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Abstract

Agricultural leftovers from oilseed crops represent an underutilized lignocellulosic resource
for integrated biorefinery. In this work, rapeseed straw (RS) and sunflower stalk (SS) were
evaluated as raw materials for the simultaneous recovery of hemicelluloses, lignin, and
cellulose-rich fibers. Direct soda pulping (20% NaOH, 160 ◦C, 45 min) or a combination of
soda pulping with water pretreatment or alkaline extraction (water or 2% NaOH, 110 ◦C,
40 min) were the methods used in the process. Acid precipitation was used to remove
lignin from the process fluids, whereas ethanol was used to separate hemicelluloses. FTIR
spectroscopy, HPLC of acidic hydrolysates, and chemical composition analysis were used
to analyze solid fractions and recovered biopolymers. The combination alkaline extraction–
soda pulping produced the greatest material removal: 55% for RS and 70% for SS. Xylan
was the main component of the isolated hemicellulose fraction: 44.86% for RS and 40.09%
for SS. Paper sheets produced from the resulting pulps exhibited tensile strength indices of
35–55 N·m/g and burst indices of 1.1–2.4 kPa·m2/g, meeting requirements for hygiene and
fluting packaging papers. These results prove that RS and SS are suitable feedstocks for
integrated, multi-stream biorefinery, enabling the concurrent production of paper-making
fibers and value-added biopolymers.

Keywords: biorefinery; rapeseed straws; sunflower stalks; structural carbohydrates; soda
pulping; papermaking fibers

1. Introduction
Agricultural residues and byproducts represent an important category of lignocellu-

losic materials, and most of them are generated as post-harvest materials: stalks, stems,
and straws. In temperate climate areas, the cultivation of edible oil crops is generally domi-
nated by sunflower and soybean crops [1]. Eurostat indicates that about 20 million tons of
rapeseeds were harvested in the EU in 2023 from 6.2 million hectares. In 2025, records for
sunflower seed show values of 10 million tons in harvest from 4.7 million hectares in the
same year [2].

The average yield of rapeseed stalks is ranging from 3 dry t/ha [3] to 8.6 t/ha [4]. In
the case of sunflower, each ton of harvested seeds results in around 1.4 to 1.7 tons of stalks,
which correspond to stalk yields of up to 5–6 tons/ha. Stalks represent around 33% (mass)
of the dry aerial part of the sunflower plant, which constitute the leftover biomass at the
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combine harvester outlet [5–7]. Various factors, including plant density, environmental
conditions, and agronomic practices, influence this yield. Large volumes of straws and
stalks are produced as a result of such extensive farming operations, which can cause
problems when the fields need to be prepared for the following season. Both sunflower
stalks [8,9] and rapeseed straws [10,11] can occasionally be a valuable resource for field
preparations for the upcoming crop. However, the general practice of the incorporation of
stalks/straws into plowing has several known disadvantages that include interfering with
the seedbed preparation operations and harboring pests while also increasing the chance
of disease proliferation [12–14]. Under these circumstances, farmers have few options for
properly preparing their land for the next crops: (i) the selection of proper agricultural
operations and machinery type to increase depth plowing, advanced tillage to reduce the
size of the stalks, and to increase the decomposition rate; (ii) the adoption of an adequate
crop rotation systems; and (iii) land cleaning—harvesting the straws and stalks. That
last alternative produces large amounts of lignocellulosic biomass, with high potential for
valorization in bioenergy, biorefinery, and other applications [15–17].

Owing to their widespread availability in large amounts, sunflower stalks (SSs) [5,18]
and rapeseed straws (RSs) [19,20] have attracted a lot of interest as raw materials for
bioenergy and biorefinery processes [18,21]. Therefore, a remarkable volume of information
is available in the literature, on both SS and RS, ranging from chemical composition [22–24]
and diverse physico-chemical pathways [25–28] to various value-added products [29–34]
and paper-making potential [3,35]. This information is very important and serves as a
reference for this study, enabling both the verification/validation of the data collected and
the potential to compare the outcomes, to emphasize the contributions this work has made
to the advancement of the area.

This study’s goal is to present a methodical and comparative investigation of rape-
seed straw and sunflower stalks as feedstocks for a multi-output, fiber-based biorefinery
operating under the same processing conditions. This work combines the recovery and
characterization of hemicelluloses, lignin, and cellulose-rich pulps within the same ex-
perimental framework, in contrast to the majority of other investigations that usually
concentrate on a single biomass type or target a single product stream. An essential novelty
is the direct comparison of the two oilseed residues in terms of solid yield, chemical com-
position of both solid and liquid fractions, and the purity and structure of the recovered
biopolymers. Furthermore, the functional performance of the produced pulps is assessed
using laboratory papermaking and mechanical testing, allowing for a clear relationship
between processing configuration and end-use attributes. This study extends current
knowledge on the integrated valorization of agricultural residues and promotes their appli-
cation in sustainable pulp-based biorefinery by integrating comparative feedstock analysis
and multi-stream product evaluation.

2. Materials and Methods
2.1. Materials Processing and Chemical Analysis

Raw biomass materials used in the study, rapeseed straw (RS) and sunflower stalk
(SS), were collected from Romanian private farmers’ land following the post-harvest period.
In Romania, sunflower is commonly harvested from late August to mid-September, while
rapeseed is harvested from the end of June to the beginning of July.

The samples were cleaned of dirt, foreign plants, and any damaged or rotten parts
were eliminated. After these procedures, the biomass was cut to a length of around 2 cm,
deposited for a week to reach an equilibrium moisture content, and then employed in
pulping or extractive studies. The 2 cm pieces of RS and/or SS were cut using standard
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gardening pruning scissors. The SSs were used as a whole, including the pith, which
represented 10% (w/w) of the dried stalks.

Mechanical processing of solid samples, either treated or raw, as well as the resulting
pulping solid material, was performed by grinding to the suitable particle dimensions
requested by analytical procedures. Laboratory sheets were obtained after preliminary
refining of the resulting fibrous material on a Jokkro mill. Papermaking potential evaluation
was carried out by assessing the tensile and burst strengths using a Zwick Roell Z0.5 testing
machine (Zwick Roell, Ulm, Germany).

Chemical analysis was performed to establish the content of main structural polysac-
charides, lignin, and ash, following the experimental procedures described in our previous
works [36–40].

The solid yield was calculated using Equation (1). Losses of each main chemical compo-
nent were expressed taking into account the initial and final absolute masses, Equation (2)

SY (%) =
m f

mi
·100 (1)

where mi and mf are the o.d. weight of the solid material before and after the treatment.

Loss(%) =
mi·CCi(%)− m f ·CC f (%)

mi·CC f (%)
·100 (2)

where the mi and mf have identical meaning as in Equation (1), while the CCi(%) and
CCf(%) are the contents of each component (i.e., cellulose, xylan, lignin, ash) in the solids
obtained after the treatments and/or the combinations of treatments.

2.2. The Experimental Approach

The experimental strategy is succinctly depicted in Figure 1.
Hot water pretreatment is known to enhance lignocellulosic biomass conversion by

inducing key structural changes such as hemicellulose solubility, increased cell wall porosity,
partial lignin relocation, and improved cellulose accessibility, while the release of acetic acid
from hemicellulose deacetylation creates autocatalytic conditions that promote hydrolysis.

Alkaline pretreatments modify lignocellulosic biomass mainly by removing and al-
tering lignin, breaking ester and ether linkages between lignin and carbohydrates, and
causing fiber swelling, which increases porosity and cellulose accessibility. This results in
reduced biomass recalcitrance, while largely preserving cellulose; however, severe alka-
line conditions can lead to partial hemicellulose loss, carbohydrate degradation, and the
generation of inhibitory salts that may affect downstream processing.

While alkaline pretreatment is better for lignin disruption and delignification, hot
water pretreatment works better for removing hemicellulose. Therefore, the working con-
ditions for both water and diluted alkaline pretreatments should be carefully chosen when
the aim is to convert lignocellulosic biomass to multiproduct. The authors’ prior biomass
processing experience with wheat straws, corn stalks, alfalfa stems [36–40], and preliminary
trials were used to determine the soda pulping and pretreatment conditions. The study’s
goal to produce a range of products, such as hemicellulose-derived polysaccharides, lignin,
and papermaking fibers, was another crucial factor in choosing the parameters.

A stainless-steel laboratory rotary autoclave type reactor (digester) was used to carry
out the initial treatments of RS and SS, namely water treatment (WT) and alkaline extraction
(AE). The autoclave was charged with the 300 g of oven-dried (o.d.) biomass (SS or RS),
and the corresponding amount of water or sodium hydroxide solution (2%) necessary to
achieve a solid-to-liquid ratio of 1:10. The reactor was heated to the preset temperature of
110 ◦C and maintained there for 40 min. After the treatment, the reactor was degassed, and
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liquid samples (extraction liquors) were removed for additional processing and analysis.
The resulting solid samples (pre-treated stalks of RS or SS) were washed to remove the
dissolved components and preserved for pulping trials. Both raw and pre-treated SS and
RS were used in the soda pulping (SP) studies that were performed in the same equipment
as the pretreatments. The solid-to-liquid ratio (s:l) was 1:10, at an alkali charge of 20%
expressed as NaOH units. The pulping time was of 45 min at an established temperature of
160 ◦C. The reactor was degassed after the pulping period, and the black liquor and fibrous
residues (soda pulp) were recovered for further analysis (HPLC of acidic hydrolysates)
and processing, beating, and sheet forming. A Shimadzu Nexera LC-40D (Shimadzu,
Kyoto, Japan) liquid chromatography system equipped with a Shodex SP0810 column
(300 × 8 mm, 8 µm particle size, Resonac, Shunan, Japan) heated to 65 ◦C was employed
for the required HPLC analyses.

 

Figure 1. The experimental approach.

The lignin and hemicelluloses were recovered from the extraction liquor and from the
black liquor and further characterized (Figure 1). In the first step, lignin was precipitated by
pH reduction to 4.5 with acetic acid and then separated by centrifugation. A Sorvall GLC2
centrifuge (Kroslak Enterprises, Riverview, FL, USA) equipped with an HL-4 rotor, with
a CF value of 2012, 3000 r.p.m., was used for solid precipitate separation. The remaining
supernatant was then treated with ethanol to induce the hemicelluloses precipitation. A
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second centrifugation ensured the hemicelluloses separation. The remaining supernatant
was sent to ethanol recovery.

The separated HC samples were initially characterized by FTIR, while HPLC analysis
of their sulfuric acid hydrolysates was used to reveal purity and some of the structural
features. The raw lignin samples were subjected to purification to reveal the acid-insoluble
lignin content and further characterized by FTIR spectroscopy. The FTIR spectra of HC
and lignin samples were recorded by using an Agilent Cary 630 spectrometer (Agilent,
Santa Clara, CA, USA) in the transmission mode. The FTIR spectra of hemicelluloses
as well as lignin samples were recorded by an Agilent Cary 630 (Santa Clara, CA, USA)
using the potassium bromide pellet technique on disks containing finely ground samples
at 1% content.

All experiments were conducted in triplicate unless otherwise specified, following
established standard methods. The maximum acceptable relative standard deviation was
set at below 5%.

The following abbreviations were used: RB = raw biomass; TB = pre-treated biomass;
RL = raw lignin; The associations among the abbreviations are meant to (i) indicate the
source constituent and the process supported (e.g., WT RS = water pre-treated rape-
seed straws stalk; AE SS = alkali-extracted sunflower stalk); (ii) indicate the separated
component and the extraction procedure (e.g., AE RL = alkaline-extracted raw lignin;
SP RL = soda pulping-extracted low lignin); (iii) indicate the separated component, the
extraction procedures, and the source constituent (e.g., AE SP RL SS = raw lignin obtained
from sunflower stalks after alkaline extraction and soda pulping; WT SP HC RS = hemi-
celluloses obtained from rapeseed straws after water pre-treatment and soda pulping).
C = chemical characterization.

3. Results and Discussion
3.1. Chemical Composition of Raw Materials

The chemical composition of the raw lignocellulosic biomass used in the study is
displayed in Tables 1 and 2, along with relevant literature data for comparison.

As anticipated, due to a large number of rapeseed varieties [41], the RS chemical
composition of the main components (Table 1) displays a comparatively wide range of
values. The cellulose content varies from 28% [42] to 49.2% [43]. The holocellulose content
(although reported as such in a small number of studies) varies from 66.0 to close to 80% [3].
The material under study revealed a much lower holocellulose content, although the results
on total hemicelluloses fall within the range presented by most of the studies [44,45].

Table 1. Chemical composition of the raw RS: current study vs. literature data.

Component (%) Current Study
RS

References
[29,46] [3,43] [47] [44,45,48] [49] [42]

Cellulose 37.10 38.50 41.60–49.18 35.01 34–35 34.08 28.00–31.60
Holocellulose 54.95 66.00 78.90 69.80 - - -

Total
hemicelluloses 17.85 - 37.30–14.55 34.80 18.70–21.00 - 17.40–19.0

Xylan 11.36 18.60 - 19.90 16.16–18.60 17.04 13.2
Galactan 1.37 - - 1.18 2.54 - 1.90
Arabinan 2.23 - - 0.94 1.44 - 1.20
Mannan 2.88 - - 2.16 1.76 - 1.20

AIL 29.10 13.00–19.20 16.1–17.65 - 15.30–28.70 21.30 16.20
Ash 3.37 - - - 5.70 16.20 6.70

https://doi.org/10.3390/polysaccharides7010013

https://doi.org/10.3390/polysaccharides7010013


Polysaccharides 2026, 7, 13 6 of 22

The majority of the hemicelluloses in RS (more than 60%) are represented by xylan. The
presence of additional sugars (galactose, arabinose, and mannose) in the acidic hydrolysate
that underwent HPLC examination suggests that the relevant polysaccharides were also
present in the RS samples under analysis.

The HC content variations can be associated with various factors, including environ-
mental adaptation and cultivar [36]. The RS biomass used in the study displays higher
values for the acid insoluble lignin (AIL) compared to other literature sources; however, the
reported range for the polymeric aromatic component is also wide, as mentioned by [44,45].
Last of all, despite some publications indicating ash concentrations as high as 16% [49], the
ash content value of this study RS does not approach 5%.

Table 2. Chemical composition of the raw SS: current study vs. literature data.

Component (%) Current Study
SS

References
[7] [50] [51] [52] [53] [54,55]

Cellulose 31.23 34.19–40.67 30.80 41.40 33.45 54.50 30.80
Holocellulose 49.86 - - 70.30 55.16 64.20 -

Total
hemicelluloses 18.63 9.78–21.28 - - 21.70 9.70 20.20

Xylan 14.00 7.83–10.30 12.40 - 16.65 - 15.3–16.1
Galactan 1.39 0.85 - - 2.40 - 1.70
Arabinan 2.30 0.05–0.48 - 0.87 - 1.10–1.40
Mannan 0.94 1.07–1.46 1.79 - 0.80–1.00

AIL 25.47 18.20–21.60 15.10 18.30 12.60 13.90 14.60–16.60
Ash 10.04 1.50–2.48 - 8.90 7.77 - 8.80–9.60

In case of sunflower stalks, it was discovered that the cellulose content was roughly
one-third of the oven-dried material, which is generally consistent with the published
research (Table 2).

Holocellulose represented about half of the oven-dried while hemicelluloses rep-
resented less than one-fifth of the SS biomass. The xylan showed to be the dominant
polysaccharide among hemicelluloses. Small amounts of galactan, mannan, and arabinan
were found to contribute to the hemicelluloses fraction. When it came to lignin content,
the results were higher than those found in other references; just one study found a lignin
percentage of more than 20% [7].

The amounts of cellulose, hemicellulose, lignin, extractives, ash, and other constituents
in agricultural residues (which include more than just rapeseed or sunflower stalks) depend
on a number of factors, including plant variety (cultivar), soil properties, agricultural
treatments (such as irrigation, fertilization, and herbicide application), climatic conditions
(such as season alternation and precipitation level), harvesting time and practices (such
as plant maturity at harvest, mechanical handling, storage), and exposure to biotic and
abiotic stresses (e.g., molds and mushrooms, freeze–thaw cycles, humidity, drought). The
morphological differences between the RS and SS would also influence their behavior
during physico-chemical treatments.

3.2. The Effect of the Treatments on the Chemical Composition of the Resulting Solid Materials

The selected processing methods had a significant impact on the solid yield (SY %) and
chemical composition of the final solid materials. The solid yield (SY, %) was determined
by gravimetric means. Figure 2 displays the overall impact on the solid yield of either
individual treatment phases (WT, AE, or SP) or the combinations (WT SP or AE SP).
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Figure 2. The treatments solid yields: RS vs. SS.

As shown in Figure 2, the combination of alkali extraction and soda pulping proved
to be the most effective; for the SS, the material loss was around 70%, while for the RS,
the total loss was over 55%. When the WT and SP methods were combined, around half
of the starting biomass was removed for both RS and CS. Additionally, it can be noticed
that soda pulping and alkaline extraction both result in considerable losses, whereas water
treatment eliminates roughly 16% to 21% from RS and SS, respectively. Overall, the RS
behaved better, meaning that almost all types of treatments induced lower material loss
than for the SS. The yield values correlate relatively well with the type and severity of the
treatment [56]. There is also an acceptable correlation with the literature data, which range
in the interval from 35 to 95% solid yield values, also in strong dependence on the process
parameters and on the RS and SS initial chemical composition [48,57,58].

The variations of the chemical composition resulted as losses occurring after the
biomass treatments and subsequent analysis of the solids is displayed in Figures 3 and 4
(for RS and SS). Figure 3 shows that all the treatments induce significant losses of both
polysaccharides and lignin. However, this happens to a different extent depending on
the treatment type and component. For RS and in case of cellulose, the single extractive
stages such as WT or AE lead to losses around 13%. Further pulping increases the overall
loss to 22.5 and 29%. Hemicelluloses are much more severely impacted and losses range
from about 5% in WT for xylan, galactan and arabinan to as high as 60–80% in alkaline
treatment, soda pulping, and combinations. Lignin is removed at a rate of 16% in WT but
the amount changes to higher values in AE and SP or combinations (WT SP, AE SP). The
performed preliminary extractive treatments also record a high effect of removal on the
inorganics (ash).

Karagöz et al. performed alkaline peroxide treatment of RS and reported an increase
in cellulose from 29.74% to 59.34% and for xylan from 13.96% to 34.18%. The reported
lignin removal rates reached a maximum of 35% [57]. Nevertheless, the overall loss was
not reported in the study.

Diaz et al. performed similar hydrothermal treatments on rapeseed stalks in which
yield values ranged from 51% to 71% but the study does not mention the overall loss of any
component type. However, after performing some calculations, the loss rate of glucan and
xylan seems to be in the range of 30–50% depending on the severity [48]. Similar values
were mentioned in the studies of other authors [43,47,59–61].
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Figure 3. Effect of the treatments expressed as losses (%) on the resulting RS biomass chemical
composition.

Figure 4. Effect of the treatments expressed as losses (%) on the resulting SS biomass chemical
composition.

Figure 4 displays the losses of polysaccharides, lignin, and ash as an effect of the
experimental treatments on the sunflower stalks. The data show that this type of biomass
is more sensitive to all types of treatments than RS, bearing in mind the fact that, in general,
the losses are higher with minor exceptions. In the case of SS cellulose, the determined
losses were up to 50%, while xylan losses ranged from 29% to 75%.

The losses of other carbohydrates were also higher in comparison with RS biomass for
the similar type of treatment or combinations. Lignin removal in the case of SS experimental
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processing exhibited higher values than RS, with the minor exception found in the case
of AE treatment. The behavior of SS under the experimental treatments is to some extent
comparable with the existing literature studies, although most of the authors performed
the treatments in more severe conditions. Higher temperatures were used, to remove
hemicelluloses and lignin, and to increase accessibility of the resulting material to enzymatic
or microbial conversion. In this respect, Yang and coworkers reported that water treatment
of SS at 140 ◦C for 60 min induced 11% cellulose and 27% xylan loss, while lignin was
removed at a rate of 13% [50]. Higher loss values of cellulose and xylan (20–30%) were
found in case of acid treatment of SS by La Rubia et al. [62].

3.3. Chemical Composition of Liquors Resulting from Treatments

The chemical composition of the liquid fraction resulting from the performed treatment
on RS and SS biomass included carbohydrates, both as oligomeric residues, as in the case
of the water treatment liquor, and also as dissolved polymeric hemicelluloses, lignin, and
degraded lignin [63]. A relatively important portion of the removed and dissolved fraction
of the studied biomass is represented by organic derivatives of both polysaccharides
and lignin, which could not be further removed by acid precipitation and subsequent
ethanol treatment.

The distribution of lignin and carbohydrate fractions dissolved in the aqueous extrac-
tion of RS (Figure 5) and SS may show noticeably different values (Figure 6). When it came
to rapeseed stalks, the concentration of dissolved organic matter (OM) in WT liquor was
approximately 2 g/L, whereas in SS water extraction liquor, it was 5.49 g/L. The results are
consistent with those in Figure 2, which displays the SY % values, as well as with a number
of other studies in the literature, even though the majority of the studies concentrate on
some more severe treatment settings [63].

Figure 5. The chemical composition of the organic fraction dissolved in the extraction and black
liquor resulted from RS treatments.
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Figure 6. The chemical composition of the organic fraction dissolved in the extraction and black
liquor resulted from SS treatments.

The carbohydrate fraction in the case of RS represented about 40% of the dissolved
OM, while in the case of SS, the % was higher to about 58%. The primary sources of
carbohydrates in the WT liquor of RS were either xylan or glucan depolymerization as a
result of autohydrolysis, or arabinose branching loss [64]. The results show some similarities
with those obtained by Svärd and coworkers [65] which experimented with rapeseed
stalks having about 49% cellulose and 20% xylan, and 19% lignin. Under acidic and
water extraction conditions, the mentioned authors obtained extracts with 5–6% xylan
in solid organic matter. Svärd and coworkers also performed alkaline extraction on RS,
which yielded dissolved organics that contained 18% xylan and from 11% to 22% glucan
depending on the severity of the treatment.

The differences observed for the SS WT liquor sugar distribution in the dissolved or-
ganic matter may be explained by the distinct distribution and structure of polysaccharides
in SS. The sunflower stalks contain about 10% pith that is composed of various structural
pectin and an easily hydrolysable cellulose fraction [66,67]. As a result, the WT liquor
OM is composed of about 17.6 glucan-derived oligomers but also includes considerable
amounts of xylan and arabinan residues.

The alkaline extraction of RS and SS resulted in liquors richer in organic material
than those obtained from WT. This is explainable by the ability of alkali to dissolve a
higher amount of both carbohydrates and lignin but also of other components. The OM
content of AE liquors was several orders of magnitude richer (29.8 g/L for RS and 24.5 g/L
for SS), which constituted between 11% and 22% carbohydrates. More than a half of the
dissolved carbohydrate is represented by xylan. The lignin fraction represented 10–12% of
the dissolved OM. However, xylan is more prevalent in dissolved organic matter for RS
than for SS.

Although there are some distinctions between SP and alkali extraction, SP is still
another kind of alkali biomass treatment. Since the objectives of SP differ from AE, the
conditions at least in terms of temperature and duration, are also different. The SP follows
the liberation of the cellulosic fibers and conversion of biomass into pulp, a raw material for
the papermaking process. These result in a higher amount of both lignin and carbohydrates
removed from biomass during the process. The dissolved biomass components also suffer
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various degradation reactions leading to depolymerization and conversions. This is also
valid for the subsequent liquors obtained either from direct pulping or from WT or AE
associated with pulping. The preliminary WT or AE treatment increases the overall loss of
material during the process. The resulting black liquors after WT SP or AE SP contained
less dissolved organic material than the black liquors after SP of the untreated biomass. An
explanation for this is the fact that under the experimental conditions, a considerable part
of RS or SS was already removed. In the case of lignin, the remaining fractions may also be
altered in some manner so that resistant lignin alkali is formed [16].

The SP black liquor of RS showed a lower amount of OM than similar liquor derived
from SS. The content of carbohydrates in organic matter changed, but the changes did not
occur in similar fashions for each type of them. Xylan content increased for both OM of
black liquor of RS SP WT and also for RS AE SP.

3.4. Characterization of the Recovered Hemicelluloses and Lignin

FTIR spectroscopy results for the hemicelluloses samples obtained from rapeseed and
sunflower stalks are displayed in Figure 7. Since the spectra contained similar absorption
bands, several of them were selected as representative. For all of the spectra, a band at
898 cm−1 was identified. This band is characteristic of the vibration of the β-glycosidic
bond between the anhydro-xylose units. The wide band at 1625–1650 [68] cm−1 occurred
due to absorbed water. In general, the bands differ in their intensities, and some shifting
occurs, suggesting the differences in the chemical composition of the samples. Other
absorption maxima that were common in the spectra were assigned as follows:

• 990–998 cm−1 can be assigned to C-C and C-O ring and side group vibrations of
galactan and mannan branching [69];

• 1046 cm−1 may be assigned to C-O-C symmetrical and asymmetrical stretching [70];
• 1079–1163 cm−1 peaks are often associated with the branching of arabinose and

galactose units [71];
• Bands or shoulders at ~1270 cm−1 could be associated with the lignin residues, al-

though no particular lignin peaks are visible at other wavenumber values such as 1510
or 1600 cm−1 [72];

• Band and shoulder occurring at ~1410 cm−1 are assigned to bending vibrations of
C-H [73].

A selection of the FTIR spectra recorded for the purified lignin samples of RS and
SS is displayed in Figure 8. A broad absorption band at about 3400 cm−1 was seen in all
of the recorded lignin spectra, which was caused by the stretching vibrations of the O-H
bond in phenolic and alcoholic hydroxyl. Peaks at approximately 2930 and 2850 cm−1 were
produced by the C-H stretching vibration of methyl and methylene [74,75].

The carbonyl stretching (C=O) in aldehydes, in particular on the saturated side chains
of lignin, is suspected to be the causes of the ~1715 cm−1 peaks [76,77]. The lignin samples
isolated from the alkali extraction liquors also show peaks at ~1680 cm−1 that may be
attributed to conjugated carbonyl group stretching [78,79]. The aromatic skeletal vibrations’
absorption maxima are visible in all lignin samples; FTIR spectra are observable at 1597,
1608, and ~1513 cm−1 , while the 1424–1428 cm−1 peaks result from the C-H in-plane
deformation vibration associated with aromatic ring stretching [80,81].

The peak at about 1463 cm−1 may be associated with the asymmetric bending of the
methyl and methylene groups [82]. The absorption maxima at 1366–1368 cm−1 may be
assigned to the symmetric C-H bending of the methyl groups in the methoxy groups [83].
The peaks of the S-ring are revealed by the presence of the ~1325–1327 cm−1 peak (C-O
stretching), while ~1265 cm−1 absorption maxima evidence the presence of the G-type
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ring [84,85]. The absorption at 1217–1220 cm−1 is potentially generated by aryl breathing
and stretching vibrations of C=O and C-C bonds [81,86].
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Figure 7. Selected FTIR spectra of HC derived from RS and SS vs. commercially available HC sample
(xylan from beechwood), a.u. = arbitrary units.
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Figure 8. FTIR spectra of purified lignin samples obtained from RS and SS processing.

The peaks at about 1155 cm−1 indicate that the studied RS and SS samples are of
type HGS lignin [87–89]. This peak does not appear in the reference lignin (Sigma Aldrich,
Chemie GmbH, Taufkirchen, Germany, PN 370959). Peaks seen at 1032 cm−1 are present
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as a result of the C-O stretching vibrations of the primary (γC) alcohols [77]. The peaks
at 919–917 cm−1 were assigned to C-H vibrations [88]. According to Shi et al. [85], the
presence of the absorption at ~829 cm−1 should be assigned to C-H out-of-plane vibrations
in H-type lignin units. The bands occurring in the range of 1210–1230 cm−1 may also be
assigned to various stretching vibrations of either C-C, C-O, and C=O [90]. The absorption
maxima occurring in the range of 1080–1030 cm−1 may be associated with the various
vibration modes of the C-O in alcohols and phenols [90–92].

The chemical composition of the graded ethanol-precipitated hemicelluloses fraction
is revealed in Tables 3 and 4. The RS stalk hemicelluloses were found to be a xylan-based
type. The small percentages of galactan, mannan, and arabinan indicate that the xylan is
branched by such anhydro-sugar short chains.

Table 3. Chemical composition of HC samples obtained from alkaline liquors after RS processing.

RS Glucan
(%)

Xylan
(%)

Galactan
(%)

Arabinan
(%)

Mannan
(%)

PZ% Total
(%)

AE 4.25 38.92 2.75 3.60 1.34 50.86
SP 1.89 39.82 2.17 2.12 1.66 47.65

WT SP 1.81 41.99 1.85 1.81 1.45 48.91
AE SP 2.23 44.86 1.31 1.51 1.06 50.97

Where PZ% total = total polysaccharides.

Table 4. Chemical composition of hemicelluloses samples obtained from alkaline liquors of SS
processing.

SS Glucan
(%)

Xylan
(%)

Galactan
(%)

Arabinan
(%)

Mannan
(%)

PZ% Total
(%)

AE 2.19 28.04 2.97 4.47 n.d. 37.67
SP 2.10 33.78 1.91 1.67 n.d. 39.46

WT SP 5.69 39.75 1.31 3.09 n.d. 49.85
AE SP 6.76 40.09 1.14 3.43 n.d. 51.41

Where PZ% total = total polysaccharides.

The amount of glucose present in the hydrolysate indicated the potential branch-
ing of the xylan with glucose anhydro residues but the amount could be a result of the
co-precipitation of such oligomers during ethanol separation. The percentage of xylan
increases with the severity of the treatment, while the amounts of galactan, arabinan, and
mannan decrease.

The hemicelluloses obtained from SS treatment liquor (Table 4) present almost the
same sugars in their acidic hydrolysate, except for mannose, which was not determined
(n.d.). Such a finding indicates that mannan-type chain branching is removed—mannose
was also found as a neutral sugar in SS hydrolysate subjected to the HPLC separation. The
amount of the glucan-type oligomers in SS hemicellulose samples increased with the type
of extractive process.

The chemical composition of the separated HC samples is rather similar to that
reported by other authors in works concerning either the same biomass type or different.
Some differences still exist, given the objectives of the work, the separation procedures,
and the analytical ones. On the other hand, no previous works were found concerning
the isolation and characterization of the HC from the pulping black liquor of either RS
or SS. Svärd and coworkers reported the extraction of HC from rapeseed straws under
close conditions with those specified in this study, having xylan contents between 33% and
57% [30]. According to the authors, two main types of hemicellulose-rich fractions were
extracted from rapeseed straw biomass: Galactoglucomannan-rich fractions were obtained
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from hot water extraction liquor, while glucuronoarabinoxylan-rich fractions were obtained
from alkaline extraction.

Much more recently, Prado and coworkers used alkaline extraction (50 ◦C, 0.75 M
NaOH, and 60 min) to isolate HC from SS for further use as cultivation media for Bacillus
Subtilis. Although not fully characterized, authors revealed that more than half of the
isolated carbohydrate consisted of xylan [93]. The RS and SS HC samples described in this
work showed structural similarities with the alkali-extracted HC samples from pear pomace
and subsequently purified by dialysis that contained 39% xylan, 27% glucan, and 17.5%
galactan. The arabinose and mannose branching represented 0.5–8.75% of the content [94].

A more facile comparison of RS and SS alkali-extracted hemicelluloses can be made,
considering the works dedicated to the extraction and separation of such polysaccharides
from cereal straw (most often wheat) and corn stalks. Under these considerations, the paper
of Li and coworkers [95] reveals alkali-extracted hemicelluloses of corn stalks, mostly of
xylan type. After applying various fractionation techniques, 80% xylan purity of hemicel-
luloses can be obtained [96]. Wheat straw may also be used to obtain high-xylan-content
hemicelluloses as described by Sun and Tomkinson [97]. Integration of the hemicelluloses’
extraction in pulp production adds black liquor as a potential hemicellulose source, as
reviewed by Oriez et al. [98]. Purity of the obtained samples in terms of xylan content
depends on pulping parameters, but also on the used biomass, and generally ranges from
25 to 55% [99,100].

The chemical compositions of the lignin samples obtained from alkaline liquors after
RS and SS processing are presented in Tables 5 and 6. The importance of lignin recovery
from pulping black liquor has gained importance in the context of fiber-based refinery.
Recovery of lignin from soda pulping is crucial because it provides a second byproduct that
may be processed to obtain materials and chemicals [101]. The nowadays lignocellulosic
biomass processing technologies are more focused on obtaining high-quality pulp that is a
raw material for the paper and packaging industry [102]. The resulting lignin is of a rather
low quality, mostly due to the separation process [103]. The lists of common methods for
lignin separation from liquors resulting from alkaline treatment of lignocellulosic biomass
(pulping black liquor, alkaline extractive liquors) include pH reduction by acid addition
(acidic precipitation), membrane filtration, and organic solvent precipitation [104,105].
The widest used method, acid precipitation, brings up advantages such as simplicity and
cost effectiveness. Use of organic acids improves efficiency of lignin separation [105,106].
Regardless of the precipitation acid used, the obtained lignin, often referred to as raw lignin,
contains a rather high number of polysaccharides that hinder the further valorization
of lignin [107]. Recovery of sulfur-free lignin which is enabling new possibilities for
utilization is possible by using soda pulping black liquors resulted most often resulting
from agricultural residues pulping [108].

Table 5. Chemical composition of raw lignin obtained from alkaline liquors after RS processing.

RS Glucan
(%)

Xylan
(%)

Galactan
(%)

Arabinan
(%)

Mannan
(%)

PZ% Total
(%)

Lignin
(%)

AE 1.01 2.86 0.79 2.01 1.20 7.88 37.17
SP 1.18 5.26 0.60 1.74 1.00 9.78 30.68

WT SP 0.93 7.22 0.73 1.66 0.54 11.07 29.42
AE SP 0.71 4.86 0.30 1.05 0.51 7.44 43.29
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Table 6. Chemical composition of raw lignin obtained from alkaline liquors after SS processing.

SS Glucan
(%)

Xylan
(%)

Galactan
(%)

Arabinan
(%)

Mannan
(%)

PZ% Total
(%)

Lignin
(%)

AE 0.96 0.80 0.48 0.89 0.34 3.46 39.52
SP 1.64 3.75 0.70 1.09 0.39 7.58 34.05

WT SP 0.96 4.66 0.69 0.99 0.47 7.77 37.49
AE SP 0.71 3.25 0.36 0.45 0.55 5.32 42.92

The purity of lignin samples isolated from AE liquors of RS and SS showed closed
values of 37–39%. In terms of polysaccharide contamination, the situation looks different.
The RS lignin showed a higher carbohydrate content than the lignin isolated from AE of
SS. Pulping liquors yielded lignin having an acid-insoluble lignin content with about 30%
purity in the case of RS SP and RS WT SP samples. In the case of SS SP and SS WT SP
samples, the purity was of 34 and 37%, respectively. Both of these lignin samples had a
carbohydrate content of about 7.6%. The carbohydrate content of the similar RS lignin is
close to 10% carbohydrate content. The results on AE SP lignin samples for both RS and SS
showed a purity of around 43%, although the carbohydrate content differed significantly.

The dominant carbohydrate found in raw lignin samples was shown to be xylan. In
the case of the RS lignin samples, arabinan proved to be the second in the hierarchy, while in
the SS lignin samples, the analytical results also showed arabinan as a second carbohydrate
impurity, although lower content values were determined. Other contaminants in lignin
samples are represented by salts or inorganic materials. As pointed out in the literature,
the ash content of technical lignin may reach values as high as 20% [109].

Mussatto and coworkers showed the importance of the final pH value in lignin
separation and recovery [110]. The authors point out that if the final pH of the precipitation
stage is around 4.5, an optimal lignin recovery yield could be achieved, even though, at
this stage, the lignin purity in terms of AIL is rather low and the carbohydrate content is
high pointing out on the further need of purification. The values mentioned in the study
are comparable to our data (40–50% AIL content in solids).

The resulting lignin purity values were difficult to compare with the literature data
due to the variety of black liquor sources and lignin separation procedures. In fact, most
of the studies concern the purification of either kraft or soda pulping lignin. Industrial
separation of technical lignin is mostly performed by combined acid precipitation processes,
such as LignoBoost and LignoForce [111]. The resulting products available as a commercial
lignin still contain about 3–5% carbohydrates [112].

Under these circumstances, we mention several works for comparative purposes.
Most of the studies used stages of acid washing at different temperatures to resolve the
carbohydrate removal. Ruwoldt and coworkers obtained raw soda lignin from spruce and
straw, with an initial acid-insoluble content ranging around 70% [113]. The authors of the
study mention that an acid washing stage that also ensures the complete hydrolysis of
carbohydrates is of particular importance.

Other studies, such as the work of Fang and coworkers, showed that raw lignin
obtained by acid separation from kraft pulping black liquor of softwood contained about
3.5% carbohydrates [114]. Jablonsky and coworkers showed that acid-precipitated lignin
from various non-wood sources such as flax and hemp had a purity of 80–87% dependent
on the source and acid concentrations. The recovered yield of pure lignin ranged from 8 to
9 g/100 mL of black liquor [115].
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3.5. Papermaking Properties of the Obtained Fibers

As previously mentioned, a first direction of solids resulting from the pulping proce-
dure is the papermaking process. Table 7 depicts the most important mechanical properties
of paper sheets obtained from the pulping of the studied raw materials. From Table 7
data, it is observable that the tensile strength index values (TSI) of the obtained laboratory
paper sheets are comparable. In the case of the RS, the soda pulping alone resulted in the
lowest value of tensile index values. The situation looked similar for the burst index. In
the case of SS, similar magnitude values were obtained. In general, the use of preliminary
extractive treatments proved beneficial for both of RS and SS. According to some authors,
the strength property values fit the need for producing fluting packaging paper or hygiene
paper [116–118].

Table 7. Properties of RS and SS paper sheets.

Pulping Process
Tensile Strength Index

(N·m/g)
Burst Strength Index

(kPa·m2/g)

RS SS RS SS

SP 35.40 37.60 1.52 1.11
WT SP 41.90 47.40 1.96 1.43
AE SP 55.30 49.20 2.43 1.61

Industrial fluting 24.30 1.27
Re-pulped OCC * 28.20 0.87

* OCC = old corrugated cardboard.

When comparing the values of the TSI with literature data reports, we find that the
values obtained for RS pulps are close to those reported by Potucek and coworkers [119] for
soda pulps. The same authors showed that using soda–AQ pulping could lead to higher
mechanical strength papers. The study mentions TSI values ranging from 4 to 6.4 N·m/g.
In another study, of the same authors’ chemical-mechanical pulping of RS is taken into
consideration. The values obtained for soda pulps were higher than those obtained for
chemical-mechanical pulps that ranged 2–3.0 N·m/g [120].

Other studies concerning the pulping of RS reported higher values of TSI and BSI than
the values mentioned in Table 7. Under the conditions of pulping mentioned by Mazhari
Mousavi and coworkers, a 20% NaOH alkali charge and 40 min at 185 ◦C led to RS pulps for
which the TSI and BSI values were higher than in the present study with 68.4 N·m/g and
3.42 kPa·m2/g [3]. The yield reported value for this pulp was of 35% which is considerably
lower than the current study.

The SS pulp strength values seemed to also be similar to the reported literature values.
TSI values of 35–42 N·m/g ans BSI of 1.75–2.2 kPa·m2/g were reported by Rudi and
coworkers for neutral sulfite pups from SS at yield values of 40–60% [117]. Similar value
ranges were reported by Kristova et. al. for soda pulps of SS under various parameters of
pulping process that led to yield ranges of 36–44% [51]. The values of TSI and BSI were
comparable to those reported in the literature for pulps obtained from different raw non
wood materials such as wheat straw corn stalk. In this respect, typical wheat straw pulps
have a TSI of 28–60 N·m/g [42,116]. The BSI literature reported that the value ranges are
wider for wheat straw pulps: 1.5–4 kPa·m2/g [118,121]. Higher values of TSI and BSI may
be found for corn stalks soda pulps: 50–70 N·m/g and 2.5–3.6 kPa·m2/g [122].
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4. Conclusions
This study indicates that rapeseed straw and sunflower stalks are viable feedstocks for

an integrated, multi-output biorefinery using extractive pretreatments and soda pulping.
Both biomasses were successfully separated into hemicelluloses, lignin, and cellulose-
rich pulps under the same processing conditions; the most successful method was alka-
line extraction followed by soda pulping. The total solid losses were 55% for rapeseed
straw and 70% for sunflower stalks, suggesting that rapeseed straws are more resistant to
chemical processing.

Xylan was the dominant hemicellulose in both biomasses, representing up to 45% of
the recovered hemicellulose fractions. Acid-insoluble lignin has a purity of 37–39%, which
rises to 43% when soda pulping and alkaline extraction are combined. The cellulose-rich
pulps showed satisfactory papermaking performance, with tensile strength indices of
35–55 N·m/g and burst indices of 1.1–2.4 kPa·m2/g, meeting the requirements for hygiene
and fluting packaging papers.

Overall, the combined comparative approach and functional evaluation of the pro-
duced pulps distinguish this work from previous single-feedstock or single-output stud-
ies. The quantitative results obtained provide useful benchmarks for the integrated
valorization of oilseed agricultural leftovers and support their usage in sustainable
fiber-based biorefinery.

Despite the encouraging outcome, validated by the literature data, several limitations
remain. The technological quality of agricultural leftovers varies greatly, and laboratory-
scale circumstances do not accurately reflect the industrial performance. Future work
should focus on optimization of pretreatment severity to balance product yield, purity,
and energy demand. For better RS and SS valorization, integration with current oilseed
processing streams may be a viable option.
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43. Pińkowska, H.; Wolak, P.; Oliveros, E. Production of xylose and glucose from rapeseed straw in subcritical water—Use of Doehlert
design for optimizing the reaction conditions. Biomass Bioenergy 2013, 58, 188–197. [CrossRef]

44. Wu, X.; Chen, L.; He, W.; Qi, H.; Zhang, Y.; Zhou, Y.; Su, X.; Deng, M.; Wang, K. Characterize the physicochemical structure and
enzymatic efficiency of agricultural residues exposed to γ-irradiation pretreatment. Ind. Crops Prod. 2020, 150, 112228. [CrossRef]

45. Mirzaee, N.; Nikzad, M.; Battisti, R.; Araghi, A. Isolation of cellulose nanofibers from rapeseed straw via chlorine-free purification
method and its application as reinforcing agent in carboxymethyl cellulose-based films. Int. J. Biol. Macromol. 2023, 251, 126405.
[CrossRef]

46. Yılmaz, A.; Keshtiban, N.A.; Gelir, A.; Ozbek, N.; Haykiri-Acma, H.; Yaman, S. Rapeseed stalk-derived hierarchical porous carbon
as electrode material for supercapacitors. Ind. Crops Prod. 2025, 226, 120616. [CrossRef]

47. Wang, Z.-W.; Zhu, M.-Q.; Li, M.-F.; Wei, Q.; Sun, R.-C. Effects of hydrothermal treatment on enhancing enzymatic hydrolysis of
rapeseed straw. Renew. Energy 2019, 134, 446–452. [CrossRef]

48. Díaz, M.J.; Cara, C.; Ruiz, E.; Romero, I.; Moya, M.; Castro, E. Hydrothermal pre-treatment of rapeseed straw. Bioresour. Technol.
2010, 101, 2428–2435. [CrossRef]

49. Tang, Z.; Zhang, C.; Yin, J.; Fan, B.; He, Y.-C.; Ma, C. Valorization of rapeseed straw through the enhancement of cellulose
accessibility, lignin removal and xylan elimination using an n-alkyltrimethylammonium bromide-based deep eutectic solvent. Int.
J. Biol. Macromol. 2025, 301, 140151. [CrossRef] [PubMed]

50. Yang, Q.; Tang, W.; Li, L.; Huang, M.; Ma, C.; He, Y.-C. Enhancing enzymatic hydrolysis of waste sunflower straw by clean
hydrothermal pretreatment. Bioresour. Technol. 2023, 383, 129236. [CrossRef] [PubMed]

51. Khristova, P.; Gabir, S.; Bentcheva, S.; Dafalla, S. Soda-anthraquinone pulping of sunflower stalks. Ind. Crops Prod. 1998, 9, 9–17.
[CrossRef]

52. Ruiz, E.; Romero, I.; Moya, M.; Cara, C.; Vidal, J.D.; Castro, E. Dilute sulfuric acid pretreatment of sunflower stalks for sugar
production. Bioresour. Technol. 2013, 140, 292–298. [CrossRef] [PubMed]
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