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A B S T R A C T   

One way of satisfying increased market demand and simultaneously achieving a reduced environmental load in 
the industrial paper production is the use of fibrous agricultural residues. The aims of this study were i) to 
investigate the effect of alkaline – hydrodynamic cavitation (HC) pre-treatments on the delignification of Mis-
canthus × giganteus stalks (MGS) and ii) establishing the suitability of MGS as feedstock and their exploitation in 
pulp and paper manufacturing. It was demonstrated that the proposed treatment is an efficient delignification 
method for the non-wood fiber sources, such as miscanthus. A significant outcome of this work was the obser-
vation that HC treatment preserved the fibres lengths and surface quality of raw MGS, but at the same time 
increased the amount of kinked and curled fibers present in cavitated miscanthus fibers. The average miscanthus 
fiber length was found to be relatively short at 0.45 (±0.28) mm, while the slenderness ratio, the flexibility 
coefficient and Runkel ratio values were calculated to be 28.13, 38.16 and 1.62, respectively. The estimated 
physical properties of MGS pulp hand-sheets were 24.88 (±3.09) N m g− 1 as the tensile index, 0.92 (±0.06) kPa 
m2 g− 1 as the burst index and 4.0 (±0.37) mN m2 g− 1 as the tear index. Overall the current work demonstrated 
effective use of hydrodynamic cavitation for improving the processing in pulp and paper manufacturing.   

1. Introduction 

Within the resource efficient and sustainable strategic targets for 
European Commission, bioeconomy and circular economy concepts 
advocate towards the production of innovative, renewable and/or 
value-added products, originated from agricultural or forest residues. 
These policies incorporate the technologies used in the traditional 
woodworking industries, furniture and building construction industries, 
pulp and paper manufacturing, as well as the emerging biorefineries 
technologies such as bioenergy, bioplastics, biotextiles and biochemicals 
[1,2]. Scarlat et al. [3] reported that between 86 and 133 M tonnes of 
dry matter per year from sustainable agricultural residues, could be 
collected in EU27 areas during a 10-year period (1998–2007), supplied 
mainly from the large agricultural countries like France, Germany, 
Romania, Spain, Italy, Poland and Hungary. Therefore, a significant 

quantity of agricultural residues is offered as an alternative or supple-
mentary feedstock source in the current traditional industries, i.e. in 
wood-based or pulp and paper industries. Importantly the amount of 
produced pulp from fiber sources other than wood, is still very limited. 
More specifically, from the total pulp production in 2017 as given by the 
CEPI’s members, which constitute 92% of the European pulp and paper 
industries in terms of production, the total wood pulp production and 
total pulp production other than pulp amounts to 37,507 (’000 tonnes, 
~99.23%) and 288 (’000 tonnes ~ 0.77%), respectively [4]. In contrast, 
China and India were leaders in the utilization of over 70% non-woods 
plants as raw materials for pulp production in terms of volume even 
from the 1990s [5]. 

Several researchers have evaluated the suitability of papermaking 
potential of various non-wood residual biomass sources such as wheat 
straw [6–8] rice straw [9,10] rapeseed/canola straw [11–14] sugarcane 
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bagasse [15] sunflower [16] citronella grass [17] Johnson grass [18] 
switchgrass [19] or Miscanthus giganteus [20–24]. Miscanthus × giganteus 
is a sterile, triploid hybrid of Miscanthus sinensis and Miscanthus sacchi-
florus, cultivated firstly across northern Europe and later from the 
Mediterranean to southern Scandinavia since 1983 [25]. It is a tall (up to 
3–4 m) fast growing, cold tolerant, non-invasive rhizomatous C4 
photosynthetic pathway grass, with high cellulose content and carbon 
dioxide fixation rate, capable of producing high annual biomass average 
yields of 10 to 20 tons dry weight per hectare, with an expecting lifespan 
period of 10–20 years and minimal requirements for fertilizers and 
pesticides [26,27]. According to the theoretical estimates of Smeets et al. 
[28], Hungary and especially the Southern Transdanubia (Dél-Dunán-
túl) will be using more than 31% of their total land surface from 2030 
onwards for the production of energy crops such as miscanthus and 
switchgrass. The region is projected to have one of the highest mis-
canthus spring harvest yields in the EU25, namely 20–27 odt ha− 1 y− 1. 

Alkaline pre-treatment is a necessary process for the delignification 
and subsequent enzymatic digestion of biomass for converting it into 
biofuels [29]. Additionally, alkaline pre-treatment methods applying 
alkali , such as sodium hydroxide (NaOH), calcium hydroxide (Ca(OH)2) 
and potassium hydroxide (KOH) as reagents, selectively degrade only 
lignin and are more effective for the delignification of non-wood species 
such as miscanthus, sugarcane, switchgrass than woody lignocellulosic 
biomasses [30]. Although NaOH is the most investigated alkali, some 
researchers have shown that KOH efficacy was more favourable even 
though it is more expensive [31–33]. The conventional approach of 
delignification is hindered by drawbacks of much higher treatment 
times as well as excess usage of alkali, driving the possible requirement 
of process intensification. The usefulness of hydrodynamic cavitation, 
(HC), which is an environmentally friendly process intensification 
technology, can be demonstrated in delignification as also reported for 
the fibrillation of conifer fibers [34], for paper manufacturing and for 
efficient pretreatment of lignocellulosic biomass to enhance delignifi-
cation [35,36] and improve enzymatic hydrolysis and saccharification 
[37–39]. 

HC is an emerging process intensification approach well investigated 
for the degradation of hazardous, low biodegradable organic com-
pounds [40–43] though its applications in pulp and paper processing are 
rare. It is a dynamic process associated with a range of physicochemical 
and mechanical effects in the bulk of a liquid suspension caused by the 
cavitation , i.e. the generation, growth and finally implosion of micro- 
bubbles [44]. HC occurs and expands in a jet of water flowing through 
a channel such as a venturi tube, an orifice plate, or a rotor–stator as-
sembly, whose geometries cause the appropriate static pressure varia-
tions. When compared with the common orifice or venturi systems, the 
geometry of rotor–stator assembly is more efficient, because it is 
designed to have a significantly lower loss of pressure, while the tem-
perature of the overall liquid volume remains generally around ambient 
conditions [34]. 

HC is an advantageous process since it reduces chemical re-
quirements and reaction times, which is attributed to the synergy in-
fluence of free oxidative radicals, shockwaves and localized hot spots 
due to the microbubbles collapse [29]. The lignin dissolution mecha-
nism principles from lignocellulosic biomass due to alkaline – HC pro-
cess, is well described in detail by Badve et al. [35] and Nakashima et al. 
[45]. Briefly, delignification can be attributed to the generation of sur-
face velocities associated with turbulence and the formation of reactive 
hydroxyl radicals such as OH⋅ and the creation of H2O2 due to cavitation 
conditions , which in turn results in an overall lignin removal. 

Considering the high energy and water requirement of pulping in-
dustry and a significantly higher processing time in case of biological 
treatment, different methods have been explored for the delignification 
and cooking of industrial crops. The present work deals with the 
application of hydrodynamic cavitation for the treatment of miscanthus 
grass and aims to assess, the effect of combined alkaline – HC pre-
treatment on the delignification and chemical composition analysis of 

Miscanthus × giganteus stalks (MGS). According to our knowledge this 
is first time that a quality MGS pulp was produced in this manner and 
was successfully employed for the production of paper hand-sheets. The 
morphological characteristics of the raw MGS fibers were established. 
Subsequently, the treated MGS material was further evaluated to define: 
i) the chemical composition and fiber quality of MGS pulp fibers, ii) the 
surface morphology and iii) the tensile, burst and tear strength prop-
erties of the obtained unbleached paper hand-sheets. 

2. Materials and methods 

2.1. Fibrous raw material treatment 

The raw material of this research, Miscanthus × giganteus stalks, were 
kindly provided from harvested crops cultivated from farms located in 
parts of Hungary (Energianoveny Ltd). Initially, MGS were air-dried and 
cut up to 5 mm length using a laboratory wood grinder machine and 
stored. Aqueous alkaline solution of 0.3 M KOH was prepared by dis-
solving KOH flakes in tap water . 0.5 kg oven dried (o.d.) chopped MGS 
was added to the alkali solution for 48 h at room temperature, so that the 
concentration of solids in the slurry was 7% w/w. During the alkaline 
treatment the slurry was discontinuously disintegrated four times, every 
twelve hours by using a standard laboratory disintegrator at a speed of 
2,500 rpm, for five minutes (12,500 revolutions). The disintegrator 
process during these two days resulted in further softening and liber-
ating of the raw MGS fibers. The alkaline treated with and without 
disintegrated MGS slurry did not resulted acceptable fiber quality for 
handsheet making and hence additional treatment was thought off. After 
the 48 h, the alkaline treated slurry was further diluted to 2% and was 
mechanically disintegrated by using a valley (Hollander) beater 
continuously for 20 min (without the 5 kg weight), prior to cavitation 
process. The valley beater process was applied for two main reasons: i) 
to promote further disintegration of MGS, so as to avoid clogging during 
cavitation and ii) to improve the bonding and pulp quality of miscanthus 
fibers. 

2.2. Hydrodynamic cavitation equipment and parameters 

HC was employed as a mechanical means to strengthen the deligni-
fication and improve the efficiency of the alkaline pre-treated mis-
canthus stalks. Thus, the alkaline disintegrated miscanthus slurry was 
further processed with the assistance of a HC device equipped with a 
rotor–stator assembly in a similar manner as indicated by Badve et al. 
[35] and Patil et al. [38]. Experiments were performed at a rotor rota-
tional speed of 2,200 rpm at a total cavitation time of 20 min. The 
constant speed of rotation used in the work was based on the results 
obtained in the earlier work of Badve et al. [35] and the speed of 2,200 
rpm was selected as minimum of the recommended optimum with an 
objective of energy savings. The expected cavitation number at this 
speed of rotation is 0.4, which gives an idea of the cavitational intensity 
in the reactor. All the experiments were performed with tap water at 
room temperature. The miscanthus to liquid ratio (consistency) was kept 
fixed at 0.5%. The alkaline suspension was fed through the cavitation 
system in a continuous fashion at a rate of 10 L/min by using an open 
impeller type pump. The alkaline pre-treated suspension was fed from 
axial direction to the cavitation zone, where the generated radicals react 
leading to separation of the sheathed lignin around the cellulose. Fig. 1 
illustrates a schematic representation of the flow loop in the case of 
hydrodynamic cavitation system, which basically contains a tank, a 
pump, the cavitation device and a pipe system for the continuous cir-
culation of MGS suspension. 

2.3. Hand-sheets preparation 

After cavitation, the miscanthus slurry was washed and separated by 
using a Somerville screen plate with 0.15 mm slit width (TAPPI T275sp- 
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98) [46]. The fractionated part of miscanthus, passing through the 
screen plate, was used as feedstock for the formation of paper hand- 
sheets. The hand-sheets of alkaline-HC pre-treated miscanthus pulps 
were made on a mass per unit area (grammage) of 140 g/m2 by using a 
HAAGE (Haage Anagramm Technologien Gmbh, Germany) sheet 
forming system, according to ISO 5269–2 [47] standard (Rapid-Köthen 
method). After drying, all the hand-sheets were conditioned at 50% 
relative humidity and at a temperature of 23 ± 2 ◦C before testing for 
their mechanical properties. The main strength properties of pulp hand- 
sheets, i.e. tensile index, tear index and burst index were determined 
according to the corresponding ISO 1924–21 [48] ISO 1974 [49] and 
ISO 2758 [50] standards, respectively. 

2.4. Fiber analysis 

The cell types and anatomical characteristics of untreated MGS stalks 
used in this research, were determined in accordance with a maceration 
procedure as suggested by Danielewicz et al. [51]. A Nikon Eclipse 80i 
optical microscope (Nikon Instruments Inc., Japan) was used for optical 
microscopic images (OM) at different magnifications. An Image-Pro Plus 
software (Media Cybernetics Inc., USA) was used to estimate the average 
morphological dimensions of more than two hundred untreated mis-
canthus fibers. Based on fiber length (FL), fiber width (FW), cell wall 
thickness (CWT) and lumen diameter (LD) values, the fiber morpho-
logical indexes were calculated as follows: slenderness ratio as FL/FW, 
flexibility coefficient as (LD/FW) × 100 and Runkel ratio as (2 × CWT)/ 
LD [23]. 

The surface morphology structures of the MGS hand-sheets were 
verified by using a Hitachi S3400N scanning electron microscopy (SEM) 
operating at 20 kV. The numerical and weight fiber length, coarseness, 
curl and kink index of the treated Miscanthus fibers used for paper-
making hand-sheets were also determined using a Kajaani FS300 fiber 
quality analyzer. 

2.5. Chemical composition 

For chemical analysis, untreated and a portion of combined alkaline- 
cavitation treated MGS fibers was ground in a Wiley mill, and subse-
quently separated and screened (Fritsch Analysette 3 Pro, Germany) to 
obtain a uniform particle size of 40–60 mesh. The 1% sodium hydroxide 
solubility, water solubility and ash content were obtained following the 
TAPPI T212 om-02 [52] TAPPI T207 cm-08 [53] and TAPPI T211 om-02 
[54] standards, respectively. Extractives free material was prepared 
after successive extraction in a Soxhlet apparatus using 100 ml ethanol 
for 4 h and then a mixture of 100 ml ethanol-cyclohexane (50:50) for 
another 6 h. Acid-insoluble lignin content was determined according to 

TAPPI T222 om-02 [55]. Holocellulose, α-cellulose and hemicelluloses 
content measurements were performed according to the analytical 
procedures reported by Kürschner-Hoffer [56] and Rowell et al. [57]. At 
least two replicates were performed for each measurement. 

3. Results and discussion 

3.1. Papermaking potential of MGS fibers 

3.1.1. Miscanthus grass cells 
Miscanthus stems, like most grasses, consist of pith, nodes and in-

ternodes parts, as well as a build-up of parenchymatous tissues with 
vascular bundles embedded in them. The outermost layer of stems is the 
epidermis. Grass pulp cells are heterogeneous, and contain many types 
of cells, with varying sizes and shapes. These pulps are mainly comprised 
of fibers, vessel elements (pitted, annular, spiral), epidermis cells and 
abundant parenchyma cells [58]. The abundance of parenchyma cells 
and vessels in grass pulps, negatively impact the physical properties of 
pulp (such as strength). 

As determined by Danielewicz et al. [51] the existing cell types and 
sizes for each miscanthus stem part varies. Miscanthus pith, which 
represented a 5.6% weight share of miscanthus stem, was featured 
predominantly to have barrel-like and brick-like parenchyma cells. In 
contrast, the nodes (10.5% weight share) were characterized mainly 
having short spindle-like fibrous cells and small parenchyma cells, 
whilst de-pithed internodes (83.9% weight share) parts represented a 
mixture of i) long, straight and narrow fibers, ii) various size vessels, and 
iii) several parenchyma and epidermal cells. Additionally, it must be 
considered that there are significant differences on the measured fibers 
lengths between the internode (1.32–4.11 mm) and node (0.52 mm) of 
miscanthus parts. 

Similar observations as that of Danielewicz et al. [51] were also 
found in the studied MGS samples in the current work as represented in 
Fig. 2 where a mixture of pith, nodes and internodes parts is seen. The 
measured MGS in this study were partly consisting of long and narrow 
fibers with thick fiber walls, accompanied by mostly short and inter-
mediate, wide or narrow, thin- or thick-walled fibers. A small portion of 
epidermal cells and a large number of parenchyma cells and vessels were 
present. 

3.1.2. Miscanthus fibers characteristics and morphological indices 
The average length of miscanthus fibers as measured by OM images, 

was calculated to be 0.45 ± 028 mm), which is in agreement with the 
average weighted length (0.58 ± 0.01 mm) and arithmetic average FL 
(0.45 ± 0 mm) respectively, as measured by the Kajaani apparatus. In 
our study the average FL of MGS were found to be half the length of 

Fig. 1. Schematic representation of the hydrodynamic cavitation setup.  
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those measured by Ververis et al. [23] (0.97 ± 0.08 mm). Yet, the high 
standard deviation (±0.28 mm) demonstrating the range of fiber lengths 
distribution, has to be mentioned. Additionally, in comparison to Ver-
veris et al. [23] we did not observe any significant differences in the 
fiber dimensions of FW, LD and CWT. In this work, the measured FW, LD 
and CWT were estimated as 15.82 ± 5.1 μm, 4.90 ± 1.46 μm and 6.04 ±
3.2 μm, respectively. While in the research conducted by Ververis et al. 
[23] these values were reported as 14.2 ± 2.5 μm, 5.9 ± 2.2 μm and 4.1 
± 0.8 μm. 

The morphological fibers characteristics and indices, calculated from 
the fiber dimensions, i.e. SR, FC and RR have strong relationships with 
the strength paper properties and can reveal significant information 
about the suitability of a lignocellulosic material in pulp manufacturing. 

In general, it can be stated that the SR, the higher FC and lower RR 
values indicate higher tensile, tear and burst strength properties. SR is an 
important parameter that determines the suitability of lignocellulosic 
materials in pulp and paper manufacturing, and the minimum accept-
able value for SR is 33 [14,16,59]. FC is defined as the ratio of LD and 
FW and determines the collapsibility and fiber bonding in a paper sheet 
[8,11,14,59]. Corresponding to these references, FC is related to the 
elasticity of individual fibers, which are distinguished from high rigid 
fibers (FC less than 30) to high elastic fibers (FC greater than 75). 
Finally, raw materials with RR values higher than 1, are considered to 
have fewer flexible fibers, present lower paper strength properties, and 
form bulkier papers with low bonded areas [8,60]. Thus, it has been 
reported that raw materials having a RR of less than 1 are more suitable 

Fig. 2. OM images of Miscanthus × giganteus as a mixture of stem parts (pith, nodes and internodes) at different magnifications (F: fibers, P: parenchyma; E: 
epidermis; VB: parts of vascular bundle; V: (pitted vessels, spiral vessels, annular vessels). 
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for the production of paper [61]. The calculated SR, FC, and RR values of 
the raw MGS used in this research were found to be 28.19, 38.18 and 
1.62, respectively, which meant that treatment of MGS is required 
before effective application. 

3.2. Pulp characterizations 

3.2.1. Surface morphology analysis 
Paper hand-sheets were made from alkaline – HC pre-treated mis-

canthus fibers in the laboratory as described in the previous section. The 
surface structure of these hand-sheets was observed with a scanning 
electron microscope (SEM) at different magnifications as shown in 
Fig. 3. SEM images showed that the produced hand-sheets were of a 
similar structure to those obtained from non-wood fibers pulps (Fig. 3A). 
As it can be seen from SEM images, in consistence with the OM images, 
the miscanthus pulps were composed of several types of vessel elements 
(Fig. 3B), parenchyma cells (Fig. 3C), fibers (Fig. 3D-E) and epidermis 
cells. 

3.2.2. Chemical composition 
The chemical composition analysis of the control and alkaline – HC 

pre-treated MGS unbleached pulp determined in this work is summa-
rized in Table 1. The overall yield of alkaline pre-treated, disintegrated 
and HC treated, unbleached pulp was determined at around 80 (±3) %. 
Typical values of raw, untreated and soda and kraft treated Miscanthus 
× giganteus, and corresponding data from other studies, are also pre-
sented for comparison purposes. The acid-insoluble lignin contents (% 
based on dry weight) of the raw, untreated miscanthus are ranging from 
21.7% to 30.9%, the holocellulose from 58.0 to 75.7%, the α-cellulose 
from 38.2% to 51.0% and hemicelluloses from 17.1% to 25.2%, whereas 
our measured values are 27.2%, 67.31%, 48.64% and 18.67% respec-
tively. After the applied alkaline – HC process, the lignin content of 
treated MGS decreased by 41.54% while the holocellulose increased by 
13.87%, owing mainly to the observed positive change in α-cellulose 
content (by 24.89%) and to the hemicelluloses reduction (by 14.83%). 
Therefore, these results further verify the efficacy of the suggested po-
tassium hydroxide alkali pre-treatment coupled with HC, for the 

Fig. 3. SEM images of the miscanthus surface handsheets (scale: 3A 1.00 mm, 3B-E 100 μm) at different magnifications.  

D. Tsalagkas et al.                                                                                                                                                                                                                              



Ultrasonics Sonochemistry 72 (2021) 105462

6

removal of lignin from grass originated plants such as miscanthus 
without severely interacting with its hemicellulose content. 

The Kürschner-Hoffer cellulose content was found to be 69.65 ±
0.92, quite close to the measured holocellulose content as defined ac-
cording to the procedures described by Rowell et al. [57] . The ash 
content of MGS had been determined to be relatively high, 5.36 ± 0.12% 
compared to the raw miscanthus stalks. On the other hand, cold water, 
hot water and 1% NaOH solubility contents were calculated to be quite 
low as 2.98 (±0.87), 1.05 (±0.49) and 14.33 (±0.49), respectively. 
Furthermore, hot water extractive content was almost identical with the 
1.4 ± 0.2 value as indicated by de Vrije et al. [62]. The observed vari-
ations in the overall components of raw miscanthus (i.e. lignin, cellulose 
and hemicelluloses) could be explained by the anticipated composition 
differences as a result of the harvesting periods, growing years of crops, 

cultivation conditions, miscanthus genotypes [66–69] and the used 
analytical chemical measurements methods. Hayes [70] investigated the 
effect of harvesting time on the mass proportions and chemical com-
ponents of the leaf and stem components of Miscanthus × giganteus 
harvested from four sites in Ireland between October 2007 and April 
2008. His results displayed changes in whole-plant components, i.e. 
glucose (+8.54%), Klason lignin (+14.01%), hemicelluloses (− 9.39%), 
ash (− 36.56%) and extractives (− 30.69%) contents between these two 
harvest periods. Moreover, miscanthus fields harvested during the early 
period produced up to 38.4% more biomass per ha and yielded up to 
29.3% more biofuel per ha than that of the late harvest period. 

3.2.3. Fiber morphology 
In a similar manner, like Marín et al. [22] the miscanthus FL fractions 

were classified into: i) fines (length less than 0.2 mm), ii) short and iii) 
intermediate fibers (length between 0.2 and 1.2 mm) and long fibers 
(length more than 1.2 mm). The FL distributions, determined by Kajaani 
equipment analyzer, is given in Fig. 4 as the mass fraction distribution 
(expressed as %) per different length ranges. 

In both studies, the fines content and short – range fibers represented 
the majority portions, while the long fibers contents were only 3.24% 
and 5.53%, as shown. Even though, the experimental times with the 
Hollander beater were almost identical (20 and 25 min), the alkaline 
treatment conditions (9.5% NaOH, 3 h digestion time, solid to liquid 
ratio 1:11, reaction temperature 98 ± 2 ◦C) were remarkably different. 
Additionally, the average weighted FL was substantially longer in the 
study of Marín et al. [22] who recorded a length of 0.94 mm which 
differs from our measurements (0.58 mm). 

During pulp and paper manufacturing, fiber characteristics such as 
FL, FW, coarseness, curl and kink index, of the lignocellulosic sources 
change due to the mechanical and chemical treatments. These changes 
have a significant impact on the quality, the fracture properties and the 
performance of the end-use products. Coarseness is a parameter asso-
ciated with tensile index, tear index, folding endurance strength and 
improved formation. Curl and kink indices, typically indicating fibers 
deformations, which are correlated to the fiber shape factor, have been 

Table 1 
Chemical composition of alkaline – HC treated miscanthus – comparison with 
other raw miscanthus data reported in the literature (dry basis weight %).  

References Ash Lignin Hol α-cell Hem 

Present study, 
control MGS 

5.49 
(±0.14) 

27.2 
(±2.17) 

67.31 
(±1.83) 

48.64 
(±1.49) 

18.67 
(±0.94) 

Present study, 
treated MGS 

5.36 
(±0.12) 

15.90 
(±1.27) 

76.65 
(±2.09) 

60.75 
(±1.79) 

15.90 
(±0.90) 

[21]* 1.1 
(±0.12) 

6.05 
(±0.22) 

92.3 80.2 
(±0.4) 

12.1 

[22] 3.2 
(±0.1) 

21.7 
(±0.8) 

75.7 
(±0.6) 

51.0 
(±0.2) 

25.2 
(±0.9) 

[23] 1.7–2.1 26.7–28.5 n.a. 39.1–43.7 n.a. 
[32] 2.9 

(±0.56) 
30.9 
(±0.61) 

65.3 45.7 
(±4.79) 

19.6 
(±0.90) 

[62] 2.0 24.1 
(±0.9) 

62.5 38.2 
(±3.2) 

24.3 
(±1.4) 

[63] n.a. 25.6 58.7 41.6 17.1 
[64] 5.9 25.0 58.0 40.0 18.0 
[65] 2.4 

(±0.1) 
23.0 
(±0.7) 

67.4 48.4 
(±4.8) 

19.0 

Lignin: Acid-insoluble lignin; Hol: holocellulose; α-cell: α-cellulose; Hem: 
hemicelluloses; n.a.: not available; * kraft and soda treated MGS pulp. 

Fig. 4. Fiber length proportion (average weighted length) of treated MGS of this study, compared to Marín et al. [22] findings.  
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found to affect pulp strength properties. Curled fibers have a negative 
impact on the paper tensile strength and stiffness, while in contrast in-
crease the tear index [71,72]. Table 2 presents the curl, coarseness and 
kink fiber characteristic values of the unbleached miscanthus pulp, 
produced during this research. 

Possibly, the formed paper sheets may exhibit decreased tensile 
strength and higher tear strength properties, due to the curled fibers 
impact. As stated by Joutsimo et al. [73] the amounts of most curled and 
kinked fibers are expected to vanish during the beating of pulp inside the 
PFI mill. In contrast, it was shown that homogenization treatments, 
resulted in an increased number of curl and kink fibers. These phe-
nomena may also have occurred on miscanthus fibers due to the high HC 
forces, subjected on their surfaces. Furthermore, Hosseinpour et al. [12] 
demonstrated that a treatment stage with a PFI mill, resulted in a slight 
decrease in the length and coarseness of canola straw fibers, but pro-
moted the decline of curl and kink indices. Thus, a post-treatment with a 
PFI mill after HC, could be beneficial on the reduction of fibers de-
formations and straightening of miscanthus fibers. A few PFI revolutions 
(up to 1,000) could be enough to improve the miscanthus pulp prop-
erties, as also indicated by Kamoga et al. [74] in Soda-AQ and kraft pulps 
obtained from four grasses originating Uganda. The analysis of mis-
canthus fibers coarseness characteristics in this study, displayed lower 
or contiguous values compared to the chemo-mechanical canola straw 
pulps reported by Hosseinpour et al. [12]. 

3.2.4. Physical properties 
Thick-walled fibers belonging to group IV [14] are expected to 

negatively influence the folding endurance bursting and tensile strength 
of paper. In addition, the narrow LD of miscanthus fibers, hinder the 
beating of pulp since liquids such as water are less easily penetrating 
their empty spaces. In this study, the miscanthus fibers proportion was 
composed mainly from short to intermediate lengths, with thick wall 
thicknesses and narrow LD. The observed findings of the MGS fiber 
morphological characteristics exhibit a significant influence on the ef-
fect of the calculated morphological indices’ values and the miscanthus 
hand-sheets strength properties (Table 3). As a result, raw miscanthus 
stalks seems to be inappropriate as feedstock for 100% papermaking 
manufacturing without extended beating. 

A comparison of the strength-related properties of the hand-sheets 
obtained from miscanthus pulp in this study with other miscanthus 
pulps revealed the following: a) greater tensile and burst indices and 
lower tear index, than the corresponding values for hand-sheets of TMP 
miscanthus pulp and b) significantly weaker strength properties 
compared to the other alkaline with NaOH treated unbleached or 
bleached pulps. In general, decreased FL lead into lower pulp strengths, 
while lignocellulosic materials such as miscanthus grass comprising of 
rigid fibers (FC up to 50) are not so preferable, since these produce lower 
quality papers with weaker strength properties. Furthermore, tearing 
strength is strongly dependent on FL and SR, since the higher these are, 
the stronger is the tearing resistance [13,14,23]. However, often both 
softwoods pulps consisting of long fibers and hardwoods pulps 
comprised of short fibers are mixed to provide enhanced strength and 
good printability to the finished papers. Thus, it is expected that hand- 
sheets formed from short length fibers and higher fines proportion, fill 
the voids and form smoother paper sheets, which is good for printing 
[8,72,75]. It is known that hardwood fibers present a short fiber length 
in the range of 0.7–3 mm [59]. Hence, treated miscanthus pulps might 
have a potential for substitute of hardwoods alone [21] or in various 

mixtures with softwood or recycled originated pulps. For instance, 
Danielewicz and Surma-Slusarka [21] found that the mechanical 
strength properties of kraft and soda MGS pulp can be similar after 
longer beating to that of birch, poplar and hornbeam pulps. Cappelletto 
et al. [20] and Marín et al. [22] have also evaluated the influence of 
miscanthus percentage on pulp blends mixed with recycled (waste-
paper) or commercial fluting paper. It was reported that miscanthus 
pulps obtained from chemical pulping processes displayed a synergistic 
effect on the reinforcement and strength improvement of the investi-
gated paper hand-sheets. 

4. Conclusions 

Non-wood plants are an important alternative source of fiber for the 
pulp and paper industry. The experimental data enable us to identify 
significant differences between the lignin content of the raw and treated 
MGS, without significantly interacting with the polysaccharides. In 
comparison to the control contents of raw miscanthus, the lignin per-
centage of unbleached, treated MGS was reduced by 41.5% and the 
α-cellulose percentage was enhanced by 13.87%. The findings definitely 
justify alkaline – HC pre-treatments as a suitable method for the 
delignification of grass fibers such as miscanthus. Nevertheless, two is-
sues that arose as a result of this work were the inherent fiber charac-
teristics of raw MGS, and the increased amount of kinked and curled 
fibers as a direct consequence of cavitation. The latter issue could 
possibly be minimized or reduced if a PFI mill is used after hydrody-
namic cavitation. Further research intends to examine the influence of a 
PFI mill treatment on the shape fibers deformations and paper strength 
properties. 

The mean FL of miscanthus grass was found to be 0.45 (±0.28) mm 
in length, the mean FW was 15.82 (±5.1) μm, the LD measured was 4.90 
(±1.46) μm and the CWT measured was 6.04 (±3.2) μm, respectively. 
The miscanthus fibers dimensions have a significant influence and hence 
can justify the relatively short observed values of the MGS pulp hand- 
sheets. More specific, the average tensile index, burst index and tear 
index values were 24.88 (±3.09) N m g− 1, 0.92 (±0.06) kPa m2 g− 1 and 
4.0 (±0.37) mN m2 g− 1, respectively. In general, wood pulps are 
composed of longer fibers to obtain high strength, and shorter fibers to 
acquire smooth and good quality printable papers. In this perspective, 
the short length miscanthus fibers could potentially be mixed with 
softwood or recycled pulps and substitute hardwood species pulps which 
are also comprised of short length range fibers. 
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Table 3 
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Pulp Tensile 
index (N m 
g− 1) 

Tear Index 
(mN m2 

g− 1) 

Burst Index 
(kPa m2 

g− 1) 

Reference 

Alkaline-HC pulp 
(unbleached, 
unrefined) 

24.88 
(±3.09) 

4.0 (±0.04) 0.92 
(±0.06) 

Present 
study 

TMP (unbleached) 
pulp 

9.2 1.4 0.16 [20] 

CTMP (bleached) 51.8 5.7 2.7 [20] 
Kraft and soda 

(unbleached) pulp 
at ◦SR ~ 15 

21 4.4 1.2 [21] 

Semichemical pulp 
(unbleached) 

40.0 5.64 1.95 [22] 
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[21] D. Danielewicz, B. Surma-Ślusarska, Miscanthus × giganteus stalks as a potential 
non-wood raw material for the pulp and paper industry. Influence of pulping and 
beating conditions on the fibre and paper properties, Ind. Crop Prod. 141 (2019), 
111744. 

[22] F. Marín, J.L. Sanchez, J. Arauzo, R. Fuertes, A. Gonzalo, Semichemical pulping of 
Miscanthus giganteus. Effect of pulping conditions on some pulp and paper 
properties, Bioresour. Technol. 100 (17) (2009) 3933–3940. 

[23] C. Ververis, K. Georghiou, N. Christodoulakis, P. Santas, R. Santas, Fiber 
dimensions, lignin and cellulose content of various plant materials and their 
suitability for paper production, Ind. Crop Prod. 19 (2004) 245–254. 

[24] J.J. Villaverde, P. Ligero, A. de Vega, Applicability of short totally chlorine free 
bleaching sequences to Miscanthus x giganteus organosolv pulps, Ind. Eng. Chem. 50 
(2011) 9847–9851. 

[25] I. Lewandowski, J.C. Clifton-Brown, J.M.O. Scurlock, W. Huisman, Miscanthus: 
European experience with a novel energy crop, Biomass Bioenerg. 19 (2000) 
209–227. 

[26] N. Brosse, A. Dufour, X. Meng, Q. Sun, A. Ragauskas, Miscanthus: a fast-growing 
crop for biofuels and chemical production, Biofuels Bioprod. Bioref. 6 (2012) 
580–598. 

[27] C.-P. Witzel, R. Finger, Economic evaluation of Miscanthus production – a review, 
Renew. Sustain. Energy Rev. 53 (2016) 681–696. 

[28] E.M.W. Smeets, I.M. Lewandowski, A.P.C. Faaij, The economical and 
environmental performance of miscanthus and switchgrass production and supply 
chains in a European setting, Renew. Sustain. Energy Rev. 13 (2009) 1230–1245. 
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