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Abstract
The use of cold plasma surface modification techniques has lately gained increasing interest as a complementary option (non-
pollutant and free of hazardous chemicals) to increase the thermal stability of bio-based fibers, and thus make them more suitable
for polymer reinforcing applications. A considerable amount of studies has been performed to improve the thermal stability of
“raw” lignocellulosic fibers by using cold plasma. Only few studies were done using “bleached” ones. Bleaching is mainly applied
to increase the reinforcing capacity of fibers. Improving the thermal stability of bleached fibers is needed to reduce or avoid their
degradation during the processing of bio-based composites. In this study, commercial bleached hemp (CBH) fibers were modified
using low-pressure rotatory air plasma (LPRP) and atmospheric-pressure air plasma jet (APPJ) devices to be further characterized
by Fourier transform infrared spectroscopy−attenuated total reflectance mode (FTIR-ATR), X-ray diffraction (XRD), scanning
electron microscopy (SEM), and thermogravimetric analysis (TGA). FTIR analysis evidenced the oxidation and crosslinking
of cellulose chains. XRD analysis revealed a slight increase in interplanar distances of cellulose chains, that was attributed to
the interchain insertion of functional groups. SEM images displayed much rougher surfaces for the treated CBH fibers than
for the untreated one. TGA showed that LPRP (30 min treatment) and APPJ increased the thermal resistance of CBH fibers,
which exhibited an initial degradation temperature 15 and 30 °C higher than that of the untreated fiber, respectively. For LPRP, a
longer exposition time (180 min) provoked significant eroding without improving the thermal resistance. Finally, the cold plasma
surface modification of bleached hemp fibers may well assist with the mechanical interlocking and thermal resistance (during
processing) when applied in polymer reinforcing.
Keywords: Plasma jet, low-pressure plasma, hemp fiber, thermal stability, cellulose.

Resumen
El uso de técnicas de modificación de superficies por plasma frío ha venido ganado un interés creciente como una opción
complementaria (no contaminante y libre de químicos peligrosos) para incrementar la estabilidad térmica de fibras bio-
basadas, haciéndolas más aptas para reforzar polímeros. Una cantidad considerable de estudios han sido llevados a cabo para
incrementar la estabilidad térmica de fibras lignocelulósicas “vírgenes” usando plasma frío. Pocos estudios fueron hechos con
fibras “blanqueadas”. El blanqueamiento es principalmente aplicado para incrementar la capacidad reforzante de las fibras.
Mejorar la estabilidad térmica de fibras blanqueadas es necesario para reducir o evitar la degradación de las fibras durante el
procesamiento de compósitos bio-basados. En este estudio, fibras comerciales de cáñamo blanqueado (CBH) fueron modificadas
usando dispositivos de plasma de aire de baja presión tipo rotatorio (LPRP) y plasma de aire a presión atmosférica tipo jet (APPJ)
para ser posteriormente caracterizadas mediante FTIR-ATR, XRD, SEM y TGA. El análisis por FTIR evidenció la oxidación y
entrecruzamiento de las cadenas de celulosa superficiales. El análisis por XRD reveló un incremento en la distancia interplanar de
las cadenas de celulosa, lo cual fue atribuido a la inserción de grupos funcionales entre cadenas. El análisis por SEM mostró una
superficie mucho más rugosa para CBH tratadas que para las no tratada. TGA mostró que los tratamientos por LPRP (30 min) y
APPJ incrementaron la resistencia térmica de las fibras de CBH en 15 y 30 °C, respectivamente. Para LPRP, una exposición más
extendida (180 min) provocó una erosión significativa sin mejorar la resistencia térmica. Finalmente, la modificación con plasma
frio de la superficie de las fibras de cáñamo blanqueado puede ayudar al acoplamiento mecánico y resistencia térmica (durante el
procesamiento), cuando sean aplicadas en el reforzamiento de polímeros.
Palabras clave: Plasma jet, plasma de baja presión, fibra de cáñamo, estabilidad térmica, celulosa.
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1 Introduction

The current public awareness about environmental
issues like soil and water contamination, solid waste
management, and energy savings for sustainable
development is motivating the manufacture of greener
materials (Tanasă et al., 2019). It is in this sense that
engineers and scientists working on fiber-reinforced
polymer composites are turning their attention back
to the development and use of renewable and
biodegradable bio-based fibers (Martín del Campo
et al., 2020). Lignocellulosic fibers are among the
most widely explored fibers as they provide high
strength at low weight loadings, and because they
are probably the most abundant fibers in nature.
Moreover, the lignocellulosic fibers are much less
abrasive than the synthetic ones, making the composite
processing easier and cost-effective (Mutjé et al.,
2006). Also, the production of reinforcing bio-
based fibers can involve less energetic and pollutant
processes than those employed for the manufacture
of the synthetic ones (Alhuthali et al., 2013);
however, vegetal fibers possess some unfavorable
properties such as flammability, moisture absorption,
and relatively low thermal stability (Takhur and
Singha, 2015). It is, therefore, necessary to make
some chemical treatments to render them suitable
for multiple applications (Del Rey et al., 2017;
Brunengo et al., 2019). A variety of surface treatments
allow the extraction of lignin, hemicellulose, oils,
waxes, and other low molar mass components
(de Melo et al., 2017; Pickering et al., 2016).
Such treatments enhance compatibility, reinforcing
capacity, and thermal stability of lignocellulosic fibers,
usually by mercerization and chemical modification of
their surface. For instance, Gurunathan et al. (2015)
reported that alkaline solutions had been used to
bleach and mercerize lignocellulosic fibers, improving
their thermal stability and reinforcement capacity in
composites. These bleached fibers can exhibit tensile
strength and modulus as high as 1110 MPa and 70
GPa, respectively. Recently, cold plasma treatment, a
solvent-free and non-pollutant option, has been used
to improve the surface properties of fibers to make
them suitable for polymer reinforcement. For instance,
Baltazar-y-Jimenez et al. (2008) studied the effect of
an atmospheric-pressure air plasma jet on the thermal
stability of “unbleached” hemp fibers. They found
an increase of 30 °C in the thermal resistance of
hemp fibers after 1 min of air plasma treatment. Other
fibers, such as luffa (Abdel-Fattah et al., 2019) and

flax yarn (Seghini et al., 2019), exhibited a significant
improvement in thermal stability when treated with
cold plasma. Improving the thermal stability of natural
fibers must allow their incorporation into high melting
temperature polymers with minor detrimental effects
on their structural integrity and properties. As far as
we know, there are few or no literature reports on
bleached hemp fibers modified with air plasma under
reduced or atmospheric pressure. Herein, we discuss
the effect of low and atmospheric pressure air cold
plasma treatments on the morphology and thermal
stability of bleached hemp fibers. The main purpose
of the present study is to demonstrate the capability of
air plasma treatments to increase the thermal stability
of bleached hemp fibers, making them less susceptible
to degradation during composite processing.

2 Materials and methods

2.1 Fibers preparation and plasma
treatments

Commercial bleached hemp (CBH) fibers, with
average diameter and length of 22 µm and 1.34 mm,
respectively (Alonso-Montemayor et al., 2020), were
provided by CELESA S. A. (Tortosa, Spain). Fibers
were dispersed in distilled water, obtaining a thick
pulp, which was compressed into 6.25 cm2 square
wafers (1 mm average thick) that were dried for 24 h in
an oven set at 70 °C. The dried wafers were treated on
both sides in a low-pressure rotatory plasma (LPRP)
at 13.56 MHz, 2.1×10−1 mbar, and 100 W, as well
as with an atmospheric-pressure plasma jet (APPJ)
at 65 kHz, 1013 mbar, and 100 W. LPRP consisted
of a low-pressure reaction chamber equipped with a
500 mL round bottom flask, rotating at 50 rpm to
ensure a homogeneous modification and a copper coil
that induced the electromagnetic field. Wafers were
treated with air LPRP for 30 and 180 min (samples
labeled LPP 30 and LPP 180, respectively). In LPRP
treatments, residual air was used as process gas. On
the other hand, APPJ is a high voltage plasma jet
device operated at 6 kV and 17 mA (∼100 W). The gap
between the plasma needle and the wafer surface was
1 cm, and the airflow was 12.4 L min−1. A 6.25 cm2

square wafer of CBH fibers was treated for 15 s
(labeled as Jet sample) under atmospheric conditions.
By using a sample holder, this square wafer was
displaced under the jet plume to expose its surface to
plasma. Figure 1 shows the LPRP and APPJ devices.
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Fig. 1. ) LPRP and b) APPJ home-made devices.

2.2 Instrumental analyses

The chemical composition of fibers was evaluated by
Fourier transform infrared spectroscopy−attenuated
reflectance mode (FTIR-ATR) employing a Perkin
Elmer Frontier FTIR spectrometer. FTIR-ATR spectra
were recorded in a 600-4000 cm−1 range, 16 scans,
and 4 cm−1 resolution. The FTIR spectra were
normalized for comparison.

The crystalline characteristics of fibers were
determined with a Panalytical Empyrean X-
ray diffractometer (XRD) with Cu Kα radiation
(λ=0.154 nm) at 40 kV and 30 mA. The XRD patterns
were recorded in the scattering angle range of 2θ=10
to 50º with a step size of 0.02º. The upper surface
of samples was carefully leveled with the sample
holder bords by using a flat glass plate. The distance
between cellulose chains at the 002 plane (d002) was
calculated by using Eq. (1) (Bragg’s law), where λ is
the wavelength (0.154 nm) of the incident X-rays and
θ002 is the Bragg angle. The apparent crystallite size
(L) and the proportion of crystallite interior chains (X)
were calculated through Eqs. (2) and (3), respectively,
where K is the Scherrer constant (0.94), H002 is
the half-height width of the 002 diffraction peak in
radians, and h is the layer thickness of the surface
chain (0.57 nm) (Poletto et al., 2013; Toba et al.,
2013). Finally, Seagal’s crystallinity index (Crl) was
also determined by means of Eq. (4), where Crl is the
relative degree of crystallinity, I002 is the maximum

intensity of the 002 peak (at 2θ ≈ 23º) and Iam is the
intensity at 2θ ≈ 18.5º (Abdullah et al., 2019; Liu et
al., 2019; Padovani et al., 2019). Crl was developed
by Segal et al. (1959) for cellulosic materials. In this
study, all diffraction patterns were normalized for I002.

d002 =
λ

2sinθ002
(1)

L =
Kλ

H002 cosθ002
(2)

X =
(L− 2h)2

L2 (3)

Crl =
I002 − Iam

I002
× 100 (4)

The morphological characteristics of the CBH
fibers were examined in a Top Con 510 SM scanning
electron microscope (SEM) operated at 10 kV. CBH
fibers were coated with a thin Au−Pd layer before
analysis.

The thermal stability was evaluated by
thermogravimetric analysis (TGA) performed with a
Pekin Elmer TGA 4000 under inert atmosphere (N2),
at a heating speed of 20 °C min−1 from 30 to 600 °C.
Changes in thermal stability higher than 5 °C were
attributed to plasma-treatment and not to experimental
error. TGA was performed by using a representative
sample of each air plasma treated fiber.
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Fig. 2. Infrared spectra of the untreated and air plasma-treated CBH. The stretching band between 1720 and
1740 cm−1 is attributed to the C = O groups of the oxidized cellulose by air plasma species. This band is absent
only in the untreated CBH.

3 Results and discussion

3.1 Chemical composition

In raw lignocellulosic fibers, cellulose microfibrils
are bonded together by an amorphous interphase.
The surface layers of fibers are rich in lignin
and hemicellulose, while the internal structure
is mainly composed of microfibril bundles of
cellulose. In bleached lignocellulosic fibers, lignin
and hemicellulose are removed from the surface, and
cellulose becomes the main component. As known,
cellulose is a linear polysaccharide containing glucose
molecules joined by β-glycoside linkages (Takhur and
Singha, 2015). Figure 2 shows the FTIR spectra of
untreated and plasma-treated bleached hemp fibers. As
it can be noted, most bands correspond to cellulose;
bands associated with lignin and hemicellulose are
barely appreciated. The FTIR bands were attributed as
follows: A broad stretching band of the O−H bonds
(νO−H) between 3600 to 3200 cm−1; a low-intense
stretching band of the CH2 and CH3 groups (νC−H)
around 2960 to 2850 cm−1. These later groups also
show a bending band (δC−H) from 1412 to 1312
cm−1; a C−O stretching band (νC−O) from 1294
to 994 cm−1 (Moonart and Utara, 2019). Also, a

typical νC−O−C) band appearing at 900 cm−1, and
that is related to β-glycoside linkages of cellulose.
The slight increase of this band was attributed to
crosslinking between the cellulose chains. It is to
point out here that crosslinking is one of the expected
reactions in plasma treatments. (Macedo et al., 2020a;
Alonso-Montemayor et al., 2017). The low intense
νconjugated C=O) band, characteristic of lignin, appears
between 1630 and 1640 cm−1 (Kalia and Kumar,
2013; Araujo et al., 2013; Lu and Oza, 2013; Oza
et al., 2011; Bar et al., 2019). Other bands of lignin
may appear at 1507 and 1458 cm−1 for C = C bonds
and aromatic skeletal vibration, respectively (Macedo
et al., 2020b). These bands are overlapped with
the δC−H bands. On the other hand, the lack of a
band at 1730 cm−1 in the infrared spectrum of the
untreated CBH suggests the absence of hemicellulose.
This band is typically attributed to νnon-conjugated C=O
of hemicellulose of raw fibers (Moonart and Utara,
2019). In plasma-treated fibers, a low intense band
appeared between 1720 and 1740 cm−1, but it was
attributed to the plasma induced-oxidation of fibers
rather than to the presence of hemicellulose (indicating
the absence of this compound on the fiber surface).
The rise of this band was associated with the
presence of carbonyl groups which were inserted in the
cellulose chains by means of the air plasma treatments.
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In studying flax yarns treated with O2 plasma, Seghini
et al. (2019) observed a similar stretching band at
1741 cm−1 that they attributed to the formation of
carbonyl and carboxyl species. Air plasma contains
O2-based reactive species like O2• and HO• (N2 is
less reactive than O2) according to the following
reactions: O2 + e−→ 2O2• + e− and H2O + γUV or
e−→ 2HO• + 2H• (de Farias et al., 2017; Acayanka et
al., 2019; Thirumdas et al., 2015; Brisset and Pawlat,
2016; Torres-Segundo et al., 2019). Air plasma also
contains e− and γUV. Particularly, e−, whose kinetic
energy is around 20 to 28 eV (Fridman, 2008; de
Souza et al., 2020), can easily break C−O, C−H, and
O−H bonds, which are present in cellulose and their
bond energy is only 3.6, 4.3, and 4.8 eV, respectively
(Ebewele, 2000).

3.2 Crystallinity

The X-ray diffraction patterns of both untreated and
treated CBH fibers are depicted in Figure 3. The
diffraction peaks appearing from 14 to 16°, 16 to

18°, 22 to 24°, and 33 to 36° are one-to-one related
to the 101, 101̄, 002, and 040 planes of cellulose
I (Abdullah et al., 2019). It is worth mentioning
that cellulose I is found in two crystalline forms:
monoclinic (Iβ) and triclinic (Iα) structures, coexisting
in various proportions. The X-ray patterns correspond
to the coexistence of both crystalline forms, although
Iβ is the dominant polymorph (Poletto et al., 2011;
Poletto et al., 2013). It can be noticed that the
plasma treatment caused a slight displacement of
the diffraction peaks towards lower angles. This
displacement is interpreted as an increase in the
interplanar distances (see Table 1), and it happens
when polymer chains are functionalized with small
chemical groups, separating them from one another
(Moonart and Utara, 2019). The increment of the
interplanar distances is in line with the formation of
the new carbonyl groups (band at 1640 cm−1) detected
by FTIR analysis. It should be highlighted that, the
effect plasma treatment on the interplanar distance
between cellulose chains of bleached fibers is reported
here for the first time.

Table 1. Crystallographic properties of the untreated and treated CBH.

Sample Iam θ002 (rad) H002 (rad) d002 (nm) L (nm) X Crl (%)

CBH 0.125 0.201 0.0258 0.378 5.7 0.64 88
LPP 30 0.122 0.199 0.0269 0.383 5.5 0.63 88

LPP 180 0.112 0.199 0.0264 0.383 5.6 0.64 89
Jet 0.115 0.198 0.0267 0.385 5.5 0.63 89

Fig. 3. X-ray diffraction patterns of both untreated and air plasma-treated CBH.
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Fig. 4. SEM images of the untreated and air plasma-treated CBH fibers.

3.3 Morphology

Figure 4 shows SEM images of the untreated and
plasma-treated CBH fibers. It can be seen that the
surface of the untreated fiber (CBH sample) is smooth
with minor defects. On the contrary, the surface of
plasma treated fibers is rough, especially that of the
LPP 180 sample, which looks as if the outer layers
were removed causing thinning and severe surface
damages. The plasma jet treated fiber (Jet sample) also
showed lots of irregularities, but its surface remained
rather smooth. For plasma-treated lignocellulosic
fibers, it is expected that chemical interactions
between oxygen ions and the outmost surface layers
of fibers produce oxidation and crosslinking, both
reflected in surface defects like low roughness and
low etching damages (Baltazar-y-Jimenez et al., 2007;
de Farias et al., 2017). Such defects were indeed
produced in LPP 30 and Jet samples and could be
useful for the mechanical interlocking with polymers.
For LPP 180 sample, the prolonged exposition time to
high energetic plasma species also produced oxidation
and crosslinking, but it is clear that it caused severe
etching and other eroding defects. Similar results have
been reported for APPJ (using Ar as process gas)
treated bleached hemp fibers, which exhibited surface
stratification after plasma treatment (Brunengo et al.,
2019). In this regard, the SEM results can support
the FTIR findings since the presence of erosion may

involve the grafting of functional groups into the fiber
surface (Abdel-Fattah et al., 2019). It is necessary to
consider that erosion occurs by a chemical etching
process during plasma treatment. The reaction of the
air plasma species with the fiber surface can produce
changes in the surface morphology (Seghini et al.,
2019).

3.4 Thermal stability

As already mentioned, the thermal stability of
fibers might be improved to avoid degradation
when they are used in processes involving high
temperatures (> 200 °C) like the preparation of fiber-
reinforced polymers through melt processing. Plasma
treatment allows improving the thermal stability
of lignocellulosic fibers through cross-linking and
grafting of carbonyl groups. The increase in carbonyl
groups grafted into cellulose chains, as FTIR analysis
indicates, must lead to an improvement of the thermal
stability of CBH by the formation of hydrogen
bonds within neighboring cellulose chains (Poletto
et al., 2013). Figure 5 displays the TGA traces of
the untreated and plasma-treated CBH. From 30 to
100 °C, a loss weight of 2 to 4 wt%, associated with
moisture, is observed. As expected for bleached fibers,
samples did not exhibit any loss weight from 130 and
230 °C related to extractive components (sugars, fats,
chlorophyll, among others), lignin, and hemicellulose
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degradations (Santos et al., 2007; Almeida et al.,
2019; Rodríguez-Soto et al., 2019). The pronounced
weight loss (up to 80 wt%) around 300 °C is mainly
associated with cellulose degradation (Khan et al.,
2006). It can be noticed that the treated fibers are,
in general, more thermally stable than the untreated
one. For instance, despite the short exposure time, the
Jet sample exhibited an initial degradation temperature
(Tg) of around 290 °C. This temperature is 30 °C
higher than that of the untreated CBH; such an
increment was attributed to the use of high voltage

plasma. Baltazar-y-Jimenez et al. (2008) found a
similar increase in thermal resistance for jet treated
raw hemp fibers; although, it should be pointed out
that they did their experiments with unbleached hemp
fibers. LPP 30 and LPP 180 fibers showed Tdeg of
around 275 °C and 260 °C, respectively, suggesting
for the later an over exposition (Baltazar-Y-Jimenez
et al., 2009). Plasma treatment of bleached fibers is,
therefore, an excellent strategy to improve the thermal
stability, although the plasma exposition time might be
carefully adjusted for optimal results.

Fig. 5. Thermogravimetric curves of the untreated and air plasma-treated CBH fibers.

Fig. 6. First derivative of the TGA (DTG) curves of the untreated and air plasma-treated CBH fibers.
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The thermal decomposition behavior of the
untreated and air plasma treated CBH fibers was also
evaluated by means of the first derivatives of TGA
(DTG). Figure 6 shows the DTG of the untreated and
air plasma-treated CBH fibers. Insertions show that
the onset degradation temperatures, calculated from
DTG, correspond well to those calculated from TGA
thermographs. Moreover, it was found that all fibers
(treated and untreated) reached their maximal weight
loss ratio around 400 °C; although the LPP 30 and
Jet fibers exhibited a retardation effect characterized
by a high weight loss at the highest decomposition
speed. The maximal weight loss ratio of these two
fibers is around 40 and 50 wt% min−1, respectively,
whereas for the LPP 180 and CBH fibers, is only
of 39 and 34 wt% min−1, respectively. It has been
reported that plasma treatment accentuates the weight
loss ratio of exposed lignocellulosic fibers (Abdel-
Fattah, 2019). Thus, when highly thermally resistant
fibers reach their temperature of maximal degradation
speed, they can lose more material than the less
thermally resistant fibers. Also, it must be noted that
the CBH fiber does not exhibit a broad peak (around
300 °C) attributed to the thermal decomposition of
hemicellulose (Macedo et al., 2020b). Thus, both DTG
and FTIR analyses indicate that there is no detectable
amount of hemicellulose in the CBH fibers.

Conclusions

The surface treatment of commercial bleached hemp
(CBH) fiber with low-pressure rotatory plasma
(LPRP) and atmospheric-pressure plasma jet (APPJ)
produced chemical and morphological changes that
enhanced its thermal stability. By FTIR analysis, it
was found that both air plasma treatments allowed
the introduction of carbonyl groups and promoted the
formation of glycoside linkages. These two chemical
changes were associated with the functionalization
and cross-linking of cellulose, which is the main
component of the outmost layers of bleached hemp
fibers. By XRD analysis, it was encountered that the
interplanar distance (d002) between cellulose chains,
increased with plasma treatment. This increment was
attributed to the insertion of carbonyl groups. Through
SEM analysis, it was found that treated fibers became
rougher than the untreated one, especially the CBH
fiber treated by LPRP during 180 min, and for which
the surface damage was severe. Through TGA it
was found that LPRP (30 min treatment) and APPJ

treatments increased the thermal resistance of the
CBH fiber in 15 °C and 30 °C, respectively. Longer
experiments with LPRP (180 min) caused a significant
eroding without improving the thermal resistance.
Results here presented indicate that the cold plasma
surface modification of bleached hemp fibers may
assist with mechanical interlocking when used in
polymer reinforcing, with good thermal resistance
during processing.
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Nomenclature

H002 Half-height width of the 002 plane
diffraction peak

I002 Intensity of the 002 plane diffraction
peak

Iam Minimum intensity at 2θ ≈18.5°
Tdeg Initial degradation temperature
d002 Distance between cellulose chains

calculated from the 002 plane diffraction
peak

θ002 Bragg angle of the 002 plane diffraction
peak

APPJ Atmospheric-pressure plasma jet
equipment

CBH Commercially bleached hemp fibers
FTIR-ATR Fourier transform infrared

spectroscopy−attenuated reflectance
mode

h Layer thickness of the surface cellulose
chains (0.57 nm)

Jet sample Atmospheric-pressure plasma jet treated
CBH

LPP 180 sample Low-pressure plasma-treated
CBH for 180 min

LPP 30 sample Low-pressure plasma-treated
CBH for 30 min

LPRP Low-pressure rotatory plasma device
RF Radiofrequency
SEM Scanning electron microscopy
TGA Thermogravimetric analysis
XRD X-ray diffraction
Crl Seagal’s crystallinity index
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K Scherrer constant (0.94)
L Apparent crystallite size
X Proportion of crystallite interior chains
λ Wavelength
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