount of crystalline phases (De
Freitas et al. 2017). The equation developed by Segal
et al. (1959) cannot be used for acetylated materials,
for this reason, Crls of Agave NA, and NBA as well as
Birch NA, and NBA samples are not presented in this
work. However, De Freitas et al. (2017), reported that
the Crls of acetylated samples that presented higher
DS values were lower than those of the samples that
presented lower DS values.

TGA experiments

The TGA curves of native agave and its pulps are
illustrated in Fig. 5, and those of native birch and its
pulps are presented in Fig. 6. Three main thermal
events, which are commonly observed for cellulose
derivatives, were identified in the TGA curves of all
samples. For Agave N and Agave NB, a slight weight
loss was observed in the temperature range of xx—
180 °C, which was attributed to the desorption of
water and evaporation of volatile compounds (Can-
dido et al. 2017; Das et al. 2014). Conversely, for
Agave NA and Agave NBA this weight loss ended at
approximately 140 °C. This might be attributed to the
content of volatile compounds present in the non-
acetylated pulps being higher than that in acetylated
pulps. The initial weight loss for native birch, Birch N
and Birch NB occurred in the temperature range of xx—
230 °C, and for Birch NA and Birch NBA in the
temperature range of xx—150 °C.

The second and major weight loss step occurred
from 180 °C for agave bagasse, Agave N and Agave
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Fig. 5 Thermogravimetric analysis curves of Agave bagasse,
Agave N, Agave NB, Agave NA, and Agave NBA, in the
temperature range of xx-900 °C; here Agave N, Agave NB,
Agave NA, and Agave NBA denote the NADES-pretreated,
NADES-pretreated and acid-chlorite-delignified, NADES-

pretreated and acetylated, and NADES-pretreated, acid acid-
chlorite-delignified, and acetylated pulps from agave bagasse,
respectively, where NADES is a natural deep eutectic solvent
that consists of a mixture of choline chloride and lactic acid with
the molar ratio of 1:9
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Fig. 6 Thermogravimetric analysis curves of Native birch,
Birch N, Birch NB, Birch NA, and Birch NBA, in the
temperature range of xx-900 °C; here Birch N, Birch NB,
Birch NA, and Birch NBA denote the NADES-pretreated,
NADES-pretreated and acid-chlorite-delignified, NADES-

NB, 140 °C for Agave NA and Agave NBA, 230 °C
for Native birch, Birch N, and Birch NB, and 150 °C
for Birch NA, and Birch NBA, to approximately
380 °C for all samples. The pyrolytic decomposition
of CAs occurred during this stage. Moreover, hemi-
celluloses decompose in the temperature range of
approximately 180-230 °C owing to their amorphous
structure (Meireles et al. 2010; Ruiz-Cuilty et al.
2018). Furthermore, lignin, which presents more
complex structure, degrades in the temperature range
of 190-900 °C (Candido et al. 2017) and the thermal
degradation of cellulose occurs at approximately
350 °C. This might explain the significant weight loss
of the samples in the temperature range of 180-380 °C
(Ruiz-Cuilty et al. 2018). As the temperature increased
from 400 to 550 °C, cellulose decomposed into
D-glucopyranose monomers, and then into free radi-
cals (Das et al. 2014). At 200 °C, the acetylated pulps
presented a minor weight loss, which was attributed to
the presence of a small quantity of xylan acetate in the
samples owing to the acetylation of hemicelluloses
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pretreated and acetylated, and NADES-pretreated, acid acid-
chlorite-delignified, and acetylated pulps from birch chips,
respectively; and NADES is a natural deep eutectic solvent that
consisted of a mixture of choline chloride and lactic acid with
the molar ratio of 1:9

(Meireles et al. 2010). Barud et al. (2008) assigned the
peak at approximately 227 °C to the degradation of
CDA, and this peak is expected to be observed in the
TGA curves of acetylated pulps with high DS. The
third weight loss step occurred in the temperature
range of 380-900 °C, and was attributed to the
carbonization of the degradation products (Candido
et al. 2017; Fan et al. 2014). The high crystallinity of
cellulose in the Agave N, Agave NB, Birch N, and
Birch NB samples led to their thermal stability being
higher than those of native birch, and agave bagasse,
respectively. The Agave NBA, and Birch NBA
samples were more thermally stable than Agave NA
and Birch NA, and that could be attributed to the Crl
and DS values of the NBA samples being higher than
those of the NA samples (Chen et al. 2016; Barud et al.
2008).
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Conclusions

The goal of this study was to evaluate the feasibility of
a novel fractionation process for the purification of
cellulose for the production of CAs. Both waste
biomass (agave bagasse) and native birch wood were
used as raw materials for fractionation. Agave bagasse
was selected because it is typically considered to be a
waste and is only used for low value applications or
discarded. The efficiencies of the fractionation process
and acetylation reaction for both biomasses were
compared. The fractionation process consisted of two
steps: the pretreatment of biomass with a NADES and
bleaching. The results confirmed our hypothesis that
waste biomass could be valorized to CAs using a
novel, mild, and simple NADES-based fractionation
pretreatment prior to the acetylation of cellulose.

LA and CC-based NADES pretreatment was
effective for dissolving hemicelluloses and lignin
from the agave bagasse and birch samples. The
hemicellulose removal and delignification were
approximately 83% and 71% for the birch sample
and 35% and 23% for the agave bagasse, respectively.
The dissolution of hemicelluloses owing to the
NADES pretreatment resulted in a cellulose-rich pulp
that was readily available for chemical modification.
Bleaching removed most of the residual lignin but did
not significantly affect the hemicellulose content of
the samples. The DS values of the acetylated pulps
(celluloses) were higher when the purity of the
cellulose in the pulp was higher. Moreover, the
hydroxyl groups of the birch-derived cellulose were
more completely acetylated than those of the agave
bagasse-derived cellulose. The efficacy of the acety-
lation reaction was confirmed using FTIR analysis; the
FTIR spectra of the samples that underwent acetyla-
tion revealed that the hydroxyl groups were substi-
tuted by acetyl groups. The acetylation of the agave
bagasse-derived cellulose-enriched pulp lead to the
formation of CDA, a desired material owing to its
solubility and wide uses in the industry. Therefore, the
proposed process could be used to valorize waste
biomass (agave bagasse). In addition, our results
suggested that, regardless of the source of the biomass,
this novel process could purify cellulose that would be
further used to prepare CAs.
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