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Abstract

Generally, ethanol is the alcohol commonly used in the SO,-alcohol-water (SAW) fractionation process. In this study,
Eldar pine (Pinus eldarica) was fractionated with different alcohols (methanol, isopropanol, and 2-methyl-2-propanol, in
comparison to ethanol) at 135 °C, duration (60—120 min.), and liquor composition (SO,:alcohol:water =12:44:44, w/w%)
to achieve a consistent kappa number (+25). The field emission scanning electron microscopy (FE-SEM), X-ray diffrac-
tion (XRD), and Fourier transform infrared spectroscopy (FTIR) were used to analyze the changes in physical and chemi-
cal structure characteristics of selected pulps. The use of isopropanol, as opposed to ethanol (common alcohol in SAW
fractionation), showed a beneficial effect on the delignification rate. Meanwhile, both methanol and 2-methyl-2-propanol
reduced the delignification rate. Moreover, isopropanol pulp required fewer beating revolutions to achieve a similar free-
ness (385 mL CSF) compared to other alcohols. Handsheets produced from isopropanol fractionation exhibited superior
characteristics, including air permeability, apparent density, and tensile, tear, and burst indexes, when compared to those

obtained from other alcohols. Overall, isopropanol is a highly suitable alternative to ethanol in SAW fractionation.

1 Introduction

The kraft, sulfite, soda, and soda-antraquinone (AQ) pro-
cesses are the most commonly used methods for industrial-
scale pulping (Jahan et al. 2021). However, in recent years,
despite the many disadvantages of the mentioned processes,
the demand for pulp has increased. Therefore, the develop-
ment of the pulping industry in the world requires further
work and research on novel and emerging processes with
high performance. The development of novel processes will
allow access to advanced biorefineries and the production
of a new generation of cellulose pulps (Huang et al. 2019;
Survase et al. 2019; Yadollahi et al. 2019; Iakovlev et al.
2020a, b).

P4 Mohammadreza Dehghani Firouzabadi
mdehghani@gau.ac.ir

Department of Paper Science and Engineering, Gorgan
University of Agricultural Sciences and Natural Resources,
P.O. Box: 4918943464, Gorgan, Iran

The fractionation method used for lignocellulosic bio-
refineries should produce high yields, low inhibitors, and
no sticky lignin precipitates, while converting lignocellu-
losic to cellulosic and hemicellulosic sugars, and finally
sugar-derived products (lakovlev et al. 2020a). Various
pretreatment and fractionation methods have been devel-
oped, including different configurations of acidic (Dagnino
et al. 2013), alkaline (Tang et al. 2023), oxidative (Zhou
et al. 2023), hydrothermal (Hou et al. 2023), enzymatic,
organosolv (Vergara et al. 2019; Gutierrez et al. 2023), high-
energy radiation (Fei et al. 2020; Anoopkumar et al. 2023),
green bio-based aprotic solvents (Li et al. 2023a), bipha-
sic solvent (Li et al. 2023b), and combination pretreatment
(Meenakshisundaram et al. 2021). Nevertheless, acid-based
pretreatments are more feasible for industrial use because
the pre-hydrolyzate can be directly utilized for biorefinery
goals after undergoing certain treatments. Consequently,
the development of a practical acid-based pretreatment to
achieve the thorough removal of hemicellulose and lignin
is crucial for the production of sugars from lignocellulosic
biomass (Huang et al. 2018).
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Fractionation processes based on alcohol, SO,, and water
were first introduced under the name of “SO,—ethanol-
water (SEW)” (Iakovlev et al. 2010; Yamamoto et al. 2011;
lakovlev and van Heiningen 2012a). Nowadays, due to the
use of other alcohols, the name of this process has been
changed from SEW to “SO,-alcohol-water (SAW)”. SAW
fractionation is a favorably suitable process for future inte-
grated lignocellulosic-based biorefineries (Sharazi and Van
Heiningen 2017). High flexibility for raw material selec-
tion, simple and efficient fractionation chemical recovery
are some of its governing advantages (Iakovlev et al. 2014).
The SEW method results in a higher proportion of carbohy-
drates remaining in the spent pretreatment liquid, leading
to an enhancement in both the overall recovery of carbo-
hydrates and their conversion in downstream processes
(Huang et al. 2018). Fractionation using SAW is compara-
ble to acid sulfite (AS) and organosolv pulping (Iakovlev et
al. 2009). AS and SEW processes share similar mechanisms
for pulping. Lignin removal occurs through acid-catalyzed
sulfonation of propane’s carbon atoms, which produce lig-
nosulfonic acid groups. These groups are highly hydrophilic
and facilitate polymeric lignin dissolution in ethanol-water
solution (Iakovlev and Van Heiningen 2011).

The type of solvent in the SAW process is an effective
factor in delignification and is important in pulping studies
(Sharazi et al. 2018). Methanol and ethanol are commonly
used as low molecular weight aliphatic alcohols in organo-
solv processes. Due to their low cost, these substances are
particularly useful in commercial applications (Oliet et al.
2002). In organosolv-based pulping processes, methanol is
used as a solvent in “alkaline sulfite anthraquinone metha-
nol (ASAM)” (Mertoglu-Elmas et al. 2012; Moradbak et
al. 2016) and autocatalyzed methanol pulping (Oliet et al.
2002). The Alcell, Organocell, and ASAM processes are
well-known and commercially tested organosolv processes
that use either methanol or ethanol, but they were indus-
trially tested and never commercially successful (Shatalov
and Pereira 2008; Huijgen et al. 2014; Mertoglu-Elmas and
Ozden 2019). Due to its low boiling point and the forma-
tion of a small amount of methanol (1.02-1.33 g/L) from
lignocellulosic materials during the delignification process,
methanol has advantages such as simple recovery and low
cost (Zhu et al. 1999). In addition to its increased toxic-
ity and flammability, methanol is less desirable for pulp-
ing. One disadvantage of ethanol and methanol is that they
require high process pressure during fractionation, which
leads to high investment costs. Methanol is less expensive
and volatile than ethanol.

Methanol has a lower solubility of lignin than ethanol
or isopropanol, but ethanol and isopropanol produce bet-
ter delignification and have fewer safety regulations than
methanol (Sharazi et al. 2018). When the total yield of pulp
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is considered, ethanol and methanol show similar selectiv-
ity, but in pulping using ethanol, the screened pulp yield is
higher. To date, the utilization of isopropanol in the pulp-
ing process has not been widely prevalent. Nonetheless,
previous findings have demonstrated that the introduction
of isopropanol into sulfite cooking liquor yields notable
improvements in pulping outcomes. To elucidate, the sup-
plementation of 40-50% (by volume) isopropanol to mag-
nesium bisulfite liquor has exhibited enhancements in pulp
strength, increased pulp yield, and augmented delignifica-
tion (Sakai and Uprichard 1987).

According to our knowledge to date, there is no com-
prehensive study on the effects of the type of alcohol on
the properties of papers obtained in the SAW fractionation
process. In this study, the effects of using different alcohols
including methanol, isopropanol, and 2-methyl-2-propanol
in comparison to ethanol on the pulping and papermak-
ing properties in SAW fractionation of Eldar pine (Pinus
eldarica) were investigated. Therefore, a notable research
gap exists concerning the comparative analysis of SAW
fractionation with previous fractionation methods applied to
lignocellulosic resources. Existing literature has primarily
focused on the kinetics of SAW fractionation, yet a compre-
hensive understanding of how SAW performance (espe-
cially in papermaking) against conventional fractionation
techniques remains underexplored. This study deficiency
hinders the industry’s ability to make informed decisions
regarding the most suitable and sustainable fractionation
method for optimizing lignocellulosic resources. Address-
ing this research gap is crucial for advancing the knowl-
edge base in sustainable wood processing and biorefining
practices.

2 Materials and methods
2.1 Raw materials

Fresh Eldar pine (Pinus eldarica) was obtained from the
Shastkalate educational and research forest located in
Golestan province, Iran. To prepare the chips for pulping,
each log was transformed into a disc with a thickness of
10 cm at breast height. Subsequently, the discs were manu-
ally stripped of bark and chipped using a chisel, resulting in
pieces measuring 25X 15X 3 mm in size, which were suit-
able for the pulping process. Air-dried wood chips (dry mat-
ter content 91.5%) were stored in polythene bags at room
temperature for further use. The physicochemical properties
of the solvents (Merck and Co. Inc., Darmstadt, Germany)
used are provided in Table 1. High-purity sulfur dioxide
(SO,) gas, with a purity exceeding 99%, was obtained
from Farayand Gas Co. in Tehran, Iran. In the case of all
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Table 1 The physicochemical properties of alcohols used in the study

Properties Ethanol Methanol Isopropanol 2-Methyl-2 Propanol
Physical State Liquid Liquid Liquid Liquid
Appearance Colorless Colorless Colorless Colorless
Odor Strong Strong Strong Strong
Structural formula C,H;OH CH;0H C;HgO C,H,,0
Molar mass (g/mol) 46.07 32.04 60.1 74.12
Boiling point (°C) 78.3 64.5 82.4 82.0
Melting point (°C) -114.5 -97.8 -89.5 25.6
Flash Point (°C) 12 9.0 12 11.0
Solubility in water Miscible Miscible Miscible Miscible
pH 7.33 7.0-8.3 6.50-7.0 7.0
Density (g/cm?) 0.789 0.792 0.786 0.781

solutions used, deionized water was employed during their
preparation.

2.2 Chemical composition analysis of wood

The quantification of lignin, acetone soluble extractives,
and ash content was performed by TAPPI test methods T
222 om-02, T 204 cm-97, and T 211 om-02, respectively.
The amount of cellulose was measured according to the
Kiirschner-Hoffer method and the amount of holocellulose
was calculated according to the following Equation 1 (Zoia
etal. 2017):

Holocellulose (%) = [100 — (Lignin content + Ash content)] (1)

2.3 SAW fractionation conditions

The 20.0 g air-dried chips (dry matter content 91.5%) and
liquors at a liquor-to-wood ratio of 6 L kg™ were placed into
500 mL bombs. Fractionation white liquor was prepared
by directly injecting SO, gas into an ethanol-water solu-
tion. In all the experiments, the cooking liquor composition
and charge were SO,:alcohol:water=12:44:44, by weight
(Takovlev et al. 2009, 2010; Iakovlev and Van Heiningen
2011; Yamamoto et al. 2014; Yadollahi et al. 2018). The max-
imum temperature (135 + 1 °C) was kept constant, while the
cooking times in the maximum temperature (60—120 min)
were varied. The time to maximum temperature for all the
cooking experiments was 65 min. Fractionation was con-
ducted using a laboratory glycol bath (Frank-PTI, Austria)
equipped with an electric heating system. Subsequently, the
bombs were cooled in cold water after the fractionation pro-
cedure. The collection of the spent liquor was accomplished
by exerting pressure on the pulp suspension within washing
bags, resulting in the extraction of the liquor. According to
the method of Takovlev and Van Heiningen (2011), the solid
residue in each bomb was washed twice with a 40% v/v
alcohol-water solution at 60 °C and finally washed twice

with 500 mL of distilled water at room temperature. The
pulps underwent natural air drying at the prevailing ambient
temperature, followed by their storage in polythene bags.
Specific details regarding the fractionation conditions are
provided in Fig. 1.

2.4 Characterization
2.4.1 Field emission scanning electron microscopy (FESEM)

Sample morphology was examined using FESEM. A thin
platinum coating with a thickness of less than 0.2 nm was
deposited onto the samples in a vacuum environment uti-
lizing a sputter coater machine (Quorum, Q150R ES, UK).
The coated samples were subsequently examined using a
FESEM (IRA3 TESCAN-XMU model, Czech Republic,)
with an accelerating voltage of 10 kV. Furthermore, the anal-
ysis also involved Energy-Dispersive X-ray spectroscopy
(EDX) using the same instrument, MIRA3 TESCAN-XMU.

2.4.2 X-ray diffraction (XRD)

X-ray Diffraction (XRD) is a commonly employed tech-
nique for evaluating the crystallinity of cellulose (French
2014). From directions perpendicular to the surface of
the sample, a diffractometer XRD instrument (Unisantis
XMD300 model, Singapore) was used to irradiate the speci-
mens with Cu-Ka radiation at 50 kV and 30 mA. The X-ray
characterization was performed with a sampling width of
0.02°, and scans were conducted within the range of 10—60°
(26). According to Eq. 2, the crystalline index of cellulose in
selected pulps was determined.

Crl (%) = [(Iao0 — Lam) /I200 ] x 100 ©)

where I, is the maximum intensity of the [200] lattice dif-
fraction, which is typically in the range 26=21°-23° and
L., is the intensity diffraction at 20 =18° (Segal et al. 1959).
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Fig. 1 Fractionation conditions applied during the study

2.4.3 Fourier transform infrared spectroscopy (FTIR)

The samples were analyzed using FTIR to identify their
functional groups. FTIR spectrometer (Perkin-Elmer, Spec-
trum RX I) in the range of 4000 — 500 cm™! was used.

2.4.4 Analysis of pulps

Based on TAPPI T 412 ¢cm-02, moisture content was deter-
mined in the pulps. The measurement of the pulp yield
obtained through screening was conducted following the
guidelines outlined in TAPPI T 210 cm-03. Additionally, the
wet screening process was utilized to determine the yield
of the rejected pulp, which refers to the particles unable to
pass through 0.84 mm slots corresponding to mesh No. 20.
The measurement of the rejected pulp yield was carried out
using Eqgs. 3 and 4. The total pulp yield was calculated by
combining the reject yield with the screened yield, as shown
in Eq. 5. A methodology described in TAPPI T 236 ¢cm-99
was used to determine the kappa number of the pulps.

_ Dry weight of screened pulp

Screened pulpyield (%) = x 100
creened pulp yield (%) Dry weight of raw material ©)

Dry weight of rejected pul
Rejected pulp yield (% ) = LY WASIBOLTEIECLEEDED 100

"~ Dry weight of raw material

“4)
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Apparent density
Caliper

Total pulp yield (%) = Screened pulp yield (%) )

+ rejected pulp yield (%)

2.4.5 Beating and handsheet making

To conduct a comparison of SAW pulps, the characteristics
of pulps having a similar kappa number of approximately
25 were assessed. Prior to the processing stage, each pulp
underwent a soaking period of 24 h in deionized water. The
pulps were treated using a pulp disintegrator (PTI, Paper
Testing Instruments GmbH, Austria) according to TAPPI T
218 sp-02 at 15,000 revolutions. The determination of pulp
freeness was conducted by employing a Canadian Standard
Freeness (CSF) tester apparatus (PTI, Paper Testing Instru-
ments GmbH, Austria). This measurement was carried out
by the guidelines outlined in TAPPI T 227 om-04. In accor-
dance with TAPPI T 248 sp-00, the beating was performed
in a PFI mill machine. To determine pulp and paper prop-
erties, pulps obtained from SAW fractionation were beaten
to achieve a freeness of «~385 mL CSF. In the next step,
handsheet samples (with a grammage of 60+ 1 g/m?) were
formed in a sheet former (200-1 PTI, Austria) in accordance
with TAPPI T 205 sp-02.
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Table 2 Chemical composition analysis values of pine wood

Pinus eldarica
[Present study]

Composition (%)

Pinus sylvestris
Barman et al. (2020)

Pinus contorta
Sable et al. (2012)

Pinus brutia
Akgiil et al. (2007)

Cellulose 49.0 41.5
Holocellulose 69.83 66.3
Lignin:

Acid-insoluble lignin (AIL) 29.1 28.5
Acid-soluble lignin (ASL) 0.58 *NR
Total lignin 29.68 28.5
Acetone soluble extractives 1.66 4.60
Ash content 0.49 *NR

53.7 49.0
70.2 *NR
27.7 26.4
*NR *NR
27.7 26.4
4.86 2.60
0.36 0.30

*NR: Not Reported

Table 3 Pulping results of Pinus eldarica wood chips with different

solvents
Alcohol type Time (min) Kappa number Total
pulp
yield
(7o)
Ethanol 60 47.2 51.3
70 43.6 50.01
80 325 49.6
90 25.5 49.1
Methanol 60 59.88 55.45
70 48.7 52.6
80 443 51.5
120 26.3 48.2
Isopropanol 60 42.88 48.64
70 31.0 479
80 22.5 475
2-methyl-2-propanol 60 55.6 45.88
70 46.7 45.12
80 41.5 44.45
100 27.1 43.5

2.4.6 Analysis of handsheet properties

Prior to evaluating the mechanical characteristics of the
handsheets, including the tensile index (TAPPI T 494
om-96), burst index (TAPPI T 403 om-97), and tear index
(TAPPI T 414 om-98), they were subjected to a condition-
ing period of 24 h at a controlled temperature of 23 +1 °C
and relative humidity of 50 +2%. Additionally, the air per-
meability of the handsheets was assessed using the mea-
surement method outlined in TAPPI T 460 om-96.

2.5 Statistical analysis

Data were recorded as mean =+ standard deviation for each
experiment conducted in triplicate. Analysis of variance
(ANOVA) was used to determine the differences within
each mean value. Statistically significant differences were
determined by Duncan multiple range tests (DMRT) using
SPSS 21 (IBM Corp. Armonk, NY, USA).

3 Results and discussion
3.1 Compositional analysis of raw material

Table 2 presents the recorded values for the chemical com-
position of Eldar pine (Pinus eldarica) wood utilized in
the context of this study. These characteristics have been
reported differently depending on the geographical con-
ditions, climate, species, and age of the tree (Akgiil et al.
2007; Sable et al. 2012; Barman et al. 2020).

3.2 Effect of cooking time and alcohol type on
delignification

The conditions for beating and handsheet making of selec-
tive pulps with the same kappa number (~25) are presented
in Table 3. The results showed that the cooking time for
isopropanol (80 min) is shorter than for other alcohols to
achieve the same kappa number, with times of 90, 100
and 120 min for ethanol, 2-methyl-2-propanol, and meth-
anol, respectively. Additionally, at the same cooking time
(60 min), the relationship for kappa number is isopro-
panol < ethanol < methanol < 2-methyl-2-propanol. Fur-
thermore, the pulp yield obtained from fractionation with
2-methyl-2-propanol is lower than that obtained from the
other alcohols at the same kappa number (+25). In SAW
fractionation, carbohydrate peeling-off reactions are absent,
and hemicelluloses are better retained due to the relatively
short pulping duration (Iakovlev et al. 2009). Based on the
relationships and the results in the table, it can be concluded
that 2-methyl-2-propanol is relatively less efficient for del-
ignification in the SAW fractionation process. These find-
ings are consistent with earlier reports. Sharazi et al. (2018)
reported that in the SAW process, the residual lignin con-
tent in fractionated pulps with isopropanol was lower than
that with ethanol and methanol. Ethanol and isopropanol
are commonly used solvents in the organosolv pulping for
the production of high-quality cellulose fibers (Iakovlev
and van Heiningen 2012b; Sharazi et al. 2018). Oliet et al.
(2002) in their study on “solvent effects in autocatalyzed
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alcohol-water pulping” reported that alcohols can impact
the properties of pulp, depending on the type and the
amount used. Methanol and 2-methyl-2-propanol are also
solvents that can be used in the pulp and paper industry for
the production of cellulose fibers. However, unlike ethanol
and isopropanol, these solvents can decrease the mechanical
properties of the cellulose fibers if not used appropriately
(Muurinen 2000). In a study, Jiménez et al. (1999) inves-
tigated the use of butanol-water solutions for the produc-
tion of pulp from wheat straw. They reported that obtaining
pulp that contains a high amount of a-cellulose requires a
long cooking time and high temperature, along with a low
concentration of butanol. By increasing cooking time, total
carbohydrate, lignin, extractives, pH, and yield are more
sensitive than when butanol concentrations are decreased.

3.3 XRD analysis

The examination of the crystalline structure of materials is
effectively carried out through the utilization of X-ray dif-
fraction (XRD), which serves as a potent methodology for
analysis. Overall, the XRD peaks of SAW fractionated cel-
lulose pulp can provide important information on the crystal
structure and morphology of the cellulose. These peaks can
be useful in understanding the properties and behavior of
the pulp in various applications. In general, a higher crystal-
linity index (Crl) indicates a higher degree of crystallinity,

Fig. 2 X-ray diffraction of pulps obtained from different alcohols
(ethanol, methanol, isopropanol, and 2-methyl-2-propanol)
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which can affect the mechanical properties and other func-
tional properties of the cellulose. Figure 2 shows the XRD
of pulps obtained from different alcohols (ethanol, metha-
nol, isopropanol, and 2-methyl-2-propanol. The Crl of pine
wood chips was lower (48.52%) than that of SAW pulps,
indicating an increase in pulps crystallinity during SAW
fractionation compared to pine wood chips. It appears that
pulping removed lignin and hemicelluloses as amorphous
biopolymers, leaving a higher proportion of semi-crystal-
line cellulose. Similar results were reported by Socha et al.
(2013), Park et al. (2010), Priyadarshinee et al. (2015), and
Yousefi et al. (2011, 2018). It seems that the difference in
the crystallinity index is due to the effect of the nature of
the solvent in the dissolution of lignin and the removal of
amorphous regions.

The XRD pattern of pulp obtained from SAW fraction-
ation typically shows peaks at 20 values of 15°, 16.4°,
22.6°, and 35.5° corresponding to the (1-10), (110), (200),
and (004) planes of cellulose IP structure, respectively. The
intensity of the (200) peak is typically high, indicating the
high degree of crystallinity of the cellulose pulp. The XRD
pattern of cellulose pulp prepared by ethanol fractionation
generally shows peaks at 20 angles of approximately 14°,
16°, and 22°. These peaks reflect the presence of the crys-
talline cellulose I phase, which is the most stable and
frequently found in natural cellulose. The intensity and
location of these XRD peaks can provide information on
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the degree of crystallinity, which can reflect the efficiency
of the SEW process. A higher degree of crystallinity means
more efficient fractionation and removal of non-cellulosic
components. The fractionation with isopropanol results in
a higher Crl (65.65%) due to the removal of amorphous
portions from the pulp. Therefore, the interpretation of
the XRD peaks of cellulose pulp prepared by isopropanol
fractionation is that the process has increased the Crl of the
cellulose, resulting in more distinct and intense diffraction
peaks in the XRD pattern.

Table 4 Assignment, characteristic, and variation of bands in FTIR
spectra of pulps obtained by SAW fractionation

Wavenumber Assignment

Functional group

(em™)

895 Cellulose C-H bending

898 B-glycosidic linkage between glucose
units

1020 C-C stretching

1050 C-O stretching

1000-1300 C-0O-C and C-OH bonds

1160 C-O stretching

1250 Presence of C-O-C glycosidic bonds

1260 C-O stretching in aryl ethers

1320 C-O stretching

1324 CH deformation vibrations

1375 C-H bending

1425 Deformation vibration of CH, groups

1429 CH, bending vibrations

1600-1800 Stretching vibrations of the C=0
and C=C bonds

1620-1630 Presence of carbonyl groups (C=0)
and/or carboxylic acids (-COOH),
which may result from partial
oxidation of cellulose during the
fractionation

1635 C=0 stretching

1730 C=0 stretching

2900 C-H stretching

2925 C-H stretching of methylene groups

2918 Asymmetric stretching vibration of
CH, groups

3100-3600 Stretching vibration of O-H groups
in hydroxyl (-OH) groups

3400 Stretching vibration of hydroxyl
(OH) groups

1590 Hemicel- Asymmetric stretch of C=0 and

lulose and C=C bonds in the aromatic rings

1200-1300  lignin Sulfonic acid groups

1320 Lignin C-H bending

1460 CH, groups

1465 Asymmetric bending in CH,

1510 CH; groups

1500 and Aromatic ring stretching vibrations

1600

3.4 FTIR analysis

The FTIR analysis can help to provide further insight into the
chemical structure of the cellulose pulp, which can be used
to optimize the cellulose pulp production process for vari-
ous applications. In general, the FTIR spectrum of cellulose
pulp prepared by the SEW method can provide insights into
the chemical composition, purity, degree of polymerization,
crystallinity, and functional groups of the cellulose, and can
be used as a diagnostic tool for quality control and process
optimization in pulp and paper industry. Table 4 and Fig. 3
represent the FTIR transmittance spectra of pulps obtained
from different alcohols (ethanol, methanol, isopropanol, and
2-methyl-2-propanol).

The bands at 1000 and 1200 cm™ are related to cellulose
and hemicellulose structural features. The peak at 3302 cm™!
represents OH groups in H-bonded bonds. This showed that
hemicelluloses are removed in the SAW process. The peak
observed at 1030 cm! is attributed to the stretching of the
C-O bonds in cellulose and hemicellulose, as well as the
deformation of the C—H bonds in the guaiacyl component
of lignin (Darwish et al. 2013; Gallio et al. 2018), which
has disappeared in Eldar pine wood. The signals of the ether
bond at 1253 ecm™! (Barman et al. 2020) became weaker.
Many absorption bands are observed in the fingerprint
region of 900-1800 cm™' associated with lignin functional
groups. The peak at 2360 cm™! corresponding to lignin (Pun-
tambekar et al. 2016) is observed in pulp samples, due to the
use of alcohol in the fractionation process. Therefore, this
peak is not observed in pine wood. There is a band around
890 cm! that indicates aromatic C-H out of plane deforma-
tion in all FTIR spectra, but the intensity is lower for pulp
obtained from fractionation with isopropanol, suggesting
that lignin can be easier removed by this alcohol. The broad
bond at 3700 —3100 cm! is attributed to the O—H stretch-
ing from carboxylic acids (Rosu et al. 2010). However, the
specific bands and their intensities varied depending on the
alcohol used for fractionation.

3.5 Beatability of pulps

Table 5 shows the minimum number of beating revolutions
required to produce pulps with similar freeness (385 mL
CSF). The results indicated that the required number of
beating revolutions for the pulp prepared with isopropanol
was less than for other alcohols. The pulp obtained from
2-methyl-2-propanol alcohol required the highest number of
beating revolutions (10,000), while the pulp obtained from
isopropyl required the lowest (5,000).

The beating process of pulp requires approximately
100-500 kWh/t of energy. This value represents 40% of
the mill’s total electricity consumption. However, cellulose
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Fig. 3 FTIR spectra of pulps obtained from fractionation with different alcohols (ethanol, methanol, isopropanol, and 2-methyl-2-propanol)

Table 5 Freeness in SAW pulps during the beating process

Solvent type Number of beating Final
revolutions freeness
(mL CSF)
Ethanol 0 730 **
1500 660
4000 570
6000 380
Methanol 0 750 **
1500 600
4000 510
6000 460
8000 385
Isopropanol 0 740 **
1500 520
4000 430
5000 380
2-methyl-2-propanol 0 760 **
1500 650
4000 510
6500 460
8000 410
10,000 385

** Initial pulp freeness (mL CSF)

pulp with a low beating degree can be used to manufacture a
large number of paper products (Matachowska et al. 2020).
It is expected that SAW pulp will exhibit similar properties
to AS pulp due to similar chemistry (pH, temperature, and
SO, delignification agent) (Iakovlev et al. 2010). Dehghani
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Firouzabadi and Tatari (2023) reported that the required
number of beating revolutions for produced pulps using
SEW fractionation was lower than those of Kraft pulps.
lakovlev et al. (2010) reported that the beating of SEW
pulps requires a lower number of beating revolutions and is
carried out faster than alkaline pulps.

The obtained pulps from fractionation with four differ-
ent alcohols were observed using the FESEM technique
and the micrographs of unbeaten and beaten pulps are pro-
vided in Fig. 4. These micrographs indicate that the different
alcohols significantly changed the structure of fibers. More
fiber-fiber bonding (due to less porosity) is observed in
beaten pulps resulting from fractionation with isopropanol
than with other alcohols.

3.6 EDX and chemical composition analysis after
fractionation

The EDX analysis is an analytical method used to analyze
the structural or chemical properties of a sample. EDX
analysis of handsheet samples is presented in Fig. 5. The
amounts of residual sulfur in the pulps obtained from etha-
nol, methanol, isopropanol, and 2-methyl-2-propanol were
1.65%, 3.98%, 2.66%, and 2.65%, respectively. These val-
ues in the final handsheets were 1.18, 1.64, 2.35, and 2.04%,
respectively. The reason for the decrease of some elements
in handsheets in comparison to pulps can be related to the
leaching of water-soluble elements. Sharazi et al. (2018)
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Fig.4 FESEM micrographs (50 um bar enables estimation of the size of the fibers) displaying the effect of alcohol type on the appearance of fibers
before and after beating

reported that the amount of residual sulfur in pulps obtained  reported by You et al. (2017) that 0.9-1.2 and 48-53 g of
from fractionation with methanol was higher. In addition, = SO, per o.d. kg of sugarcane straw is bound to pulp and
the amounts of residual sulfur in pulps obtained from frac-  SEW liquor; these correspond to 0.09—0.15 mol S/mol C9
tionation with ethanol and isopropanol were similar. It was  for pulp and 0.8-0.9 mol S/mol C9 for dissolved lignin,
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respectively. lakovlev and van Heiningen (2012b) reported
that the amount of sulfur in the pulp obtained from SEW
fractionation of spruce (wood meal) and its degree of sul-
fonation under similar fractionation conditions is 0.068 (%
on wood) and 0.122, respectively. Considering the lower
amount of residual sulfur in the pulp and paper obtained
from the SEW fractionation process, it seems that the effi-
ciency of sulfur recovery in fractionation with ethanol is
higher than the other three alcohols.

The chemical composition analysis results of pulps after
the SAW fractionation using different solvents, including
ethanol, methanol, isopropanol, and 2-methyl-2-propanol
are provided in Table 6. Holocellulose (cellulose+hemi-
celluloses), also shows relatively consistent values across
the different solvents, with percentages ranging from 95.64
to 96.46%. This suggests that the holocellulose fraction is
largely retained during the SAW fractionation. During SEW
fractionation, two phases are involved in removing hemicel-
lulose. In the first phase (called the “initial” phase), about
50-75% of the mannose and xylose are removed from the
solid phase, whereas in the second phase (called the “bulk”
phase), the removal is much slower and is the first order for
mannan and xylan. As a result of the morphology of this
residual fraction, glucomannan and xylan were removed at
a lower rate during the second phase (Iakovlev 2011). Dur-
ing the SAW process, there are no carbohydrate peeling-
off reactions, so cellulose is retained in the pulps. Due to
its resistance to acid hydrolysis and the random nature of
the hydrolytic cleavage reaction, cellulose is believed to be
retained in the pulp. In acidic conditions, protons randomly
attack glycosidic bonds along cellulose chains, resulting in
a rapid decline in the average polymerization degree (DP).
Nevertheless, as the degree of polymerization of the cellu-
lose chains that have been degraded remains around 1000,
the cellulose is preserved in large quantities in the pulp
(Takovlev et al. 2009). There is a slight difference between
the four solvents in terms of lignin content, including acid-
insoluble lignin (AIL) and acid-soluble lignin (ASL). The
AIL content ranges from 3.32 to 4.08%, while ASL is not
detected in any of the solvent fractionation methods. This
indicates that the SAW process effectively removes the
acid-soluble lignin from the pulps. The table also reports

the absence of acetone-soluble extractives in the pulps after
fractionation with all solvents, indicating the successful
removal of these extractives during the SAW fractionation.
Additionally, the ash content of the pulps after fractionation
ranges from 0.22 to 0.28% across the different solvents,
suggesting small change in mineral content.

3.7 Effect of alcohol type on physical and
mechanical properties of handsheets

Figure 6 indicates the physical and mechanical properties
(air permeability, apparent density, caliper, tensile index,
burst index, and tear index) of handsheets. The handsheets
obtained from isopropanol fractionation had higher tensile
index (61.56 Nm/g), burst index (3.93 kPa.m*/g), and tear
index (2.69 mN.m%g) than those of handsheets obtained
from other alcohols (Fig. 6a,b). In addition, the air per-
meability (Fig. 6¢) and the apparent density (Fig. 6d) of
handsheets made from isopropanol fractionation were sig-
nificantly higher than other handsheets. Higher density can
be attributed to factors such as greater specific surface arca
and higher hydrogen bonding or relative bonded area (RBA).
The bonding ability of pulps obtained from fractionation
with isopropanol alcohol can be confirmed by the results of
FESEM (see Sect. 3.3) and caliper results (Fig. 6d).

Table 7 provides a comparative analysis of handsheet
properties resulting from SO,-ethanol-water (SEW) pulp-
ing processes for various wood and non-wood materials. In
this study, specific handsheet properties for Eldar pine are
detailed under defined fractionation conditions, while other
research focuses on different species and their correspond-
ing handsheet properties. The table outlines specific frac-
tionation conditions, including SO,:ethanol:water ratios,
kappa numbers, temperature, cooking time, and freeness,
offering a comprehensive overview of the experimental
setup. The comparison encompasses results from previous
studies, including the current study, Dehghani Firouzabadi
and Tatari (2023), Iakovlev et al. (2010), and Tatari et al.
(2017). Additionally, spruce and sugarcane bagasse dem-
onstrate distinct handsheet characteristics (tear and burst
indexes) under specific SEW fractionation parameters.

Table 6 Chemical composition analysis values of pulps after the SAW fractionation

Composition (%)

Fractionation with different solvents

Ethanol Methanol Isopropanol 2-methyl-2-propanol
Holocellulose 95.91 95.72 96.46 95.64
Lignin:
Acid-insoluble lignin (AIL) 3.85 4.02 3.32 4.08
Acid-soluble lignin (ASL) Not detected Not detected Not detected Not detected
Total lignin 3.85 4.02 3.32 4.08
Acetone-soluble extractives - - - -
Ash content 0.24 0.26 0.22 0.28
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Table 7 Comparing the handsheet properties with SEW literature data
Conditions Species Burst index Tear index Tensile Ref.
(kPa.m*g) (mN.m%*g) index
(Nm/g)
SO,: ethanol: water = 12:44:44, w/w%; kappa number: 25.5; Temperature: Eldar 2.66 2.16 53.16  Present study
135 °C; cooking time: 90 min.; freeness: 380 ml CSF. pine
SO,: ethanol: water=12:43.5:44.5, w/w%; kappa number: 17.3; Temperature: ~ Eldar 3.55 2.50 62.4 Dehghani Fir-
135 °C; cooking time: 100 min.; freeness: 375 ml CSF. pine ouzabadi and
Tatari (2023)
SO,: ethanol: water=12:43.5:44.5, w/w%; kappa number: 42.8; Temperature: ~ Spruce  2.76-6.03  5.54-9.25 36.3—  lakovlev et al.
135 °C; cooking time: 70 min.; freeness: 680 —200 ml CSF. 82.7 (2010)
SO,: ethanol: water=12:43.5:44.5, w/w%; kappa number: 20; Temperature: Sug- 1.29 2.54 34.84  Tatari et al.
135 °C; cooking time: 100 min.; freeness: 380 ml CSF. arcane (2017)
bagasse

Many reasons and explanations can be proposed to
improve the properties of paper obtained from SAW fraction-
ation with isopropanol compared to other alcohols. Firstly,
considering that the performance of isopropanol is better
than other alcohols in lignin removal, cooking time is also
effectively reduced. This preserves the inherent properties
of the fibers partially because the less the fibers are exposed
to the acidic condition of SAW, the less their inherent prop-
erties are affected, and their bonding ability is improved.
Sharazi and Van Heiningen (2017) and Sharazi et al. (2018)
also reported greater solubility of lignin in isopropanol than
in ethanol and methanol under the same conditions. Sec-
ondly, evidence obtained from FESEM micrographs also
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confirms the improvement of fiber-fiber bonds in pulps
obtained from fractionation with isopropanol compared to
other alcohols (see Sect. 3.5). Although parameters such as
fiber length and fiber coarseness were not addressed in this
study, it seems that the fiber length and fiber coarseness of
the obtained pastes were directly influenced by the alcohols
used. In a similar study, lakovlev et al. (2010) reported that
internal bond (Scott-bond) strength developed faster during
the beating of SEW pulps. This result indicates that SEW
pulp has a higher inter-fiber bonding than Kraft with the
same beating energy. They also reported that the coarse-
ness of SEW and Kraft pulps is 0.217 and 0.172 mg/m,
respectively, which is equivalent to a 26.2% increase in
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SEW pulps. Dehghani Firouzabadi and Tatari (2023) also
reported similar results regarding the mechanical properties
of papers obtained from SEW fractionation.

Ethanol and isopropanol can improve the cellulose fiber
by selectively removing hemicelluloses and lignin from the
pulp, which can improve the physical and chemical proper-
ties of fibers. By selectively removing hemicelluloses and
lignin from the pulp, ethanol and isopropanol can improve
the quality of the resulting cellulose fibers. Pulp brightness
can be increased by removing lignin. In contrast, the removal
of hemicelluloses can reduce the amount of impurities in
the pulp and improve the fibers strength and flexibility. The
utilization of ethanol and isopropanol as solvents in the pro-
duction of pulp and paper can minimize the environmental
consequences by reducing the quantity of chemicals neces-
sary for the pretreatment stage (Muurinen 2000). Lignocel-
lulosic materials are quickly and completely impregnated
by fractionation liquor with ethanol due to surface tension
differences during transport (so-called Marangoni effect)
(Takovlev 2011); this can improve cellulose fiber bonding
and paper strength. A pretreatment liquor containing ethanol
may be able to protect the 3-O-4 substructure from breaking
and reduce lignin condensation (Yao et al. 2022).

4 Conclusion

The use of isopropanol in comparison to ethanol acceler-
ated SAW delignification in the 45 to 60% yield range, but
methanol and 2-methyl-2-propanol decreased the delignifi-
cation rate compared to isopropanol. To beat pulps to the
same freeness, isopropanol required fewer beating revolu-
tions than other alcohols. Handsheets obtained from frac-
tionation with isopropanol had superior characteristics than
other alcohols used. SAW pulps can be recommended for a
variety of paper/tissue and viscose production applications
based on their fractionation data. In general, it is concluded
that the isopropanol has suitable potential for the SAW frac-
tionation process compared to other alcohols.
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