Cellulose
https://doi.org/10.1007/s10570-023-05081-3

ORIGINAL RESEARCH

q

Check for
updates

Combined effects of deep eutectic solvent and microwave
energy treatments on cellulose fiber extraction from hemp

bast

Bulbul Ahmed - Jaegyoung Gwon - Manish Thapaliya - Achyut Adhikari -

Suxia Ren - Qinglin Wu

Received: 20 October 2022 / Accepted: 28 January 2023

© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract Extracting pure cellulose fibers from
hemp fibers for value-added applications like indus-
trial textile requires the removal of non-cellulosic
gummy substances. However, traditional degum-
ming methods are largely limited due to their long
process time, high energy consumption, and det-
rimental environmental pollution. Herein, several
deep eutectic solvents (DESs) combined with micro-
wave energy (MWE) were explored to degum hemp
fibers without any further treatment. The purified
hemp cellulose fibers were systematically character-
ized using advanced analytical techniques. Results
revealed that the synergetic effect of combined
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MWE-DES treatment was capable of removing non-
cellulosic components such as lignin, hemicellulose,
amorphous cellulose, and impurities from the fiber
structure without damaging the cellulose structure.
MWE-DES treated fibers had higher thermal stability
(maximum degradation temperature of MWE-DES
treated fibers reached 356 °C), lower residual lignin
content (2.88%), and higher crystallinity (83.27% for
choline chloride and urea DES). Moreover, MWE-
DES treated fibers showed the inhibition of bacte-
rial growth, comparable with that from untreated raw
hemp fibers containing bioactive compounds (flavo-
noid). Featured with high efficiency, very short pro-
cess time, less chemical and energy consumption, and
high-quality fibers, this treatment method has a great
potential for hemp cellulose fiber extraction.
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Introduction

Hemp is a promising biomaterial that has garnered
great interest in recent decades as an alternative to
other cellulosic fibers due to its biodegradability, fast-
growing capability, and low production cost (Manaia
et al. 2019). Hemp fibers have primarily been used
in several industries such as textiles, composite, pulp
and paper, and biorefinery. Hemp bast is mostly com-
posed of cellulose, hemicellulose, lignin, and gummy
compounds including pectin, oil, and wax. Lignin, a
complex biopolymer consists of monolignols, includ-
ing coniferyl alcohol, sinapyl alcohol, and p-coumaryl
alcohol (Ralph et al. 2019). Gums consist of primar-
ily proteins and resins (Soumya et al. 2019). The
gummy compounds, hemicellulose, lignin, and other
non-cellulosic components need to be removed from
the fibers for subsequent textile processing, compos-
ite manufacturing, and biofuel preparation. Therefore,
effective utilization of hemp fibers highly hinges upon
efficient and successful degumming processes.

The degumming (or pretreatment) process in the
textile industry includes alkali, dilute acid, steam
explosion, hydrothermal, and enzymatic hydrolysis
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methods (Subash and Muthiah 2021; Lyu et al. 2021;
Mishra et al. 2021). Acid—base treatments of lignocel-
lulosic biomaterials with the combination of oxidizing
agents can remove intractable hemicellulose and lignin
from the biomass structure. However, this widely used
chemical treatment has suffered from several problems
such as equipment corrosion, high energy input, and
strong toxicity that causes serious environmental pol-
lution (Murali et al. 2022). Enzymatic hydrolysis pre-
treatment is considered as an environmentally friendly
pretreatment process. However, this process requires
high energy consumption, prolonged process cycles,
and suffers from the poor selection of apropos enzymes
(Nogueira et al. 2021). In addition, organic solvent and
biological treatment methods are widely used in the
pulp industry. These methods also produced a high
amount of wastewater, which needs to be retreated in
the effluent plant, resulting in an increased production
cost. Thus, all existing pretreatment methods cannot
meet increased requirements to produce pure cellu-
losic fibers on an industrial scale with environmentally
friendly features.

In recent years, ionic liquids (ILs) have emerged
as effective solvents for various processes due to
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their promising dissolution properties (Martins et al.
2022). However, the use of ILs is largely limited on
the industrial scale because of their high toxicity
and production cost. Additionally, the difficulties of
the reuse and recyclability of ILs also limit the use
of these solvents (Raza and Abu-Jdayil 2022). On
the other hand, treatment with deep eutectic solvent
(DES), one class of ILs, becomes one of the eco-
friendly and viable pretreatment methods and pro-
vides an alternative to the traditional alkali-based
chemical degumming treatment for natural fibers like
hemp bast fibers. DESs are a potentially benign and
inexpensive alternative to ILs (Abbott et al. 2004).
DESs typically consist of a mixture of salt as a hydro-
gen bond acceptor (HBA) and a hydrogen bond donor
(HBD). Quaternary ammonium salt has extensively
been used as the HBA since it is inexpensive. A deep
eutectic mixture possesses a much lower tempera-
ture than its individual components; thus, chemical
reactions can be occurred at or near ambient tem-
perature with these reagents (Smith et al. 2014). The
dissolution properties of DESs owe to their ability
of hydrogen bond formation as they can donate and
accept protons and electrons. Several studies of DESs
have been reported on the efficacy of delignifica-
tion of various lignocellulosic biomass such as pine-
wood, kenaf, ramie, wheat straw, and energy baggage
(Bateni et al. 2017; Nie et al. 2020; Yu et al. 2019).
Basic phenolic compounds such as p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) are connected
predominantly by aryl ether bonds such as a-O-4
and B-O-4, or carbon—carbon bonds of the 5-5 or
p—p types (Baruah et al. 2018). As a result, the lignin
fractionation by DES depends primarily on the cleav-
age of carbon—carbon linkages (C—C bond) and aryl
ether (C—O bond) in lignin, apart from breaking down
the covalent bonds linking lignin—hemicellulose and
hydrogen bonds linking lignin-cellulose. Accord-
ing to Lee et al. (2019), delignification of biomass
with chlorine-based DES is based on the formation
of hydrogen bonds between the chloride anions of
DES and the carbonyl groups of lignin. C1™ and other
halogen anions may establish hydrogen bonds with
lignin’s OH groups, causing the lignin to dissolve
and the aromatic compounds to be extracted. Because
of this, the efficacy of delignification depends heav-
ily on the DES capacity to establish H-bonds with
lignin using electronegative halogen anion (Xu et al.
2020). DES with HBD having increased acidity and

proton-catalyzed bond breakage have both been iden-
tified as primary delignification mechanisms. For
example, it was reported that oil palm empty fruit
bunch pretreated with ChCl-lactic acid showed an
enzymatic hydrolysis yield of 20.7% (Thi and Lee
2019).

The microwave energy (MWE)-assisted pretreat-
ment process has already been proven as one of the
promising pretreatment technologies due to the less
process time consumption, easier control of chemi-
cal reactions, fast-heating, and low energy input
with microwave radiation (Wang et al. 2020). The
molecular polarity of DESs can be improved while
their ionic character is maximized by microwave
irradiation, and thus, biomass pretreatment temper-
ature and time might be reduced (Tan et al. 2020) It
has been reported that MWE pretreatment combined
with other chemical reagents is an effective deligni-
fication process than that of the conventional heat-
ing for the rice straw (Hartati et al. 2021; Li et al.
2019; Sorn et al. 2019). Liu et al. (2017) reported
that a combined MWE-DES (DES made of choline
chloride and oxalic acid dihydrate) treatment for
3 min at 80 °C was able to cleave the lignin-carbo-
hydrate complexes and an ultrafast fractionation of
wood lignocellulose (poplar wood) occurred. Chen
and Wan (2018) also found that the synergistic
effect of combined MWE-DES (DES made of cho-
line chloride and lactic acid) treatment for only 45 s
at 152 °C was capable of fractioning the lignocellu-
losic biomasses (corn stover, switchgrass, and Mis-
canthus). About 37.5% lignin removal was observed
with a 30 min combined microwave and DES (made
of choline chloride and formic acid) treatment of
rice husk. However, it required 2 h of DES treat-
ment at 155 °C for the conventional heating system
to get that comparable lignin removal performance
(about 46.8%) (Kumar et al. 2019). Thus, a com-
bined MWE-DES pretreatment was more efficient
and utilized less energy than conductive heating to
process biomass. Therefore, combined microwave
and DES treatment can be an effective and eco-
friendly pretreatment method for lignocellulosic
biomaterials. In our previous study, MWE-DES
treatment (DES made of choline chloride and urea)
was applied to hemp fibers at 120 °C for 90 min,
yielding a holocellulose content of 98.63% (Ahmed
et al. 2022). Results also revealed that the hemp
fiber surface underwent structural change during the
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treatment and the fibers showed improved ultravio-
let (UV) resistance and thermal stability. The study,
however, is limited to one DES system with few
treatment conditions. Henceforth, it is essential to
study the efficacy of other DESs in terms of lignin
removal, and various reaction parameters such as
treatment time, and MWE-DES reaction tempera-
ture. The suitability of DES constituents (hydrogen
bond acceptors and donors) in relation to stable
DES formation, treatment effectiveness, and DES
eco-friendliness for pure cellulose extraction is also
needed to be further demonstrated.

This work aimed to contrast several DES systems
for the degumming of hemp fibers in comparison with
traditional alkali and acid-based treatment processes
on process efficiency and fiber quality. Particularly,
four DES systems, one alkali, and one acid process
with and without combined MWE heating were used
to degum the hemp fibers. After degumming, treated
hemp fibers (mainly cellulose) were characterized
using several advanced analytical techniques and anti-
bacterial testing. Experiments reveal that this MWE-
DES pretreatment is a cost-effective, environmentally
beneficial, and logistically practicable way of degum-
ming hemp bast fibers and utilizing fiber materials in
their entirety.

Experimental section
Materials

Raw hemp bast fibers that had been mechanically
separated from the entire hemp stalk were purchased
in large quantities from a commercial source. The fib-
ers contained a small amount hurd material randomly
distributed in the system. Glycerol, sulfamic acid,

citric acid, and sodium sulfide were purchased from
VWR Life Science in ACS reagent grade (Solon,
Ohio, USA). Purity greater than 98% choline chlo-
ride (CC) was obtained from TCI America (Portland,
OR, USA), crystallized urea (U) from VWR BDH
Chemicals (Radnor, PA, USA), ACS-grade sodium
hydroxide (NaOH) from Fisher Chemical (Fair Lawn,
NJ, USA), and ACS reagent grade hydrogen peroxide
(30% aqueous solution) from J.T. Baker (Radnor, PA,
USA).

Degumming process

Raw hemp fibers were first cleaned manually using a
small lab-scale carding machine to remove hurd from
the fibers. The cleaned hemp fibers were stored in the
laboratory at room condition for further processing.
Table 1 lists the degumming methods used for the
study.

System A represents untreated control hemp
bast fibers. System B was a traditional kraft pulp-
ing process with 12% active alkali and 25% sulfidity
(addition of NaOH and Na,S acted as Na,O) and a
solid-liquid ratio of 1:8 (v/w) in a sealed oil bath
for 3 h at 160 °C. Bleached hemp kraft fibers from
treated fibers were obtained using an alkaline per-
oxide treatment (2% NaOH and 4% H,0,) at 90 °C
for 1 h in an oil bath. Bleached fibers were washed
with tap water to achieve neutrality and oven-dried
at 60 °C.

System C to System F was based on four different
types of DES systems in combination with MWE
heating (Table 1 and Fig. 1). Choline chloride (C,
D, E) and sulfamic acid (F) were used as hydrogen
bond acceptors (HBA), and urea (C and F), glycerol
(D), and citric acid (E) were used as hydrogen bond
donors (HBD). All the DESs were obtained from

Table 1 Summary of

L ID Sample type Process Chemicals Fiber/ Heating method

treatment conditions for chemical

the production of hemp ratio

cellulose fibers
A Raw Raw None None None
B Kraft Alkali ~ NaOH and Na,S 1:8 Oil Bath: 3 h at 160 °C
C ChCl-U DES Alkaline peroxide 1:10 Oil Bath: 1 h at 90 °C
D ChCI-G DES Choline chloride-urea 1:10 MWE:5 min at 100 °C
E  ChCI-CA DES Choline chloride-glycerol 1:10 MWE:5 min at 100 °C
F SA-U DES Choline chloride-citric acid  1:10 MWE:5 min at 100 °C
G Sul-M Acid Sulfamic acid-urea 1:6.18 MWE:5 min at 100 °C
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the mixture of HBA and HBD at a molar ratio of
1:2. Until a homogenous solution was achieved, the
mixture was heated at 80-90 °C for 1-2 h in an oil
bath. The DES solution was added to the 90 ml Tef-
lon vessel containing the clean hemp fiber samples.
For the degumming process of hemp fiber samples,
an Ethos X microwave extraction system (Milestone
Inc, Shelton, CT, USA) was employed with a 1:10
fiber-DES ratio (heating at 100 °C for 5 min). The
microwave extraction system has a power output
of 1000 kW and a stirring efficiency of 24%. After
degumming, treated fibers were washed with tap
water and oven-dried at 60 °C, and stored for fur-
ther characterization.

System G was an acid based MWE treating
method (Huang 2018). The process was carried
out with 2 g raw hemp fibers, methanol (12 g), and

1500 1000 500

Wavenumber(cm'1)

sulfuric acid (0.36 g), well mixed in a test vessel.
A typical microwave run was carried out for 5 min
at 160 °C using the same microwave extraction sys-
tem (Ethos X, Milestone Inc, Shelton, CT, USA).
The reaction was quenched in an iced bath and the
solid fibers were washed with tap water. The fibers
were dried in an oven at 60 °C and stored for further
characterization.

Characterization
Scanning electron microscopy (SEM)
The surface morphology and cross-section of hemp

fibers were investigated by using an electron micro-
scope (Model: JSM-6610 LV SEM, JEOL, Japan)

@ Springer



Cellulose

in a high vacuum condition at an accelerated volt-
age of 5 kV and an emission current of 24 pA. Fiber
samples were cut into small pieces and coated with
an EMS550X sputter coater machine before scan-
ning. For cross-section imaging, ion beam milling
was used for preparing samples for SEM analysis.
During this process, the fiber was bombarded with a
high-energy argon-ion beam to achieve high quality
cross-section surface whilst minimizing deforma-
tion or damage to the fibers.

Fourier transform infrared (FTIR) analysis

FTIR scanning was done to identify the functional
groups of both treated and pristine hemp fibers, and
DESs. The formation of hydrogen bond in the DESs
system was also analyzed using FTIR spectra. The
prepared DESs solution were directly scanned with-
out further sample preparation to obtain FTIR spectra.
FTIR spectra of treated and untreated fibers, and DESs
solution were taken at a resolution of 4 cm™!, 32 scans
per sample, and with a 400-4000 cm™! wavelength
range by using a Bruker Alpha FTIR spectrophotom-
eter (Ettlingen, Baden-Wiirttemberg, Germany).

X-ray diffraction (XRD) analysis

A PANalytical Empyrean X-ray Diffractometer (Mal-
vern, Malvern Worcestershire, UK) was used to col-
lect XRD spectra of both treated and raw hemp fibers.
The equipment is equipped with a Pixel-3 detector a
CuKa radiation source (A=0.15418 nm) at 45 kV and
40 mA. To correct the background, a blank run was
done (run without sample) and the data was subtracted
from the observed data with test samples. The crystal-
linity index (derived from normalized XRD spectra)
of both treated and raw hemp fibers was determined
using the Segal equation (Segal et al. 1959).

oo — 1
Cri% = 22— % 100% (1)
200

where Iy, is the highest intensity at 22.6° corre-
sponding to the crystalline cellulose and I, is the
minimum intensity at roughly 18° relating to the
amorphous regions of the cellulose.
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Chemical structure analysis

The solid-state NMR test of both untreated and
treated hemp fibers was performed on a 3-chan-
nel Bruker AV-400 (Bruker BioSpin, Billerica, MA,
USA) equipped with a 400 MHz spectrophotom-
eter. The following parameters were used for one-
directional (1D) cross-polarization magic angle (CP/
MAS"3C NMR): MAS rate-10 kHz, 4096 Scans,
relaxation delay-2 s, and CP contact time-2 ms. NMR
data were examined and processed using the Topspin
Software (Bruker, version-2.1) and Origin Pro (2021
version).

Chemical composition analysis

According to the American Society for Testing and
Materials (ASTM) standard (D-1105-96), extrac-
tive-free samples were prepared from untreated raw
and treated hemp fibers using the Soxhlet extrac-
tion method with a slight modification as reported
in the literature (Jung et al. 2015). The solvent for
the extraction was made of water and ethanol-tolu-
ene (1:2 v/v). 3 g hemp powder fiber samples were
placed in the thimble paper of the Soxhlet appara-
tus, and the extraction solvent was incubated for 4 h.
The sample was then filtered, and the excess solvent
was removed using Buchner funnel-assisted vacuum
filtration. Toluene was cleaned from the sample and
thimble paper by washing with ethanol. The sample
was transferred to the Soxhlet apparatus for ethanol
extraction for 4-5 h until the ethanol became color-
less in the siphon. The sample was removed from
the thimble paper and air-dried to get an alcohol-free
sample. The Soxhlet extraction was repeated using
deionized water, filtered, and washed with deionized
water. Then the sample was oven-dried at 100 °C.
Holocellulose was obtained from extract-free
hemp fiber samples using a delignification treatment
reported in the literature (Jung et al. 2015). Extractive-
free hemp sample (500 mg) was added to a solution
of 200 mg sodium chlorite and 30 ml water. Then the
mixture was adjusted to a pH of 3.5 by adding 10%
acetic acid and heated at 85 °C for 30 min. Then the
sample was filtered and washed with distilled water
and oven-dried at 100 °C. This oven-dried sample is
considered as holocellulose. Cellulose and hemicel-
lulose content in the holocellulose were determined
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according to the KSM 7044 standard—testing method
for alpha, beta, and gamma cellulose in pulp as
reported in the literature (Jung et al. 2015). Holocel-
lulose sample (300 mg) was added to the 3 ml water-
sodium hydroxide solution (17.5 wt% sodium hydrox-
ide) and stirred magnetically at room temperature for
20 min. After stirring, the mixture was left standstill
for another 5 min and vacuum filtered and rinsed with
distilled water. Then the sample was oven-dried at
100 °C to the constant weight and considered as cel-
lulose content in the holocellulose sample. Hemicel-
lulose content was determined by subtracting cellulose
weight from the holocellulose weight.

The lignin content of both untreated and treated
hemp fibers was determined using a slightly modi-
fied TAPPI technique similar to the one reported in
the previous work (Liu et al. 2020). A 20 ml vial
was filled with 0.1 g hemp fiber sample and 1.5 ml
of aqueous H,SO, (72%) solution. The mixture was
then swirled for 2 h at room temperature. After stir-
ring the mixture, 56 ml deionized water was added,
and the solution was placed in a 250 ml rounded bot-
tom flask. After 4 h of refluxing at 100 °C, the sus-
pension was filtered, and the solid residue was dried
in an oven at 60 °C for 24 h. The acid-insoluble lignin
was extracted from the solid residue and quanti-
fied gravimetrically. 100 ml of deionized water was
used to dilute the filtrate. A UV—-vis spectrophotom-
eter (ThermoFisher Scientific Inc. Waltham, MA,
USA) at 205 nm and an extinction coefficient of
110 Lg™' cm™ was used to detect acid-soluble lignin
from the diluted filtrate.

Thermal stability analysis

Thermogravimetric (TG) analysis of both untreated and
treated hemp fibers was performed using a TG analyzer
(Model-Q50, TA Instruments Inc. New Castle, DE,
USA) in a nitrogen atmosphere with a flow rate of 40 ml/
min. The heating was maintained at a rate of 10 °C/min
to 540 °C. All TG samples were about 5 mg in weight.
TG and derivative TG thermograms were obtained as
a function of weight and temperature to investigate the
thermal degradation process of the hemp fibers.

Antibacterial Testing

The hemp fibers (both treated and raw hemp fib-
ers) were tested for their antibacterial activity against

E. coli (ATCC25922). The bacterial culture was
maintained in the nutrient agar slopes and grown in
tryptic soy broth and incubated for 18 h at 37 °C. A
sterilized buffer solution of 0.3 M KH,PO, was used
to prepare the working bacterial dilution. An absorb-
ance of 0.28+0.02 at 475 nm of bacterial dilution is
regarded as a concentration of 1.5-3.0x 10% colony-
forming units per milliliter (CFU/mL). All the steri-
lization and media preparation were performed using
an autoclave at 121 °C for 20 min. The antibacterial
activity of hemp fibers was analyzed according to the
ASTM E2149-20 method. Powdered hemp fibers were
obtained using a milling machine. 1 g of the powdered
hemp fiber was added to a 250 ml flask containing
50 ml of bacterial dilution. The flask was then agitated
for 1 h at 250 rpm at 25 °C using an agitation shaker.
1 ml of the solution was inoculated on a Petri plate
containing 15-20 ml of tryptic soy agar after shaking.
Three replicates were utilized for each fiber type. All
infested plates were grown for 24 h at 37 °C. Active
bacteria were enumerated after culture, and the anti-
bacterial effect was assessed. After a defined contact
period, the percentage decrease of bacterial organisms
in treated samples compared to "inoculum alone" sam-
ples is measured. The following percentage reductions
were obtained by counting CFU/mL of bacteria:

N, control — N, sample

N,

control

Reduction(%) = X 100% 2)

where Reduction (%)=Bacterial colony reduction%,
N,,.wo1=Bacterial colony numbers on the control
plate, and N =Bacterial colony numbers on the
inoculated plate of the sample.

sample

Flavonoid structure analysis

The presence of the flavonoid structure in the hemp fiber
extract was studied as described in the previous study
(Cui et al. 2021). 5 g raw hemp fibers were immersed in
75% (weight/weight) ethanol and refluxed at 100 °C for
3-5 h. The filtrate was the hemp extract. The flavonoid
structure was analyzed using a Bruker Alpha FTIR spec-
trophotometer (Ettlingen, Baden-Wiirttemberg, Ger-
many) and a UV-vis spectrophotometer (ThermoFisher
Scientific Inc. Waltham, MA, USA).
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Results and discussion
DES characteristics

The reaction mechanisms of DESs are shown in
Figs. 1a to d for different systems. The corresponding
FTIR spectra of the DES systems presented in Fig. le
revealed the chemical structure and hydrogen bond
interactions between HBD and HBA. The symmet-
ric and asymmetric stretching of the alkyl chain (CH,
vibration) was observed at the band of 2940 cm™'.
A broad peak of the N-H phase and NH, stretching
at 3321 cm™! of the DESs confirmed hydrogen bond
between HBA and HBD (Stefanovic et al. 2017).
The symmetric and asymmetric C-H vibrations of
CH, moiety were assigned to the peak at 1432 cm™".
Those stretching appeared as a broad peak in all the
DES systems (except ChCI-CA). The peaks at the
region of 1040—1154 cm™! were attributed to the C—C
stretching of DESs (made of choline chloride-citric
acid and choline chloride-glycerol) and symmetric
C-N bending of the DESs (made of choline chloride-
urea and sulfamic acid-urea). Symmetric NH, and
N-H bending were noticed at a wavenumber range of

Fig. 2 SEM pictures of
raw and treated hemp fibers
and their cross-sections:

a, b sample A (Raw), ¢, d A\ !
sample B (bleached Kraft),  CummyMaters | )
e, f sample C (ChCI-U), g, LR
h sample D (ChCI-G), i, j
sample E (ChCI-CA), k, 1
sample F (SA-U), and m, n
sample G (Sul-M)

\@)
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1597-1714 cm™!. Therefore, a successful hydrogen
bond network was formed in the DES systems.

Longitudinal and cross-section morphology

The degumming effect of hemp fibers was revealed by
the longitudinal and cross-section views of raw and
treated hemp fibers as shown in Fig. 2. Raw hemp fib-
ers (Fig. 2a — longitudinal view) contained significant
gummy compounds. However, the surface structure
of the hemp fibers was changed after the degumming
treatment. The MWE-DES treatment (Figs. 2e, g, i,
and k) led to smooth fiber surface treatment (compa-
rable with the fibers of the traditional kraft treatment)
(Fig. 2c). MWE-DES treatment not only removed the
gummy matters but also preserved the inherent cel-
lulosic structure of the fibers as shown in Figs. 2e to
21. However, the traditional kraft fibers (Fig. 2c) and
hydrolyzed (half-esterified) fibers (using sulfuric acid
and methanol- Fig. 2m) had a few cracks and voids.
Hence, these treatments are considered as harsh treat-
ment, affecting the physical and mechanical proper-
ties of the hemp fibers. On the other hand, the MWE-
DES treatment produced individual hemp fibers with
a clean fiber structure (Figs. 2e-1), suggesting the
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removal of gummy materials and impurities without
damaging the fibers.

Cell walls of a single fiber are composed of a
sequence of helically coiled cellular microfibrils from
cellulose molecules that are arranged hierarchically
with lignin bonding between the fibrils (Liu et al.
2015). They also had various cross-section shapes,
and these variations were correlated to the number
of fibers in each region. Regardless of whether the
fibers were treated or not, they both had a pentago-
nal cross-sectional shape (Fig. 2b, d, f, h, j, 1, and
n). Weak intermolecular hydrogen bonds and lignin,
pectin, and other gummy substances held the elemen-
tary fibers of the raw hemp fiber bundles depicted in
Fig. 2b together. Raw hemp fibers’ cross-sectional
image showed that gummy compounds were strongly
cemented to each of the cells in the fiber structure

Fig. 3 a—c A schematic of

(Fig. 2b). Clean fiber surfaces in the MWE-DES
treated fibers (Figs. 2e, g, i, and k) suggested success-
ful delignification. A swelled fiber bundle can be seen
in the cross-section of alkalized (Fig. 2d) and par-
tially acid-hydrolyzed fibers (Fig. 2n). Figures 2f, h, j,
and 1 showed that fibers treated with MWE-DES had
a more uniform geometry and a trend toward single-
fiber openness, indicating that gummy compounds
were removed from the fiber structure.

Fiber surface chemical structure

The FTIR spectra were obtained to analyze the
chemical structure changes and to identify the inter-
action of functional groups between fibers and DES.
The peak at 894 cm™! band confirmed the pres-
ence of pB-1,4 glycosidic linkages, meaning that the

|
LCC cleavage (benzyl ether Lignin-carbohydrate complex (LCC) HO "N~ CI Microwave
linkage) using MWE-DES OH Hw _H
(ChCl-U) treatment of S " /NYN\H
hemp fibers d FTIR spectra P o / & o
of both untreated and Carbohydrate
treated hemp fibers . A S { )
®
OCH; ‘ o “
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cellulose structure of MWE-DES treated fibers was
intact (Varban et al. 2021). The band at 1430 cm™!
was assigned to the ester bond of hemicellulose
(Fig. 3d). This peak was stretched and straight-
ened in the MWE-DES-treated fibers, suggesting
the removal of amorphous cellulose and hemicel-
lulose from the treated fiber structure. In addition,
the symmetric and asymmetric stretching of meth-
ylene groups (CH,) in alkyl chains were attributed
to the band at 2901 ¢cm™! (C-H stretching), indicat-
ing the presence of waxes and impurities in the raw
hemp fibers. However, this peak was broadened and
stretched in the treated fibers, indicating the removal
of impurities from the treated fibers. Carbon—car-
bon (C-C) ring stretching of lignin structure found
in the untreated raw and treated fibers at 1143 cm™!
band that was reduced and disappeared from the
MWE-DES treated fibers, suggesting the removal of
lignin from the fiber surface. In the raw hemp fib-
ers, the peak at the 1755 cm™! band was assigned to
the ester and carbonyl groups of hemicellulose and
pectin. This peak disappeared from the MWE-DES
treated fibers, indicating the removal of pectin and
hemicellulose from the fiber structures. Functional
group assignment of FT-IR spectra for raw and
treated fibers was presented in Table S1. Figure 3b
shows a typical fiber-DES reaction during MWE-
DES treatment (ChCl-U).

Fiber crystallinity

X-ray diffraction patterns were obtained for the raw
and degummed hemp fibers depicted in Fig. 4a.
All the treated and untreated fibers showed a typi-
cal crystalline peak between 22° and 23°, which

corresponded to the crystallographic plane (200) of
cellulose I. The peaks at 14.6° and 16.4°, and 34.8°
at the crystallographic plane of 110, 110, and 004,
respectively, corresponded to cellulose I (French
2014). Additionally, Fig. 4a clearly shows a small
peak at about 12° position and an enhanced peak
at about 20° position, indicating a certain amount
of cellulose II (French 2014). Henceforth, the high
(110 plane) peak of cellulose II in the XRD pattern
of the sample B had tails that overlap the amorphous
18° point and increased the intensity for the amor-
phous measurement. Therefore, the calculated crys-
tallinity index% using the Segal method cannot be
appropriately applied with the mixed composition
of cellulose I and II. However, as shown in Fig. 4b,
raw hemp fibers had a crystallinity index of 76.09%,
which was the lowest as compared to that of all the
treated fibers. The highest crystallinity index (84.4%)
was obtained from the MWE liquefied fibers (sam-
ple Sul-M) due to the occurrence of acid hydrolysis
and crystal orientation of the fibers, suggesting the
removal of amorphous cellulose, hemicellulose, and
gummy materials. All the MWE-DES treated fibers
exhibited a comparable crystallinity index with the
MWE liquefied and kraft fibers. The higher crystal-
linity index of MWE-DES treated fibers indicated the
removal of gummy compounds from the fiber struc-
ture. The combined effect of the protonation of DES
and uniform distribution of microwave energy might
be the result of breaking ether and ester linkage of the
lignin-carbohydrate complex in the fiber structures,
suggesting the packing of cellulosic chains. Hence,
the enhanced crystal orientation was obtained in the
MWE-DES treated fibers, which in turn, produced a
higher crystallinity index that was comparable with

Fig. 4 XRD patterns of
both treated and raw hemp (a)
fibers b crystallinity index%
of raw and degummed
hemp fibers
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Fig. 5 The chemical shift
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the increased crystallinity index of alkali (NaOH)
treated hemp fibers reported from previously pub-
lished studies (Behera et al. 2021; Ghosn et al. 2020;
Tanasi et al. 2020; Viscusi et al. 2020). In addition,
the degradation of hemicellulose macromolecules
liberates the pectin and other molecules of gummy
compounds such as oil and wax. The liberation of the
molecules of gummy compounds was facilitated by
microwave radiation as the radiations were uniformly
dispersed throughout the fiber structure; therefore, a
good degumming effect was obtained in the MWE-
DES treated fibers which was also supported by the
SEM images.

Fiber chemical structure

The obtained CPMAS'3C NMR spectra as shown in
Fig. 5a—d revealed the chemical structural composi-
tions of the raw and degummed hemp fibers. Table S2
presents the.

assignment of the NMR band at different ppm lev-
els. A notable change in NMR spectra was observed
in the degummed hemp fibers. The two main regions

70 60 210 200 190 180 170 160 150 140 130 120 110

ppm

of NMR spectra at 110-160 ppm and 10-110 ppm
were assigned to the signal of aromatic lignin struc-
tures and carbohydrate complexes (mainly cellulose
and hemicellulose), respectively. The carbohydrate
complex region provided intense and overlapped
peaks due to the agglomeration and structural similar-
ities of cellulose and hemicellulose. The most intense
peaks at 68—80 ppm were the C, atom of cellulose
carbons. In addition, the chemical shift of less ordered
C, and Cg carbons of crystalline and amorphous cel-
lulose was attributed to the regions of 80-90 ppm and
63—-67 ppm, respectively. Guaiacyl and syringyl moi-
eties related to the methoxy groups of lignin struc-
ture were also observed in the region of 55-59 ppm
(Kostryukov et al. 2021). The chemical shift of the
carbonyl carbon of the lignin was observed at around
174 ppm in the raw hemp fibers. However, this peak
almost disappeared in the MWE-DES-treated fib-
ers, indicating the removal of lignin. A broad peak
was observed in the 21 ppm and 34 ppm in the raw
hemp fibers, these are the methyl and methylene car-
bons of lignin. These peaks also disappeared in the

@ Springer



Cellulose

Table 2 Comparison data of the chemical composition of untreated and treated hemp fibers (C.=Cellulose, H.C.=Hemicellulose,
H.O.=Holocellulose and others, A.LL = Acid insoluble lignin, A.S.L.=Acid soluble lignin, and Total L.=Total lignin)

System ID/sample type KSM 7044 TAPPI method References

C. (%) H.C. (%) H.O. (%) ALL. (%) AS.L. (%) Total L. (%)

A: Raw 66.03 13.47 81.60 12.1 6.30 18.4 This study
B: Kraft 92.11 3.69 97.80 1.30 0.90 2.20
C: ChCI-U 87.40 6.72 97.12 1.91 0.97 2.88
D: ChCI-G 84.91 9.13 97.04 1.87 1.09 2.96
E: ChCI-CA 82.26 10.12 96.38 2.31 1.31 3.62
F:SA-U 80.63 11.55 95.18 3.03 1.79 4.82
G: Sul-M 85.72 6.51 97.71 1.40 0.89 2.29
18 wt% NaOH ~2.44 Kostic et al. (2008)
17 wt% NaOH 3.09 Kostic et al. (2010)
1 M NaOH ~4.50 Mijas et al. (2021)
0.7 wt% NaClO, 3.09 Pejic et al. (2008)
10 wt% NaOH 2.65 Kabir et al. (2013)
Fig. 6 TG and DTG curves 120
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MWE-DES treated fibers, suggesting the removal of fibers with traditional kraft fibers indicated that DESs

lignin from the fiber structure. were able to remove most of the guammy compounds
from the fiber structure, which in turn, contributed to
Fiber chemical composition the increased cellulose content in the treated fibers.
The cellulose, hemicellulose, and residual lignin Thermal stability
content of the untreated and treated fibers are listed
in Table 2. As shown in Table 2, different treatment Figure 6 shows the measured TG and DTG curves
methods significantly affected the chemical composi- of the hemp fibers. The thermal degradation pro-
tions of the fibers. The residual lignin content of the cess of hemp fibers is divided into mainly three
raw hemp fibers (sample Raw) was 18.4%. The low- stages such as moisture and chemical bond water
est lignin content of 2.2% was found in the krafted evaporation at 50-150 °C, hemicellulose degrada-
fiber. However, DESs made of choline chloride, urea, tion at 220-300 °C, and pyrolysis of cellulose at
and glycerol (sample ChCI-U and sample ChCI-G) 300-400 °C. However, the decomposition of lignin
yielded a lower residual lignin content as compared in the natural fibers was started at 280 °C and ended

to these of other DES-treated fibers. However, the up at 550 °C (Ahmed 2021). The thermal degradation
comparable residual lignin content of the DES-treated
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Table 3 TG data of both untreated and treated hemp fibers

Sample type Weight loss (%) Onset tempera- Max weight loss rate Residue
ture (°C) temperature T, (°C) weight
50-150 (°C) 220-300 (°C) 300400 (°C) (%)
A 3.68 12.60 47.18 306.30 338 26.76
B 3.35 7.70 55.57 314.92 355 21.31
C 1.99 6.94 62.95 325.18 356 21.10
D 3.76 10.29 49.24 314.30 351 23.63
E 1.97 8.47 57.88 322.85 353 22.74
F 3.59 12.13 45.83 308.65 348 28.54
G 223 7.34 59.05 323.79 353 23.67

event of lignin occurred at an extended range of tem-
peratures due to its complex phenolic structure. The
pyrolysis of cellulose includes depolymerization,
molecular chain breaks, and dehydration of glyco-
groups. The lowest weight losses of 1.99% and 1.97%
were observed in ChCl-U and ChCI-CA samples at
the first thermal event of 50-150 °C, indicating the
reduction of hydroxyl groups from the MWE-DES
treated fiber structure. The maximum weight loss
from the DTG curve of the ChCI-U sample was
62.95% at 356 °C (designated T,,,,), and this temper-
ature fell under the cellulose degradation event. Addi-
tionally, the main weight loss at the first DTG curve
was shifted toward a higher temperature (i.e., T, of
sample Raw =338 °C, and MWE-DES treated sam-
ples =348 °C), suggesting the higher thermal stability
of the treated fibers. An increased crystallinity leads
to higher thermal stability due to better molecular
arrangement and packing of cellulosic chains. There-
fore, the higher crystallinity index obtained from the
XRD data also confirmed the higher thermal stability
of the MWE-DES treated fibers (Table 3).

The maximum mass loss was concentrated at
300-400 °C because of the highest amount of cel-
lulose exposure during this thermal event. There-
fore, the composition of cellulose in the MWE-DES
treated fibers was higher than that of raw hemp fibers,
suggesting the removal of gummy and non-cellulosic
compounds. For the second stage of thermal degra-
dation (220-300 °C), the rate of weight loss was low
for the MWE-DES treated fibers, this was also an
indication of the removal of hemicellulose. The high-
est char content of 26% was recorded for raw hemp
fibers (sample Raw) and the weight loss at the main
degradation stage of lignin (at 400-550 °C) was very

low in the MWE-DES treated fibers as compared to
the raw fibers, indicating that DESs can effectively
remove lignin from the fiber structure.

Bacterial growth inhibition

Figure 7 and Table 4 show the antibacterial activity
of both raw and degummed hemp fibers. It was evi-
dent that MWE-DES treated fibers showed an excel-
lent inhibition of E. coli growth (Table 4). The hemp
fibers exhibit antibacterial activity due to the pres-
ence of inherent chemical components such as alka-
loids, flavones, and saponins (Iseppi et al. 2019).
The removal of gummy compounds might increase
the reactivity of these compounds. The control fiber
plate (Fig. 7a, h) had about 15 colonies while all
the MWE-DES treated fibers had bacterial colonies
of 26 or less. Therefore, it was assumed that all the
treated fibers showed similar bacterial growth inhibi-
tion with the untreated (sample Raw) fibers. However,
the bacterial growth reduction for the alkalized fib-
ers (Fig. 7c, j) and acid-hydrolyzed fibers (Fig. 7g, n)
were 6 and —173%, respectively. Additionally, DES
(ChCl-U) treated fibers (Fig. 7b, i) were fully resist-
ant to bacterial growth for both 18 h and 24 h culti-
vation. MWE-DES treatment of hemp fibers removed
mostly gummy compounds (pectin and wax), lignin,
amorphous cellulose, and hemicellulose. These
compounds, rich in hydroxyl groups, were removed
from the fiber structure after MWE-DES treatment.
In addition, OH groups of the free water and bond
water molecules in the hemp fiber structure were also
reduced due to the MWE-DES degumming treat-
ment. Therefore, increased hydrophobicity might be
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Fig. 7 Antibacterial
activity of both raw and
degummed hemp fibers. a
and h sample A (raw), ¢ and
j sample B (kraft), b and i
Sample C (ChCI-U), d and
k sample D (ChCI-G), e and
1 sample E (ChCI-CA), f
and m sample F (SA-U), g
and n sample G (Sul-M), o
FTIR spectra of raw hemp
fibers extracts, and p UV—
vis spectra of raw hemp
fibers extracts (3 h and 5 h)

18 Hours of Incubation

24 Hours of Incubation

—— 3hrs Extract
—— 5hrs Extract
—— Pure Ethanol

. H
Flavone Flavane-3-ol

1327 945
T 799

Wavenumber(cm'1)

attributed to the bacterial growth inhibition of the
MWE-DES treated fibers.

The main characteristic absorption of the chemical
functional groups of flavonoids in the hemp extracts
was recorded at 4000-799 cm~! in the FTIR spec-
tra (Fig. 70). The strong absorption peak of cannabis
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flavonoids was observed at 3328 cm™' and it was
also the characteristic absorption peak of OH groups
(3000-3700 cm™!). The presence of the C-H stretch-
ing at the peak of 2926-2885 cm™' confirmed the
presence of the C-H structure in the hemp extract.
The peaks at 1716-1640 cm™' were attributed to the
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Table 4 Bacterial colony-forming units (CFU) reduction% of
untreated and treated fibers after 24 h incubation

System ID Sample type Number of  Reduction (%)
colonies

A Raw 15 -

B Kraft 14 6

C ChCl-U 0 0

D ChCI-G 27 -80

E ChCI-CA 26 -73

F SA-U 24 -60

G Sul-M 41 -173

carbonyl groups (C=0), suggesting the alcohol ring
structure of flavonoid moieties in the hemp extract.
The UV absorption peak (Fig. 7p) of hemp extract
was observed at the wavelength of 218 nm for both
3 h and 5 h extract. Bioactive compounds such as chal-
cone, aurones, flavone, and flavanone moieties have
an absorption peak below 280 nm in the UV spectrum
(Hao et al. 2014). Therefore, the phenolic flavonoid
structure was assigned to the wavelength at 218 nm in
the UV spectrum. There was no significant difference
was observed in the FT-IR and UV spectra for the 3 h
and 5 h ethanol extract of hemp fibers, suggesting the
presence of low content of bioactive compounds. How-
ever, the similar rate of bacterial growth inhibition of
raw and MWE-DES treated fibers (against E. coli) also
confirmed the presence of such bioactive compounds.

Conclusion

Bast hemp fibers were successfully degummed
using a combined MWE-DES treatment. The syn-
ergetic effect of combined MWE-DES treatment
was found to be capable of removing non-cellulosic
components such as lignin, hemicellulose, amor-
phous cellulose, and impurities from the hemp bast
fiber structure without damaging the cellulose struc-
ture. MWE-DES treated fibers had higher thermal
stability (T, of MWE-DES treated fibers shifted
toward a higher temperature of 356 °C), lower
residual lignin content (2.88% to 4.88%), and higher
crystallinity (up to 83.27% for choline chloride
and urea DES). The processing time for the MWE-
DES treatment was only 5 min with less chemical
consumption while kraft treatment required a high

amount of chemicals and a longer process time
(3 h). The higher yield of cellulose and high crys-
tallinity of choline chloride-urea DES-treated fibers
among other DESs can be attributed to the lower
viscosity, high amount of competing hydrogen bond
formation in the DES network, and uniform disper-
sion of microwave heating that facilitate the break-
age of LCC linkages. However, the generation of
wastewater in alkali degumming treatment possess
a serious threat to the environment. On the other
hand, a combined MWE-DES treatment offered an
eco-friendly and one-pot, and single-step degum-
ming treatment method. DES components are abun-
dant, renewable, and inexpensive, and thus MWE-
DES treatment offered an economical treatment of
hemp fibers as compared to that of alkali treatment.
Besides, the enhanced thermal stability, higher cel-
lulose content, and higher crystallinity of MWE-
DES-treated fibers were also comparable with those
from the alkali-treated hemp fibers. Henceforth, the
MWE-DES treated fibers can be used in textiles
without any further bleaching treatment.
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