
Green Biorefinery Side Stream as a Source of Chlorophyll Pigments,
Lignin, and Cellulose for Textile Fibers

Downloaded from: https://research.chalmers.se, 2025-11-29 09:43 UTC

Citation for the original published paper (version of record):
Cid Gomes, L., da Rosa Garcia, A., Raeisi, F. et al (2025). Green Biorefinery Side Stream as a
Source of Chlorophyll Pigments, Lignin, and Cellulose for
Textile Fibers. ACS Sustainable Chemistry & Engineering, 13( 40): 16946-16957.
http://dx.doi.org/10.1021/acssuschemeng.5c06653

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Green Biorefinery Side Stream as a Source of Chlorophyll Pigments,
Lignin, and Cellulose for Textile Fibers
Leandro Cid Gomes,* Andrieli da Rosa Garcia,# Ferdows Raeisi,# Lívia Cristina de Oliveira Barbosa,#
Devsara Wasalabandara,# Anju Panakkal Manuel,# Nanna Lindgaard Skovborg,
Emma Thonesen Hostrup, Joanna Wojtasz, Maria Gunnarsson, Morten Ambye-Jensen, and Diana Bernin

Cite This: ACS Sustainable Chem. Eng. 2025, 13, 16946−16957 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Green biorefineries are key to a biobased economy
and to reducing the carbon footprint of several supply chains.
Achieving this goal requires utilizing as many material streams as
possible while focusing on value-added products that offer
economic benefits. Herein, we investigate the potential of a fibrous
byproduct from protein extraction of green perennial biomasses
(press cake) as an alternative raw material to pigments and wood-
based products. We propose an integrated process that further
refines and valorizes the press cake to obtain chlorophyll pigments,
lignin, and cellulosic pulp. First, the chlorophyll extraction from
grass-clover press cake was optimized, and its impact on the
subsequent pulping step was evaluated, revealing that the extraction
with ethanol and acetone did not affect the pulping step, while
DMSO presented several issues. Pulping conditions were then optimized to maximize the cellulose content in the pulp without
compromising the quality of the lignin stream or the recovery yields. The resulting high-cellulose pulps, approaching a cellulose
content of 90 wt %, were successfully spun into textile fibers through wet-spinning, as one example of added-value application. Our
results present a proof-of-concept for optimizing green biorefineries to obtain four added-value products from renewable grass-clover
biomass: proteins, chlorophyll pigments, cellulose pulp, and lignin.
KEYWORDS: grass-clover, dissolving pulp, NMR spectroscopy, press cake, pretreatment, spun-fibers

■ INTRODUCTION
The current overuse of the Earth’s resources calls for rapid
transition to circular, resource-efficient, and overall sustainable
production processes.1 The biorefinery concept is key to
facilitating this transition; however, the process shall not only
valorize multiple material streams but also be economically
feasible and viable. In Denmark, for example, green biorefineries
have been installed based on the concept of processing green
perennial biomasses, such as fresh grasses, to extract leaf proteins
for feed and food, aiming to be a local alternative to the large
import of soy protein.2−4 Processing of green perennial
biomasses is advantageous compared to other biomasses due
to their high productivity because of active photosynthesis
throughout the growth season, widespread availability, low
pesticide requirements, low nutrient leaching, and contributions
to improved soil health and carbon sequestration.4−6

After the separation of soluble leaf proteins, two side streams
are produced: a sugar- and nutrient-rich brown juice and a
fibrous solid fraction (press cake). In current processes, both
streams are used for biogas production;4 however, further
valorization could increase the economic feasibility of the green
biorefinery. The press cake is rich in lignocellulosic content

(Table 1), which allows for further processing into pure streams
of cellulose and lignin.7 This cellulose-rich stream is a good
candidate for qualification as a dissolving pulp, also denoted as
textile pulp, and it could be used as an alternative to wood for the
production of man-made cellulosic fibers (MMCF).8 The recent
development of lignin applications has also increased the
demand for lignin from different sources,9−12 with herbaceous
lignin being particularly interesting for applications in which a
high amount of carboxylic acid groups is desired.13,14

Furthermore, substantial amounts of chlorophyll pigments and
carotenoids are found in green biomasses, and much of this
remains present in the press cake. Chlorophyll pigments are
expensive and are usually sourced from spinach leaves. Apart
from their established use in the dyeing industry, chlorophyll
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pigments can be used in emerging applications, such as
photoinitiators in polymerization reactions, photocatalysts in
organic synthesis, and in the manufacture of light-emitting
electrochemical cells.15−19

Given that cellulose is the main component in the grass-clover
press cake, we aimed to valorize it into an alternative source for
cotton- and wood-based textile fiber production. Apart from
cotton supply chain limitations,20 cotton farming has significant
environmental impacts, including intense water consumption
and the heavy use of pesticides and fertilizers.21 Dissolving pulps
are produced by extracting cellulose from lignocellulosic
biomasses, thus separating it from hemicellulose and lignin.22

A dissolving pulp is defined as a cellulose-rich pulp (>92%
cellulose content), which can be dissolved in a solvent, allowing
it to be spun into textile fibers.23 Current main dissolution-
spinning technologies for cellulose-based alternatives are viscose
and lyocell, which transform cellulose derived from wood into
MMCF. Although they accounted for 85% of MMCF global
production in 2023,24 wood-based dissolving pulp competes
with the demand for paper and other wood-derived products,
limiting its availability for textile production.25 In addition,
avoiding wood-based products from virgin trees contributes to
biodiversity conservation and promotes reforestation efforts.26

Several studies have reported on the production of dissolving
pulp from agricultural waste, including corn stalks, wheat straws,
and sugarcane bagasse.27−35 Different pulping methods have
been explored, such as alkali (soda pulping), Kraft, and sulfite
pulping, and a comprehensive review comparing several studies
has been done by Frazier et al.25 In a recent study from our
group, wheat straw and oat husks from agricultural waste have
been successfully delignified to afford bleached pulps with high
contents of cellulose.36 In that work, Wojtasz et al. used a soda
pulpingmethod preceded by diluted acid pretreatment, followed
by a bleaching step with EDTA and H2O2. Although the pulps
were not spun into fibers, their intrinsic viscosities, high cellulose
content, and low impurities indicated potential for textile fiber
production.
While wood has a more rigid structure and higher content of

lignin, grasses are more fibrous and flexible, eliminating, for
example, the need for sodium sulfide used in the Kraft pulping of
wood. Additionally, integrating preceding steps�such as
maceration for protein extraction and chlorophyll removal
from the press cake�may enhance the pulping process by
reducing energy consumption and chemical demand. Based on
these aspects and our previous work,36 we applied and optimized
the milder chemical and nontoxic soda pulping process to the
press cake.
A black liquor is obtained as an alkaline side stream from the

pulping process, from which lignin can be precipitated by

acidification until pH 2. A key concern with nonwood biomass is
its higher content of silica compared to wood biomass, which
complicates the chemical recovery and black liquor combustion
for local generation of electricity. Yet, if lignin is to be recovered
from the black liquor, silica can be precipitated before the lignin
by reducing the pH to 8, allowing for its reuse.32 Although not
performed in our present work, the removal and recovery of
silica could represent another added-value product.
This work focuses on optimizing soda pulping conditions for

grass-clover press cake to produce dissolving-grade pulp for
MMCF while minimizing processing steps and reducing the use
of harmful and unsustainable chemicals. Furthermore, it
investigates the impact of chlorophyll extraction on both the
dissolving pulp and lignin product streams. Finally, a proof-of-
concept spinning trial is conducted using grass pulp to
demonstrate the value chain from raw material to textile fiber.

■ MATERIALS AND METHODS
Grass-Clover Press Cake. Fresh grass-clover�a seed mixture

composed of 20% white clover (variety: brianna), 25% ryegrass
(variety: humbi1), 30% ryegrass (variety: fabiola), and 25% beach
fescue plus (variety: fojtan)�was grown locally at Campus Viborg,
Denmark (Latitude: 56.496921 | Longitude: 9.583689) in the soil type
JB4 (fine sand mixed with clay). The biomass was harvested whole
using a GrassTech GT140 harvester and brought immediately to the
biorefinery (demonstration platform for Green Biorefinery at Aarhus
University, Campus Viborg), where it was processed fresh. The biomass
was cut into 2−5 cm pieces in a stationary cutter and immediately
pressed and fractionated in a Cir-Tech P25 Twin Screw Press, a double
screw press separating a green juice rich in protein and a fibrous press
cake. The press cake samples were kept frozen for further use.
Chlorophyll Extraction. The press cake was oven-dried at 50 °C

and then shredded in a blender for time-screening experiments at a
small scale. Sample and solvent (acetone, ethanol, or DMSO)were then
added to vials at a 0.015 g/mL ratio and stirred for the target time under
dark conditions. Samples were prepared for each target time in
duplicates. After completion, the mixture was filtered. For samples used
in the pulping, 73−147 g of nondried press cake (34 wt % dry matter)
was mixed with 1−2 L of the chosen solvent, stirred for the target time,
and subsequently filtered. When DMSO was used, the press cake was
further washed with deionized water to remove any residual solvent.
The chlorophyll-extracted press cake was left to dry at room
temperature in a fume hood.
Acid Pretreatment. As initial conditions, 2 h diluted acid

hydrolysis with H2SO4 solution (0.15 wt %) at 160 °C and a solid-to-
liquid (s/L) mass ratio of 1:15 was used for pretreatment, following the
procedure described by Wojtasz et al.36 A detailed description can be
found in the Supporting Information.
Soda Pulping. As initial conditions, 2.4 h alkaline treatment with

NaOH solution (4 wt %) at 170 °C and a s/L mass ratio of 1:8.3 was
used for delignification, following the procedure described by Wojtasz
et al.36 A detailed description can be found in the Supporting
Information.
Wet-Spinning. The dried pulp was milled using a Retsch ZM200

mill equipped with a 1 mm sieve and then dissolved in 1-ethyl-3-
methylimidazolium acetate ([Emim][OAc]) at 60 °C and pulp
concentration of 7.5 wt %. The dope was filtered sequentially through
172 and 43 μm mesh filters and loaded into a stainless-steel cylinder
fitted with a spinneret (Sossna GmbH, Ø = 80 μm, 75 holes). Fiber
spinning was performed on custom-made laboratory-scale spinning
equipment at 40 °C, with an extrusion rate of 0.15 mm/s and a draw
ratio (DR) of 0.25. Demineralized water at room temperature was used
as the antisolvent. The resulting filaments were soaked in demineralized
water for 24 h and air-dried on the take-up rolls.
Lignin Precipitation. The black liquor collected after soda pulping

was acidified with H2SO4 solution (2 wt %) until pH 2. Then, the
precipitated lignin was separated by vacuum filtration and dried in an
oven at 50 °C until a constant weight.

Table 1. Example of Chemical Composition of Grass-Clover
Press Cake7

% of dry mass

Protein 17.8
Soluble carbohydrates 6.7
Hemicellulose 21.2
Cellulose 27.1
Lignin 13.3
Phosphorus (P) 0.3
Potassium (K) 1.7
Ash (minus P and K) 4.6
Residual 7.2
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Characterization. The detailed methods used for characterization
can be found in the Supporting Information.

■ RESULTS
Wefirst describe the chlorophyll extraction from the grass-clover
press cake (hereby called the press cake) and the character-
ization of the extract. Next, the optimization of press cake
pulping is discussed, addressing the effects of different
conditions on the cellulosic pulp, including the effects of the
preceding chlorophyll extraction, followed by the recovery and
characterization of lignin. Finally, we describe the spinnability of
the press cake cellulosic pulp, showing its potential use for textile
fibers through ionic liquid dissolution and subsequent wet-
spinning.
Chlorophyll Extraction. We selected three different

solvents for the chlorophyll extraction: acetone, ethanol, and
DMSO. All three solvents have low harmfulness and have been
earlier reported to extract chlorophyll pigments frommicroalgae
and spinach.17,37,38 Moreover, acetone and ethanol can be
obtained from biobased sources, and they can be easily
evaporated for recovery and reuse, thus allowing the extract to
be concentrated for further use or purification.
UV−vis absorption and emission spectra of the crude extracts

measured after 3 h of stirring confirmed the presence of
chlorophyll pigments and carotenoids (Figure 1A). The DMSO
extract had a higher absorbance at λ ≤ 400 nm, indicating a
larger amount of extracted compounds other than chlorophyll

pigments and carotenoids. Using UV−vis absorbances and
equations from the literature,39,40 we quantified the different
extracted pigments between 1 and 4 h (Figure 1B and Table S1;
see the Supporting Information for equations used).
For all solvents, most of the chlorophyll a is extracted during

the first 2 h. A similar trend is observed for the other quantified
pigments (Figure S1). As expected from previous solvent
comparisons on chlorophyll extraction,37 DMSO performed
best among the three solvents, reaching more than double the
amount of extracted chlorophyll a by acetone (after 2 h),
followed by ethanol. On the other hand, a decrease in the
amount of chlorophyll a extracted by DMSO in extractions
longer than 2 h could indicate that chlorophyll a is less stable in
DMSO.
Long-term (1 week) stability of chlorophyll a in DMSO

extracts of leaf tissue has been previously observed to be inferior
compared to acetone extracts.41 The degradation of chlorophyll
pigments is often related to the presence of acids in the
commercial solvents or acids originating from the chlorophyll-
containing biomass, which promote the replacement of the
macrocycle Mg2+ ions by H+ ions.42−45 We then performed
extractions with DMSO for only 2 h and measured the UV−vis
spectra of the filtered sample right after its collection and for
some hours afterward, keeping the UV−vis sample under either
dark or light conditions (Table S2). Interestingly, in this case,
the concentration decrease of chlorophyll a was not as
pronounced as when the extraction was kept for 3 and 4 h,

Figure 1.Characterization of crude extracts using the three different solvents: acetone (black), DMSO (orange), and ethanol (dark blue). A) UV−vis
absorption (solid lines) and emission spectra (dashed lines, excitation at 400 nm) of crude extracts from the three different solvents tested (extraction
time = 3 h), and a chlorophyll a sample as a reference (dark cyan, dissolved in DMSO). All spectra were normalized to the intensities at the chlorophyll
a band maxima (∼660 nm). B) Time screening of chlorophyll extraction, with the amount of extracted chlorophyll a per g of press cake (average of
duplicates). C) 1H NMR spectra of crude extracts (extraction time = 3 h). Bottom spectrum: pure chlorophyll a sample for reference. DMSO-d6 was
used as the NMR solvent in all of the samples. The dark cyan dots mark the chemical shifts of the macrocycle protons in chlorophyll a.
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indicating that the lower stability of chlorophyll a in DMSO
extracts might originate from higher amounts of acids extracted
from the press cake as the extraction time is extended. The
addition of basic salts such as calcium carbonate or magnesium
carbonate could be adopted to avoid this issue.16,42,44

We further characterized the crude press cake extracts using
1H NMR (Figure 1C), which also confirmed the presence of
chlorophyll a in all three extracts. In agreement with the higher
absorbance at λ ≤ 400 nm in the UV−vis spectrum, the DMSO
extract also shows more signals of protons not belonging to
chlorophyll a or b, between 6 and 8 ppm. This could indicate one
more advantage of ethanol and acetone over DMSO, as the
extracts of the former solvents seem to contain fewer impurities,
which, in turn, eases downstream purification of the extract for
applications that require pure chlorophyll a or b. It is also
possible that more signals in the DMSO extract are the products
of chlorophyll a degradation, as indicated by the time-screening
experiments.
After learning the different solvent behavior over the

extraction time at a small scale, we performed the extraction in
larger batches of nondried press cake. In all extractions, at least 1
mg·g−1 of chlorophyll a could be extracted (Figure 2). Once

again, we explored short and long extraction times for acetone
and ethanol (2 and 20 h, respectively). Since DMSO extraction
led to the degradation of chlorophyll a, only 2 h extraction was
tested for DMSO at a larger scale. As previously observed, a
higher amount of chlorophyll a could be extracted by extending
the extraction time in acetone and ethanol, resulting in∼0.3 mg·
g−1 higher amounts of extracted chlorophyll a compared to the
extraction at 2 h. The 2 h extraction using DMSO still afforded
the highest amount of chlorophyll a.
We also tested a multiple extraction approach with acetone, in

which three extractions of the same batch of press cake were
performed for 1 h with fresh solvent each time, after separating
the extract from the press cake by filtration (“Acetone 1 h batch
1, 2, and 3” in Figure 2). The amount of extracted chlorophyll a
drastically decreased for the second and third cycles (from 1.59
to 0.41 and 0.13 mg·g−1, respectively), revealing that this
approach was not efficient. One should note that in the first

extraction batch, the extracted amount of chlorophyll a was
higher than that in the 20 h extraction using acetone (black bars
in Figure 2), yet, a higher amount of solvent (2 L) was used in
the multiple extraction experiment, which explains the higher
amounts of extracted chlorophyll a. Although not performed in
this present study, further investigation of the optimal press
cake-to-solvent ratio would be a necessary next step.
In large-scale extractions, 93% and 89% (v/v) ethanol and

acetone in the crude extracts, respectively, were recovered at 40
°C via rotary evaporation for reuse (Table S3). DMSO could not
be recovered this way due to its higher boiling point. Besides the
likely effect of DMSO favoring the degradation of chlorophyll a,
it is also more difficult to remove it prior to the subsequent
pulping step, requiring several washes with water, while any
ethanol or acetone remaining in the press cake can evaporate at
room temperature overnight, leaving the press cake ready to
undergo pulping for the extraction of cellulose and lignin.
Soda Pulping Optimization and Characterization of

Pulp and Lignin.We separated the cellulose in the press cake
from hemicellulose and lignin using the alkaline pulping method
earlier proposed by our group to process oat husks and wheat
straw.36 In those conditions, hereby referred to as “initial
conditions”, the press cake undergoes a diluted acid pretreat-
ment aimed to remove hemicellulose, which results in opening
the fiber structure and facilitating the accessibility of the alkaline
liquor in the next step.36 The acid pretreatment is also expected
to remove some inorganic impurities. We analyzed grass-clover
samples prior to protein extraction (pristine) and press cake
samples from each pulping step by scanning electron
microscopy (SEM) in order to assess the structural changes
(Figure 3).
From the SEM images, the pristine grass-clover has a smooth

and ordered surface. After maceration and wet fractionation for
protein extraction, the press cake presents more fibrillation and
structural disruption. This effect is further enhanced after the
acid pretreatment, becoming a more fibrous and irregular
surface, confirming that the pretreatment makes the material
more accessible to the alkaline pulping liquor. After the soda
pulping step, the cellulose fibers are clearly seen, with the fiber
width ranging from 4 to 30 μm. The changes after the acid
pretreatment were even more pronounced in samples in which
chlorophyll extraction has been performed, indicating that
chlorophyll extraction also contributes to make the fibrous
structure more accessible. The morphologies of the chlorophyll-
extracted press cake samples were similar among the three
solvents. However, after the acid pretreatment, the samples
extracted with DMSO and ethanol show a more densely packed
structure than the acetone-extracted sample. Similarly, after soda
pulping, the cellulose fibers appear to be more clustered in the
DMSO sample compared to the acetone- and ethanol-extracted
samples. This more compact fiber structure could pose
challenges when dissolving the DMSO pulp compared with
the other samples.
We then dissolved the press cake samples in [P4444][OAc]−

DMSO-d6 (1:4) solution to further assess the changes in the
chemical composition by 2D NMR analysis, following the
protocol by Fliri et al.46 The [P4444][OAc]−DMSO-d6 solution
was used because it allows the dissolution of cellulose samples
containing lignin and hemicellulose. The heteronuclear single
quantum coherence (HSQC) spectra of the samples show a
substantial decrease in hemicellulose sugars and the removal of
starch after the acid pretreatment (Figure 4A,B; see Figure S2 for
an HSQC spectrum of a starch sample). The removed sugars are

Figure 2. Amounts of chlorophyll a extracted from larger batches of
press cake with varying extraction times, using the three different
solvents: acetone (black and gray), DMSO (orange), and ethanol (dark
blue). The data labeled “Acetone 1 h batch 1, 2, and 3” refer to multiple
extractions using the same press cake and new solvents (acetone) for
each cycle. Extraction conditions: a25 g of solid press cake and 1 L of
solvent under stirring; b50 g of solid press cake and 1 L of solvent shaken
200 times/min; and c50 g of solid press cake and 2 L of solvent under
stirring.
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present in the liquid fraction collected after the acid pretreat-
ment, along with amino acid residues derived from the proteins
remaining in the press cake (Figure S3). The final pulp is

composed mainly of cellulose, with xylan, levoglucosan end-cap
groups, and other unassigned groups also present (Figure 4C).47

The remaining hemicellulose groups identified by HSQC in the

Figure 3. SEM images of pristine grass-clover and press cake samples (with and without chlorophyll extraction) before and after each pulping step
(acid pretreatment and soda pulping). The samples were dried prior to SEM analysis and coated with a 4 nm layer of gold (sputter deposition).
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final pulp could also be identified by high-performance anion
exchange chromatography analysis (Figure S4) after acid
hydrolysis of the samples (Klason analysis).
By comparing final pulp samples with and without the acid

pretreatment, we also found that some intermediate products
are formed during the acid pretreatment (dashed rectangle in
Figure 4B), likely leading to one of the unassigned groups in the
final pulp (rectangle in Figure 4C), since these were absent in
the pulp in which no acid pretreatment was performed (Figure
4D). We also recorded a heteronuclear multiple bond
correlation (HMBC) spectrum of the final pulp, which shows
the connectivity between some of the cellulose carbons and
xylan carbons (Figure S5) and indicates that some of the
unassigned peaks in the HSQC of the final pulp could be HMBC
leakages (indicated by circles in Figure 4C).
The predominance of cellulose peaks in the HSQC spectrum

of the final pulp indicates high purity. Indeed, Klason analysis
revealed that the press cake processed under the initial

conditions resulted in pulps with approximately 90 wt % of
cellulose content (Figure 5, first line in the plot, duplicate
batches). In the Klason analysis, the polysaccharides are
hydrolyzed to their monosugar constituents. Therefore, in the
following analyses, the cellulose contents correspond to the
glucose contents found in the Klason analysis. In this matter, it is
possible that some glucose from hemicellulose is also accounted
as cellulose; however, based on the dominating amount of
cellulose peaks in the HSQC spectra, we considered this as a
minor artifact. Similarly, glucose moieties can be derived from
starch; however, the HSQC data show that no starch is left in the
final pulp. Additionally, the cellulose yields shown in Figure 6
were calculated based on the cellulose content in the final pulp,
the pulp mass, and the initial cellulose content in the press cake
(see Table 1).
We then varied the pulping conditions in order to optimize

the process. First, reducing the size of the individual straws prior
to the acid pretreatment, by cutting them into pieces of 2−3 cm,

Figure 4.HSQC spectra of press cake samples without chlorophyll extraction and processed under the “initial conditions” A) before acid pretreatment;
B) after acid pretreatment; C) after acid pretreatment and soda pulping; and D) after soda pulping without acid pretreatment. The samples were
dissolved in a [P4444][OAc]−DMSO-d6 (1:4) solution. The dashed-line rectangle in B highlights new peaks after the acid pretreatment, and the solid-
line rectangle in C highlights a peak present in the final pulp when acid pretreatment is performed but absent when acid pretreatment is not performed.
The circles in C highlight the HSQC peaks from HMBC leakage. Cross peaks in the spectra indicate −CH/-CH3 groups (orange) and −CH2 groups
(blue).
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did not drastically affect the cellulose content in the final pulp,
cellulose yield, or impurities (Figure 5, second line); the press
cake was thus not cut in further experiments. All press cake
samples were frozen prior to transport in order to preserve the
fresh raw material; therefore, they had a high content of water.
Drying the press cake at 50 °C overnight resulted in a slightly
lower cellulose yield (Figure 5, third line). Drying-induced
hornification of cellulosic fibers is a well-known phenomenon,48

which can cause the collapse of the fibers, hence reducing their
accessibility during pulping. Although drying the press cake
affected the cellulose yield, it did not significantly affect the
cellulose content in the pulp. Therefore, drying the press cake
could be beneficial from a cost and energy efficiency perspective
to avoid the need for low-temperature control. Alternatively, the
integration of protein extraction and pulping performed at the
same location with immediate processing of the press cake could
eliminate the need for either extensive low-temperature control
or drying.
As indicated by the HSQC data, the acid pretreatment not

only removes most of the hemicellulose but also degrades the
cellulose. Indeed, when the acid pretreatment was not
performed, the overall cellulose yield in the final pulp was
higher, while both ash and hemicellulose contents increased and
the cellulose content was reduced to 71 wt % (Figure 5, fourth
line), indicating the importance of the acid pretreatment to
enhance the accessibility of the cooking liquor in the soda
pulping step. Energy-dispersive X-ray analysis of the ashes in the
sample processed without the acid pretreatment shows a high
content of Ca, Mg, and P, while the ashes in the sample
processed under the initial conditions have a dominant content
of Si (Figure S6, ESI). Therefore, although the acid pretreatment
does not remove silica, it indeed removes other inorganic
impurities.

Using half of the volume of H2SO4 and NaOH solutions in
both steps (acid pretreatment and soda pulping) had a negligible
impact, with only slightly reduced cellulose content in the final
pulp (Figure 5, fifth line). Similarly to the sample processed
without acid pretreatment, we found higher amounts of
hemicellulose when either the acid pretreatment or both steps
were performed at lower temperatures (120 and 140 °C, Figure
5, lines 6 to 9), yet, when only the acid pretreatment temperature
is lowered, the final pulp still achieves a cellulose content of 85
wt %. Noteworthy, when both steps were performed at 140 °C,
the cellulose content in the final pulp was 87.5 wt % and the
cellulose yield was the highest (86.3 wt %). Therefore, reducing
the temperature of both steps to 140 °Cmaximizes the cellulose
yield by avoiding its degradation, while not extensively
compromising the cellulose content in the final pulp compared
to the initial conditions. The effect of different temperatures can
also be realized by measuring the mass yield after the acid
pretreatment: in three separate samples, we dried and weighed
the acid-pretreated press cake, finding that the mass yield after
the acid pretreatment increases as the temperature decreases: at
the three different pretreatment temperatures tested, 160 °C,
140 °C, and 120 °C, the mass yields were 44%, 51%, and 64%,
respectively. Since the difference cannot be solely attributed to
the hemicellulose content, these results indicate that more
cellulose is degraded during acid pretreatment at higher
temperatures.
Increasing the concentration of H2SO4 to 0.3 wt % did not

result in a higher cellulose content in the final pulp; however, it
drastically reduced the cellulose yield, pointing to a higher
degree of cellulose degradation (Figure 5, line 10). In samples in
which chlorophyll had been extracted prior to the acid
pretreatment, the results were similar to the “initial conditions”
(Figure 5, lines 11 to 13), except for the notably lower cellulose

Figure 5. Cellulose content, cellulose yield, and impurities (ashes, Klason lignin, acid-soluble lignin (ASL), and hemicellulose) in the final pulp
processed in different conditions. The deviation from the initial conditions is specified in the centered axis labels. The full table with the plotted values
is available in the Supporting Information, along with all conditions for each experiment (Tables S4 and S5). “Both steps” refers to changes applied to
both acid pretreatment and soda pulping.
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yield when DMSO was used in the extraction. This can be the
result of the higher degree of disturbance of the cells when
DMSO is used. Due to its higher penetration, DMSO swells the
fibers, leaving the cellulose chains overexposed to the acid
solution during the pretreatment, resulting in higher degrada-
tion during that step.
We evaluated a few more variations of the conditions in terms

of the cellulose yield and cellulose content in the pulp (Table S4,
ESI), and the following conclusions could be drawn: first,
increasing the concentration of NaOH to 8 wt % during the soda
pulping step, with both steps at 140 °C, had a similar cellulose
content in the final pulp as the sample with both steps at 140 °C
and a concentration of NaOH at 4 wt %, but the cellulose yield
was reduced (Table S4, line 16). Lowering the concentration of
theNaOH solution and the pretreatment/pulping time had little
effect on the process at 120 °C (Table S4, lines 17 and 18);
however, having it preceded by chlorophyl extraction with
DMSO once again showed a large decrease in the cellulose yield
but a higher cellulose content (Table S4, line 19). Such cellulose
loss was further pronounced at “initial conditions” temperatures
and an NaOH solution of 8 wt % (Table S4, line 20).
Finally, we processed a sample of pristine grass-clover using

the initial conditions to compare to the results of the press cake,
and we found that the final pulp had a similar quality to the press
cake pulp, meaning their cellulose and impurity content did not
differ (Figure 5, line 14). However, in the former, the valuable
stream of proteins would be lost. Therefore, although one could
directly refine the pristine grass-clover into cellulosic pulp, we
stress here that adopting a prior step of protein extraction is

more interesting from a sustainable production perspective,
adding to a better cascade valorization biorefinery that produces
several products and increases the use efficiency of the raw
material.
Apart from the resulting pulp, lignin could be obtained from

the black liquor by acid precipitation. Considering the amount
of acid-insoluble lignin (Klason lignin) in the press cake (8.7 wt
%), we achieved an 81 wt % yield of lignin recovery when using
the initial conditions in the pulping and a broad range when
varying the pulping conditions (Figure 6A). Notably, lower
recovery yields were found for conditions at lower temperatures,
which might be a consequence of less repolymerization or
modification of acid-soluble lignin fractions during the pulping
under lower temperatures. The sample in which chlorophyll was
extracted with DMSO had an even lower recovery yield of lignin
and the lowest Klason lignin content in the isolated lignin
sample. Based on the higher absorbance observed at λ ≤ 400 nm
for chlorophyll extracts when using DMSO, we speculate that
higher lignin removal during chlorophyll extraction results in
lower lignin recovery (Figures 1A and S7). We also found that
some DMSO remains trapped in the press cake after chlorophyll
extraction, as revealed by the NMR analysis of the acid
pretreatment filtrate (Figure S8). Therefore, it is also possible
that the residual DMSO reacts with lignin during the acid
pretreatment, partially oxidizing and degrading the lignin.49

We further characterized the lignin samples by gel permeation
chromatography (GPC) and NMR analyses. When chlorophyll
pigments were extracted from the initial press cake using
acetone, a low molecular weight fraction (≈200 Da) was lost,

Figure 6. Yield, purity, and characterization of press cake lignin obtained from black liquor. A) Recovery yield and purity from different pulping
conditions. B) Molecular weight distribution measured by gel permeation chromatography. C) HSQC spectra and D) 31P NMR spectra of lignin
obtained in the “initial conditions” with and without chlorophyll pigments extraction with acetone prior to pulping. Number labels in D indicate the
different −OH groups as follows: 1 = aliphatic, 2 = cholesterol (internal standard), 3 = S-units, 4 = G-units, 5 = H-units, and 6 = carboxylic acids.
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giving a narrower distribution of the molecular weight, withMw
= 6.2 kDa, while the lignin from the press cake processed with
the “initial conditions” had an Mw = 5.4 kDa (Figure 6B). By
comparing the HSQC spectra of both lignin samples, it becomes
evident that the absence of a lowmolecular weight fraction in the
chlorophyll-extracted press cake lignin is due to some extractives
that are extracted together with the chlorophyll pigments
(Figure 6C). Such peaks are seen in the range between 5.0 and
6.5 ppm and are more numerous in the lignin processed with the
“initial conditions”. The GPC data revealed several other
differences for press cake lignin samples obtained from the other
pulping conditions (Figure S9): first, notably higher amounts of
lighter fragments were found when only the pretreatment
temperature was lowered and for the pristine grass-clover
sample; a higher amount of heavier fragments was found for the
sample in which both steps (pretreatment and soda pulping)
were performed at 120 °C; finally, the sample with reduced size
(press cake cut into 2−3 cm pieces) had an overall lower
molecular weight compared to the “initial condition” sample,
and the sample with a higher concentration of H2SO4 in the
pretreatment had a slightly higher molecular weight.
Apart from the extractives, the HSQC also reveals the

presence of H-, G-, and S-units in the lignin samples, which is
expected for herbaceous lignin.50,51 These units could also be
confirmed by 31P NMR analysis of phosphitylated lignin samples
(Figure 6D),52 allowing for the quantification of the different
−OH groups (Table S6). Compared to wood-derived lignin, the
press cake lignin shows higher values of −COOH groups,
ranging from 1.1 to 2.3 mmol·g−1 versus 0.46 mmol·g−1 reported
for softwood Kraft lignin.53 This feature is interesting for
applications such as surfactants and for further modifications of
the lignin since the−COOH groups may work as anchor groups
or reactive sites.13,14

With all these results in hand, we identified that having the
acid pretreatment and the soda pulping steps at 140 °C, in
combination with prior extraction of chlorophyll pigments and
proteins, is the optimal condition to afford a cellulosic pulp with
high cellulose content, approximately 87 wt %, and a high
cellulose yield (86 wt %). The “initial conditions” provide a
higher lignin recovery yield but a lower cellulose yield. The most
favorable solvent for the chlorophyll extraction is either acetone
or ethanol due to several reasons discussed in the previous
section plus the fact that DMSO extraction decreases both
cellulose and lignin yields. On the other hand, in some

applications that do not require a high-purity pulp, or for
processes where further bleaching and post-treatment to remove
impurities are affordable and sustainable, the other pulping
conditions explored in this work could be sufficient, with the
exception of the increased concentration of H2SO4, in which the
cellulose yield is drastically lowered. A trade-off between pulp
properties and costs should be considered when assessing the
most suitable process conditions for a specific application. In
order to test if the pulps could qualify for dissolving-grade pulps,
we proceeded with samples with the highest cellulose contents.
Spun-Fibers from Press Cake Cellulosic Pulp. Intrinsic

viscosity is a critical property to assess the potential of cellulosic
pulp to be dissolved and spun into fibers for textiles since it
reflects the size of the cellulose chains. Ideally, dissolving pulp
should have an intrinsic viscosity in the range of 400−600 cm3·
g−1, and in processes such as viscose and cold alkali, it needs to
be reduced to 200 cm3·g−1.23,25 We selected press cake pulp
samples with the highest content of cellulose and measured their
intrinsic viscosity, comparing them to a reference sample of
dissolving-grade pulp suitable for the cold alkali dissolving
method. Most of the selected samples had an intrinsic viscosity
between 340 and 388 cm3·g−1 (Figure 7A), but a much lower
value was found for the pulp processed with a NaOH solution at
a higher concentration (8 wt %), which indicates that during the
pulping step, a higher concentration of NaOH can lead to the
shortening of the cellulose fibers. Despite its low cellulose yield,
this sample had an intrinsic viscosity closer to that of the
reference pulp sample.
The crystallinity indices (CIs) were qualitatively determined

for the same selected samples by the absorbance ratio of the
peaks at ∼1430 cm−1 (crystalline region) and ∼893 cm−1

(amorphous region).54,55 The crystallinities, ranging from 0.95
to 1.01 (Table S7 and Figure S10), correlate to a moderate
content of amorphous cellulose, which favors pulp dissolution.56

Given the similarities of the selected samples, further measure-
ments of the metal ion contents, specific surface area (SSA), and
water retention value (WRV) were performed for the pulp
obtained under the initial conditions to assess its dissolution and
spinning suitability (Table S8). The WRV and SSA were 1.64 g·
g−1 and 8.28 m2·g−1, respectively. These values are higher than
reported data for softwood pulp,57 and they indicate swelling
ability and porosity that would contribute to solvent accessibility
during dissolution. The metal ion content was high, which may
complicate spinning as they could obstruct the spinneret,58

Figure 7. A) Intrinsic viscosity of selected press cake pulp samples and reference dissolving pulp provided by TreeToTextile AB. Samples marked with
an asterisk are samples pulped under the initial conditions in which chlorophyll pigments were extracted prior to pulping, with the solvent specified on
the labels. B) Optical microscopy images showing the behavior of cellulosic pulp from chlorophyll-extracted press cake (acetone) in NaOH solution (8
wt %). The samples were cooled to−10 °C and kept at this temperature for 1 h. C) SEM images of spun-fiber from wet-spinning, using press cake pulp
processed under the “initial conditions” dissolved in [Emim][OAc] and coagulated in water.
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requiring extra attention to the filtration of the spin dope prior to
spinning. In some dissolution methods, the metal ions can also
degrade the solvent and hamper the chemical recovery.59 In this
case, further removal of the metal ions would be required.
Considering the properties discussed above, we performed

some dissolution trials to further assess the potential of the press
cake pulp as a dissolving pulp. First, a small-scale investigation of
the cold alkali method was performed. The cold alkali method
consists of dissolving the pulp in a solution of NaOH at low
temperatures. We monitored the behavior of few fibers from the
press cake pulp under these conditions using optical microscopy
(Figure 7B). Initial fragmentation of the fibers at 1 °C was
observed, while at−10 °C, the fibers started to swell, followed by
further fragmentation. This indicated that the press cake pulp
had the potential to be dissolved by the cold alkali method,
enabling further spinning into textile fibers.
However, our large-scale trials with the cold alkali method

were not successful (4.5 wt % of pulp in 8 wt % NaOH(aq)
solution), yielding a mixture with most of the pulp undissolved.
The cold alkali method requires a pulp with lower intrinsic
viscosity compared to dissolution methods that use ionic
liquids.60 Therefore, we proceeded to dissolve the pulp in an
ionic liquid. By adopting this method, we could successfully spin
a press cake pulp dissolved in 1-ethyl-3-methylimidazolium
acetate ([Emim][OAc]) using wet-spinning. The obtained
filaments were analyzed by SEM, revealing aligned fibers with an
overall smooth surface, few defects, and low fibrillation (Figure
7C). The cross-sectional image of the spun-fiber shows a smooth
internal structure with only few pores (Figure 7C, top right),
similar to cellulose spun-fibers from [Emim][OAc] solutions
reported in the literature.61 This result confirms the potential of
press cake pulp usage in textile production. Further investigation
of the wet-spinning conditions and characterization of the
mechanical properties of the spun-fibers are essential next steps
to enable their commercial applications. Such studies are
currently being carried out in our group for future publication.

■ CONCLUSIONS
We investigated several conditions to refine the grass-clover
press cake, succeeding to obtain three products: chlorophyll
extract, lignin, and cellulose pulp. The preceding protein
extraction did not affect the pulping, amounting to at least
four different value-added streams obtained from the grass-
clover raw material. Although not covered in this work, the
sugars from hemicellulose present in the acid pretreatment
filtrate are a possible fifth valuable stream that could be used for
fermentation or as feedstock to produce platform chemicals.
We found that the pulping temperatures required are between

160 and 140 °C, and at 140 °C, the cellulose recovery yield is
maximized. The final cellulosic pulp was suitable for dissolution
in [Emim][OAc] and spun into textile-grade filaments by the
wet-spinning method, which can contribute to supply the
growing demand for cellulose-based textile-fibers. Other pulping
conditions explored could produce pulps with inferior purity, yet
they might also find applications in different fields, such as
packaging.
Chlorophyll pigments�especially chlorophyll a�and lignin

presently have several emerging applications in renewable
energy and biobased materials. Apart from these novel
applications, chlorophyll pigments have established applications
as natural colorants in the food and beverage industry, as well as
components in cosmetics and nutraceuticals.

Integrating protein extraction, chlorophyll extraction, and
pulping has the potential to benefit the overall sustainability and
economic feasibility of the several products obtained in the
process. Such predictions require future work with combined
process optimization and scalability testing, in which robust
metrics are performed (life cycle assessment and technoeco-
nomic analysis) considering the whole integrated process.
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