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Abstract

In recent years, attention to novel papermaking processes has increased significantly. The SEW fractionation process is one
of the novel processes for producing a wide range of high value-added products such as pulp, paper, lignosulfonates, and
biofuels in a biorefinery system. This study aimed to investigate the possibility of producing pulp and paper from Eldar pine
(Pinus eldarica) using SEW fractionation and comparing it with the Kraft process followed by elemental chlorine free (ECF)
bleaching. The results showed that the tensile, burst, and tear indexes are lower for SEW handsheets than for Kraft handsheets.
The brightness before bleaching of SEW handsheets is higher than that of Kraft handsheets. The apparent density is higher
for the SEW handsheets than the Kraft. Since there are some limitations in the use of SEW pulps such as high apparent
density and lower strength properties than the Kraft pulps, however, these factors do not create industrial constraints for the
use of these pulps. Low energy consumption of SEW pulps in the beating and high brightness before bleaching are among
the obvious advantages of the SEW process. Therefore, it seems that in cellulose conversion industries, such as the produc-
tion of nanocellulose, the use of SEW pulps has many advantages in terms of energy consumption, and the high brightness

before bleaching eliminates long bleaching sequences in pulp mills.
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1 Introduction

In biorefineries, lignocellulosic biomass is bioprocessed to
produce bio-based products [1]. For these biorefineries to
be economically viable, all three major constituents of lig-
nocellulosic biomass (namely, cellulose, hemicellulose, and
lignin) must be efficiently converted into high value-added
biofuels and biochemicals [2, 3]. The current primary chal-
lenge for the development of bio-refineries is to integrate
lignocellulose biomass into the main parts with high purity
[4]. In addition, the recycling of chemicals used in many
conventional bio-refineries processes requires costly meth-
ods [5]. The SEW fractionation process has been introduced
to compensate for the above shortcomings. In this process,
any type of lignocellulose biomass (softwood and hardwood,
and agricultural waste) is separated by SEW solution by
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temperature into cellulose fibers, hemicellulose sugars, and
lignin [6-8]. The SEW fractionation process can be regarded
as a hybrid between acid sulfite (AS) and organosolv (metha-
nol and ethanol) pulping processes [9].

Compared to other papermaking processes, the SEW
process for wood species has a shorter pulping duration,
faster and easier recovery of chemicals, high-purity cook-
ing liquor, flexibility in hardwoods cooking, environmental
friendliness, better bleaching, more brightness at the same
kappa number, production of high-quality dissolving pulp,
and very low energy consumption [9-13]. Lignocellulose
biomass can be successfully cooked with the SEW process,
and dissolving pulps from this process can compete with
dissolving pulps from the AS process [5, 14, 15]. In terms of
heat, pH of pulping liquor, and SO, as delignification agents,
the chemistry of the SEW process is very similar to the AS
pulping process. Therefore, SEW pulps are expected to have
similar characteristics to those made from the AS process.
The SEW process does not use any alkaline material for
pulping, and the liquor components (SO, gas, ethanol, and
water) are easily recoverable by distillation [8, 10].
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The SEW process retains the carbohydrates in the pulping
liquor and produces monosaccharides, which are suitable raw
materials for biorefinery purposes such as biofuels and green
chemicals [6, 10, 16—18]. To date, the use of commercial Kraft
pulps to produce a wide range of cellulose products has been
common [19, 20], but, due to strict environmental regulations,
the production of new products, the integration of pulp mill
and fuel production, the potential to replace Kraft pulping with
other pulping processes must be evaluated and compared tech-
nically [21, 22]. The market for AS pulps is much smaller than
that of Kraft, and there are many differences in the refining
behavior and mechanical strength of the paper and the optical
characteristics. It has also been reported that many of the char-
acteristics of organic solvent-based pulps are similar to those
of AS pulps (such as lower tear strength and higher brightness,
refining ability, and density) [8, 10].

Several studies on chemistry, the production of dissolving
pulp, lignosulfonates, papermaking, biofuels, and the optimi-
zation of process variables (washing pulp, pH, SO, percentage,
chips thickness, alcohol type, cooking time, and cooking tem-
perature) were done in a laboratory and pilot scale for SEW
process [4, 5, 9-15, 23-36].

Yadollahi et al. (2018) investigated the SEW and kraft
pulping of giant milkweed (Calotropis procera) for cellulose
acetate film production. They reported that SEW pulping was
more effective than kraft pulping at selectively removing lignin
and hemicelluloses from Calotropis procera wood [27].

Iakovlev et al. (2014%) reported that during the (delignifica-
tion) bulk phase, the liquor-to-wood ratio has little effect on
the process; however, in the residual phase, the effect becomes
obvious. Lower liquor-to-wood ratios result in higher residual

Fig. 1 Experimental stages in
SEW fractionation
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lignin content, lower residual hemicelluloses, and lower pulp
viscosity, but higher hemicellulose removal selectivity [8].

Takovlev et al. (2014°) reported that the chemical and
macromolecular properties of dissolving pulps obtained
from SEW fractionation are very similar to those in AS
pulps. They also noted that the SEW process could replace
the AS process to produce dissolving pulps [14].

Iakovlev et al. (2010) compared the properties of paper
made from SEW and Kraft pulps. They reported that the
paper obtained from SEW pulp had better tensile strength,
z-directional strength, and brightness before bleaching [10].

In the present study, the technical characteristics of the
pulp and papers prepared from pine chips by SEW and Kraft
processes have been studied and compared.

2 Material and methods
2.1 Raw materials

The logs of Pinus eldarica were obtained from the Shast-
kalate educational and research forest (Golestan province,
northern Iran). Each log was converted to a 10-cm-thick disc
at the stem (breast height). Discs were manually debarked
and chipped with a chisel to a size of 25X 15X 3 mm (dry
matter content, 91.5%) for pulping. All chemicals (NaOH,
Na,S, H,0,, KMnO,, KI, ethanol, and sulfuric acid) used
were of analytical grade and were obtained from Merck and
Co. Inc., Darmstadt, Germany. Sulfur dioxide (SO,) gas
with >99% purity was obtained from ATDM Co. (Avizheh
Technology & Development of Middle East), Tehran, Iran.
All solutions were prepared with deionized water.

Fractionation conditions

Time at cooking temperature = 35-100 min.

Coolingand squeezing the solid residue

Spent liquor

Washing 2 times with 40 v/v%
ethanol-water solution, 60 °C and 2
times with distilled water, room
temperature.

Solid residue

Handsheets analyses:

® Tensile index
1 ® Burst index

® Tear index
Washed solids

® Apparent density
® Optical properties
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Table 1 Experimental conditions for the Kraft pulping

Stage Conditions Value
Impregnation Temp. (°C) 120
Time (min) 120
Time to impregnation temp., 55
from 30 to 120 °C (min)
Pulping Max. temp. (°C) 165
Time (min) 35-180

Time to the max. temp., from 20
120 to 165 °C (min)

2.2 Chemical composition

The sampling and preparation of wood for chemical com-
position analysis were prepared according to TAPPI test
methods T 257 cm-85. The holocellulose content was deter-
mined according to the method reported by Zoia et al. [37].
The Kiirschner-Hoffer method [38] was used for cellulose
content determination, while the lignin, acetone soluble
extractives, and ash content were measured according to T
222 om-02, T 204 cm-97, and T 211 om-02 of TAPPI test
methods, respectively.

2.3 SEW fractionation

Cooking was performed on an electrically heated labora-
tory glycerol bath (Frank-PTI, Austria) using 500-ml bombs;
each filled with 20-g (o.d. basis) wood chips. Liquor-to-
wood (L:W) ratio was 6:1. The portion of SO,:ethanol:water
in SEW liquor was 12:43.5:44.5 by weight. The cooking

out by squeezing the obtained pulps. The solid residue was
washed twice with 40 v/v% ethanol-water solution at 60 °C
and then twice with deionized water at lab temperature [5,
8]. Figure 1 shows the conditions during cooking, analysis,
and experiments.

2.4 Kraft pulping

Kraft white liquor was prepared to achieve 20% active alkali
(AA) and 25% sulfidity. The liquor-to-wood (L:W) ratio was
6:1. After the specified total elapsed time, the bombs were
removed from the bath immediately and put into cold water.
The solid residue on the bombs was removed after cooling
and placed in a washing sock. In all experiments, the black
liquors were removed by squeezing the obtained pulps. The
solid residue was washed to pH neutralization with deion-
ized water at lab temperature. The time and temperature of
Kraft pulping are provided in Table 1.

2.5 Analysis of pulps

The moisture content of the pulps was determined according to
TAPPI T 412 cm-02. The screened pulp yield was determined
according to TAPPI T 210 cm-03, and, also, rejected pulp
yield during the wet screening (i.e., particles that did not pass
0.841-mm slots, mesh no. 20) was measured (Egs. 1 and 2).
The total pulp yield is calculated by adding the reject yield to
screened yield (Eq. 3). The kappa number determination of the
pulp samples was performed using the TAPPI T 236 cm-99.
To compare SEW and Kraft pulps, the properties of pulps with
the same kappa number of « 20 were determined.

Dry weight of screened pulp «

liquor was prepare‘d by directly injecting SO, gas 11'1t0 etha-  Screened pulp yield(%) = Dry weight of raw material 100
nol water. Immediately after the end of cooking time, the )
bombs were removed from the bath and put into cold water. ) )

The solid residue on the bombs was removed after cool-  Rejected pulp yield(%) = Dry Wel'ght of rejected pglp 100
ing and placed in a washing sock. The used liquors came Dry weight of raw material @
Total pulp yield(%) = Screened pulp yield(%) + rejected pulp yield(%) 3)

2.6 Bleaching

Two chlorine dioxide steps were used in the elemental
chlorine-free (ECF) bleaching process, as well as an inter-
mediate extraction, i.e., the DED process. Except for chlo-
rination, which was done in a plastic bottle at ambient tem-
perature, all bleaching steps were performed in polythene
bags and in temperature-controlled water baths. The chem-
icals and pulp were blended to perform the suitable pulp
consistency by shaking the polythene bags occasionally

during the bleaching process [39-41]. Bleach chemical
doses were charged in stages D, and D, in this order: 70%
in stage D, and 30% in stage D,. Conventional iodomet-
ric titration was used to measure the residual ClO, in the
solution [42]. The bleaching conditions for each stage are
provided in Table 2. The chlorine demand was calculated
using Eq. (4). The alkali (NaOH) charge was calculated
according to Eq. (5).

Chlorine demand (%) = 0.2 X kappa number [39] 4)
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Table 2 Bleaching conditions

. Bleaching conditions SEW pulp Kraft pulp
of SEW and Kraft pulps in DED
sequences DO* (E)W Dl*** Do* (E)** Dl***
ClO, charge (% on pulp, w/w) 3.46 - 1.03 3.40 - 1.02
Residual active ClO, (%) 0.70 - 0.20 0.60 - 0.20
Sodium hydroxide (% on pulp, w/w) - 242 - - 2.04 -
Pulp consistency (%) 10 10 10 10 10 10
Time (min) 60 60 120 60 60 120
Temp. (°C) 70 70 70 70 70 70
ISO brightness (%) - - 79.00 - - 68.00
* Dy: 1st chlorine dioxide (ClO,) step
** E: NaOH (sodium hydroxide) extraction
*** D,: 2nd chlorine dioxide (Cl0,) step
Table 3 The investigated properties of the handsheets Table 4 Chemical composition values of pine wood
Characteristic Standard No Composition Value (%)
Burst index TAPPI T 403 om-97 Cellulose 49.0
Tear index TAPPI T 414 om-98 Holo-cellulose 69.83
Tensile index TAPPI T 497 om-01 Lignin
ISO brightness TAPPI T 452 om-98 Acid-insoluble lignin (AIL) 29.1
Opacity TAPPI T 425 om-92 Acid-soluble lignin (ASL) 0.58
Total lignin 29.68
Acetone soluble extractives 1.66
Ash content 0.49

Alkali charge (%) = Dy(% on pulp) X residual active CI (%)
®)

2.7 Pulp beating, handsheet making, and their
evaluation

The pulps were beated in a PFI mill machine according
to TAPPI T 248 sp-00. To evaluate the beating effects,
the properties of SEW and Kraft-beated pulps with the
same freeness (that was determined according to TAPPI T
2270m-04) of «~ 375-ml CSF were determined. The hand-
sheets (with a grammage of 60 g/m?) are made of beated
pulp using a Frank handsheet maker according to TAPPI T
205 om-88. The investigated properties of the handsheets
are provided in Table 3.

2.8 Statistical analysis

Each experiment was conducted in triplicate, with data
recorded as mean + standard deviation. The differences
within each mean value were investigated utilizing analysis
of variance (ANOVA). Duncan’s multiple range test (DMRT)
was used for statistically significant differences at p <0.05
using SPSS version 21 (IBM Corp. Armonk, NY, USA).

@ Springer

3 Results and discussion
3.1 Compositional analysis

The wood chemical composition values of Eldar pine (Pinus
eldarica) used in this study are listed in Table 4. The results
showed that the amount of cellulose, holocellulose, lignin,
and extractive material is similar to other pine wood species
[43-45].

3.2 Delignification results

Table 5 shows the delignification results of both pulping
processes. Obviously, in the SEW process, rapid deligni-
fication is performed. This indicates that the SEW process
in comparison to Kraft pulping can produce pulps with the
same kappa number in a much shorter time with less energy
consumption. For example, SEW pulp has reached a kappa
number of about «~ 17 at a lower pulping time and tempera-
ture (100-min cooking at 135 °C) than Kraft pulp (180-min
cooking at 165 °C). Also, the yield of SEW pulp with men-
tioned kappa number was similar to Kraft pulp (46.5% for
SEW and 45.5% for Kraft).
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Table 5 Pulping results of Pinus eldarica wood chips in SEW and Kraft processes

Process Max. temp.  Cooking time  Screened pulp Rejected pulp Total pulp Kappa number *Lignin content
°O) (min) yield (%) yield (%) yield (%) of pulp (% on
pulp)
35 64.5 1.5 66.0 88.3 13.42
50 57.44 0.5 57.94 80.2 12.2
SEW 135 60 54.2 0 54.2 61.5 9.35
75 52.75 0 52.75 43.5 6.61
90 48.56 0 48.56 31.5 4.79
100 46.5 0 46.5 17.3 2.63
Kraft (without an 165 35 25.0 42.0 67.0 70.0 10.64
impregnation 45 27.45 35.2 62.65 45.0 6.84
stage)
Kraft (with an 35 60.03 3.01 63.04 51.56 7.83
impregnation 45 58.5 1.25 59.75 42.5 6.46
stage)™ 60 57.05 0 57.05 40.0 6.08
165 90 53.85 0 53.85 33.0 5.02
120 53.0 0 53.0 30.0 4.56
135 52.65 0 52.65 25.0 3.80
150 47.0 0 47.0 22.0 3.34
180 45.5 0 45.5 17.0 2.58

* Lignin content of pulp (% on pulp) =kappa numberx0.152[46]
** Impregnation stage (in 120 °C at 120 min)

3.3 Freeness

The beating results of SEW and Kraft pulps with the kappa
number of «~ 17 (Table 6) showed that the beatability of
SEW pulps is much better and faster than Kraft pulps and
requires less energy and number of beating revolutions to
achieve the same freeness (370-380 ml CSF). SEW pulps
have a significantly larger volume of cell wall pores and
single fiber swelling [10]. Given that the pulping reactions of
the SEW process are similar to that of AS pulping [47], the
properties of SEW pulp and its response to beating opera-
tions are expected to be similar to those of AS pulp. There-
fore, according to the mentioned factors, it can be said that
the beating of AS and SEW pulps is done much faster than
alkaline pulps [10].

3.4 Tensileindex

Tensile strength is one of the important properties of paper
strength that is affected by factors such as the inherent

strength of the fibers, the resistance of the bonds between
the fibers, the number of bonds (relative bonded area), and
the paper formation quality [48, 49]. The results showed that
the tensile index of the SEW and Kraft papers increased due
to bleaching (Fig. 2). Among the papers, the paper obtained
from the bleached Kraft handsheet had the highest tensile
index (86.6 Nm/g), and the unbleached SEW handsheet had
the lowest tensile index (62.4 Nm/g). The results of other
studies have shown that, due to ECF and totally chlorine-
free (TCF) bleaching and reducing the amount and effect
of lignin on fibers, more hydroxyl groups (OH) are avail-
able. Therefore, the bonded area is increased, and the ten-
sile strength of the papers obtained from the bleached pulp
shows a significant increase [50-52]. Iakovlev et al. (2010)
reported that the tensile index of SEW handsheet increases
with increasing beating. Also, the tensile index of SEW
handsheet is less than that of Kraft papers [10]. Masrol et al.
(2018) reported that, with the D,ED,EP bleaching sequence,
the tensile strength of the handsheet resulting from durian
rinds fruit waste increases by 2.42% [53].

Table 6 Freeness in SEW and

. : Number of beating revolutions
Kraft pulps during the beating

SEW pulp

Kraft pulp

750 1500 2000 3000 O 1500 3000 6000 7000

Freeness (ml CSF)

720 600 470 390 370

730 650 600 480 380
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100

Tensile index (Nm/g)

Unbleached Bleached Unbleached Bleached
SEW Kraft
Pulp sheet

Fig.2 Comparison of the tensile index of SEW and Kraft handsheets.
Means with the same letter are not significantly different from each
other (p>0.05 ANOVA followed by Duncan test)

3.5 Burstindex

The burst index also indicates the tensile properties of
the paper. Figure 3 shows that the burst index of SEW
handsheets is lower than Kraft handsheets. The strength
of paper obtained from alkaline pulping processes is
higher than that from the acidic pulping process. The
presence of hemicellulose in the pulp can lead to more

Burst index (kPa.m?/g)

Unbleached Bleached Unbleached Bleached

SEW Kraft

Pulp sheet

Fig. 3 Comparison of burst index of SEW and Kraft handsheets
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flexibility and bonding between the fibers and improve
the mechanical properties (except for the tear) of the
paper, although the amount of xylan in softwoods is not
high [54], but it seems that the dissolution of xylan in
the SEW process is faster than that of the Kraft process.
According to previous research, the dissolution of xylan
is one of the reasons for the loss of bonds and paper
strength [55, 56]. Xylan hemicellulose is often described
as being more sensitive to acid hydrolysis than glucoman-
nan [30]. The results of this section are consistent with
the results obtained by lakovlev et al. (2010) in which
they reported that the burst index value of SEW pulp
sheets is lower than that of Kraft [10].

3.6 Tearindex

The main factors influencing the tear index of the paper
include the fiber length, the inherent strength of the fibers,
the degree of bonding, and the degree of orientation of the
fibers [48, 49]. Figure 4 shows that the tear index of SEW
handsheets is lower than Kraft handsheets. Therefore, it can
be concluded that the low inherent strength of the fiber in
SEW handsheets has reduced this property, and the removal
of hemicelluloses is likely to play a lesser role in the strength
to tear index. The fiber length and fiber coarseness affect the
tear strength [57]. The SEW pulp has a similar quality to that
of AS pulp, primarily characterized by lower tear strength
than kraft pulp [9]. Earlier reports have shown that the fiber
length and coarseness of SEW pulps were lower and higher
than the Kraft pulps, respectively. lakovlev et al. (2010)

91 a
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1
(o

1 1 1

Tear index (mN.m?%g)
N W £ a O N
L

—_
1

o
1

Unbleached Bleached Unbleached Bleached

SEW Kraft

Pulp sheet

Fig.4 Comparison of tear index of SEW and Kraft handsheets



Biomass Conversion and Biorefinery (2024) 14:14745-14753

14751

0.8+

Apparent density (g/cm®)
(@] o
EN o
1 1

o
N
1

0.0-
Unbleached Bleached Unbleached Bleached

SEW Kraft
Pulp sheet

Fig.5 Comparison of apparent density of SEW and Kraft handsheets

reported the low tear index of SEW pulp sheets compared
to Kraft handsheets [10].

3.7 Apparent density

The density is one of the most important properties of
paper that affects almost all physical, mechanical, and
electrical properties of paper [48, 49]. Figure 5 shows
that the apparent density of SEW handsheets is higher
than Kraft handsheets. This result is compatible with the
literature [10, 30]. Iakovlev et al. (2010) also reported
that the apparent density of SEW handsheets obtained
from spruce wood was higher than that of Kraft hand-
sheets [10]. Greaseproof paper, used as food wrappers, is
high-density paper produced by the extensive beating of
chemical pulp with high electrical energy consumption
[58]. Therefore, it seems that SEW pulps due to the need
for less beating and higher density are suitable pulps for
the production of special types of paper such as grease-
proof paper.

3.8 Optical properties

The optical properties of SEW and Kraft handsheets are
given in Table 7. The brightness of SEW handsheets is
higher than that of Kraft handsheets. This is due to the
absence of chromophore groups such as stilbenes and qui-
nones [10]. High brightness before bleaching is an obvious
advantage of the SEW process. This prevents long bleach-
ing sequences from forming [10, 30]. The opacity of SEW
handsheets is lower than that of Kraft handsheets. It seems
that the pulps obtained from the Kraft process have fibers
with more flexibility and water absorption capacity; as a
result of which, it has caused an opacity increase com-
pared to SEW handsheets. Iakovlev et al. (2010) reported
that the opacity of SEW handsheets obtained from spruce
wood is much smaller than Kraft handsheets [10]. The
reason for this seems to be the high demand number of
refining revolutions for Kraft pulps in comparison to SEW
pulps (7000 vs. 3000; see Sect. 3.3). The lower opacity of
SEW handsheets may also be due to the high brightness of
SEW pulps. The scattering coefficient of SEW handsheets
is higher than that of Kraft handsheets. Also, the absorp-
tion coefficient of SEW handsheets is lower than that of
Kraft handsheets. This result may be due to the inherent
properties of refined SEW pulp, which increases the den-
sity and reduces the free surface area.

4 Conclusions

In recent years, SEW fractionation is replacing conven-
tional pulping processes. This process has been developed
due to the need for lower cooking time and temperature to
achieve the desired properties and is an effective fractiona-
tion process for lignocellulosic materials. In general, SEW
pulps require less energy consumption during the beating
stage than Kraft pulps. SEW handsheets have good tensile
and burst indexes compared to Kraft handsheets, but they
have less tear index. High brightness before bleaching is
an obvious advantage of SEW pulps, which prevents the
creation and use of long bleaching sequences. Also, the

Table 7 Comparison of optical

s of f Pulp sheet  Pulp type ISO brightness (%) Opacity (%) Scattering coef- Absorption coefficient
properties of SEW and Kraft ficient (mzlkg) (mzlkg)
handsheets
SEW Unbleached 38.2+1.44 85.6+2.14  17.55+0.61 5.15+0.17
Bleached 79.0£1.75 7523+1.33 24.88+0.82 2.12+0.11
Kraft Unbleached 20.3+1.3 93.14+2.27 15.31+0.36 8.66+0.12
Bleached 68.0+2.11 87.32+2.16 21.36+0.54 2.65+0.11
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high apparent density of SEW papers is an advantage for
the production of a wide range of special papers. Finally,
it can be said that SEW pulps are affordable in bio-refin-
eries, and, based on the results obtained, these pulps may
be combined with other mechanical, semi-chemical, and
chemical pulps to produce some different types of paper
and cardboard, bio-nanomaterial, and biofuels.
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