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ABSTRACT

Green solvents have emerged as a promising alternative to establish the biorefinery concept in the framework in which biomass
is processed. These solvents are used in strategies of the bio-based circular economy, promoting efficient and sustainable
bioprocessing. This paper is a comprehensive review, overviewing technologies regarding pretreatments with green solvents and
their potential for industrial applications within lignocellulosic biomass biorefineries. It is presented a discussion on the positive
and negative aspects of pretreatment technologies employing four green solvent classes: deep eutectic solvents (DES), ionic
liquids (IL), supercritical fluids, and biomass-derived solvents. Their performance is assessed in terms of effectiveness on
modifying lignocellulose’s structure.
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1 INTRODUCTION

The biorefinery concept is the cornerstone of a framework in which biomass is processed into multiple products such as biofuels,
bioactive compounds, and biomaterials. Lignocellulosic biomass is the most abundant plant resource from where monomers can
be derived and transformed into value added bio-based chemicals.! However, their recalcitrant fibers are complex materials to
process. The use of biomass as a feedstock includes several process steps, such as extraction, fractionation, conversion, and
separation.? Since the selection of a proper solvent for processing biomass depends on the environmental impact it promotes,
green solvents have emerged as an alternative to minimize the process impact.

Chemicals such as deep eutectic solvents (DES), ionic liquids (ILs), supercritical fluids, and biomass-derived solvents can be
taken as green solvents.® As will be discussed in this review, these solvents have shown promising features to be used as
substitutes for conventional solvents in biomass pretreatments. In addition to their effective performance, they present interesting
characteristics such as recyclability, low toxicity, and biodegradability.

This paper presents a comprehensive review concerning the current use of green solvents in lignocellulosic biomass
pretreatments. It overviews technologies and provides a discussion on their potential for industrial applications and commercial
viability. Studies from the last six years (2018-2023) concerning the development of innovative pretreatments for lignocellulosic
biomass using green solvents were reviewed.

2 MATERIAL & METHODS

The literature review was performed in the Web of Science and Science Direct databases, using a set of predefined keywords,
and their possible combinations and Boolean operators. The keywords “deep eutectic solvents”, “ionic liquids”, “supercritical
fluids”, and “biomass-derived solvents” were followed by the operator “and”, “pretreatment”, and “lignocellulosic biomass” to
increase the obtained results’ relevance. Only peer-reviewed journal articles were included, and articles collected from the two

different databases were merged to remove duplicates.

A single database consisting of 177 papers was obtained and assessed using a method* to compare the impact factor of the
journals, year of publication, and number of citations of publications. The most relevant articles were selected based on the scope
and research question of this review. Thus, they were assessed in terms of the efficiency of components removal and retention,
considering the chemical structure of lignocellulosic biomass before and after pretreatments.

3 BIBLIOGRAPHIC REVIEW DATA

To gain deeper insights into the trends in publications regarding green solvents and lignocellulose pretreatment, Fig. 1 displays
the bibliographic review data collected from Web of Science and Science Direct databases. Among the 177 articles collected in
this bibliographic research, China is the most productive country, with 78 publications, followed by USA and India, which published
20 and 14 papers, respectively. A great deal of those studies focused on developing lignocellulosic biomass pretreatments to
enhance enzymatic hydrolysis and bioethanol production.



In the following section, we assess the relevance of the techniques and innovations described in selected papers, grouping the
discussion per class of green solvents.
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Figure 1 Trend in the number of articles published over 6 years reporting the use of green solvents in the pretreatment of lignocellulosic
biomass, according to the relevance criteria and predefined keywords.

Deep eutectic solvents (DES), defined as a liquid mixture of two or more solids that associated to form a liquid at a temperature
lower than the melting points of its pure compounds,® are commonly composed of hydrogen-bond acceptor (HBA) and hydrogen-
bond donor (HBD) non-toxic components. The flexible chemical properties of DES have attracted the attention of research groups
that evaluated this promising class of solvents in fractionating lignocellulosic biomass. For instance, the studies by Shen et al.,®
Lin et al.,” and Chen et al.® evaluated pretreatments based on DES solvents formulated with choline chloride (ChCl) as the HBA.
The authors demonstrated that in addition to enhancing enzyme accessibility to cellulose, the proposed pretreatments maintained
the structural integrity of the obtained lignin and yielded satisfactory solvent recovery rates.. Although ChCl is the most common
HBA (mixed with different carboxylic acids, and combinations of carbohydrates, urea derivatives, and chloride salts), publications
such as Guo et al.? and Chen et al.1° have shown that benzyltriethylammonium (BTEAC) chloride and guanidine hydrochloride
could also be used for that purpose. It is important to mention that current studies on DES efficiency must consider the demand
for economic evaluations. Moreover, some critical issues for the fractionation efficiency are the pH of DES and the solvent’s
properties, such as viscosity.

lonic liquids (ILs) are presented as suitable replacements for organic solvents due to their interesting properties such as non-
flammability, thermal stability, negligible vapor pressure, and good performance.!! ILs are classified as organic salts, consisting
of cations (commonly organic) and anions of varying types and structures, such as nitrates, acetates, trifluoroacetates,
tetrafluoroborate, and others. Their tunable nature and low melting point (usually lower than 100°C) make ILs a promising
alternative for biomass processing studies. Publications such as Alayoubi et al.’?> and Nargotra et al.*® evaluated aprotic ionic
liquids (AlLs) composed of organic molecular-cations in the pretreatment of biomass for enhancing saccharification and sequential
hydrolysis. The authors showed that the AlL-based pretreatments were able to increase the process sugar and ethanol yields.
However, although AlLs have been the major class of ILs for most applications since the mid-90’s, their synthesis is conducted
through an expensive multistep process involving alkylation and anion exchange.* On the other hand, protic ionic liquids (PILS)
can be synthesized in a single step reaction, thus, more suitable for the establishment of mass production. Gschwend et al.,*®
Chambon et al.,*® and Pin et al.'” investigated the use of different formulation of PILs in the pretreatment of lignocellulosic biomass.
Their results showed the efficacy of the proposed pretreatments to increase the ethanol yield, and their effectiveness for biomass
delignification. Moreover, the feasibility of the conversion of lignocellulose through PIL-based pretreatments have been also
demonstrated by techno-economic studies.'®

Supercritical fluids (SF), such as supercritical carbon dioxide (scCO2) can be used solo or in combination, for instance, to improve
organic solvent diffusion into lignocellulosic material. SF are appreciated as green solvents, suitable for the lignocellulose
pretreatment.*® Hermsdorff and coworkers,?° for example, reported the use of a pretreatment technique based on scCO2, aqueous
ethanol, and organic acid catalysts. The authors reported that the pretreatment produced pulps with better accessibility to
enzymes, demonstrated by increased enzymatic hydrolysis. SF-based pretreatments have also demonstrated to be effective for
obtaining lignin with high antioxidant activity at high recovery yields in the publication by Du et al.?! It is important to mention that
the authors evaluated a ternary scCO2/ethanol/water pretreatment system, suggesting the positive perspective of using the SF
combined with organic solvent and water pretreatments. Indeed, the use of combined solvents at favorable pressure and
temperature conditions helped to overcome scCO2 weaknesses, such as its low efficiency for removing lignin. The advancement
of research involving combined organic and supercritical fluid (SF) solvents pretreatment has the potential to capitalize on certain
strengths of SF technology, such as its effectiveness in rapidly dissolving hemicellulose.

The bio-based solvents category refers to solvents obtained from a wide range of renewable sources (e.g., crops and agro-
industrial residues). Innovative biomass-derived solvents suchlike tetrahydrofuran (THF) and y-valerolactone (GVL) have risen as
alternatives to solvents derived from fossil resources. For instance, studies such as Meng et al.?? investigated the effect of
pretreatment strategies based on THF to solubilize and fractionate lignin, showing that a THF-based pretreatment remove a similar
amount of lignin as that removed in the EtOH-based strategy four times faster. On the other hand, GVL’s relevance is
demonstrated by the increasing number of publications devoted to its use in the pretreatment of biomass. The papers by Tan et
al.,”® Wu et al.,?* and Yin et al.?> demonstrated that GVL is an effective solvent in biomass fractionation and can produce lignin of
uniform molecule weight distribution, in pretreatments catalyzed by various acids. Dimethyl isosorbide (DMI) is also a versatile
chemical platform that stands out among the newly developed biomass-derived solvents. The group of Yang et al.?6 have shown
that the acid catalyzed DMI/H20 pretreatment is effective to remove > 90% of lignin and hemicellulose. It must be noted that



despite being renewable, biomass-derived solvents such as 2-MeTHF often present significant environmental concerns. Hence,
the production of the biomass-derived solvents must rely mostly on the use of biomass residuals from land used primarily for
growing crops.

4 CONCLUSION

This work demonstrates the flexibility in using different green solvents, catalysts, and process conditions to develop
fractionation processes. An increasing number of research groups have focused on different approaches to utilize the
lignocellulose completely. Particularly, research on pretreatments to enhance the enzymatic hydrolysis is still the most
common application.

REFERENCES

1 WERPY, T.; PETERSEN, G. 2004.Top Value Added Chemicals from Biomass: Volume | -- Results of Screening for Potential Candidates
from Sugars and Synthesis Gas.
CLARK, J. H.; DESWARTE, F. E. I.; FARMER, T. J. 2009. Biofuels, Bioprod. Biorefining. 3 (1). 72-90.
HACKL, K.; KUNZ, W. 2018. Comptes Rendus Chim. 2018. 21 (6). 572-580.
PAGANI, R. N.; KOVALESKI, J. L.; RESENDE, L. M. 2015. Scientometrics. 105 (3). 2109-2135.
SMITH, E. L.; ABBOTT, A. P.; RYDER, K. S. 2014. Chem. Rev. 2014. 114 (21). 11060-11082.
SHEN, X.-J.; WEN, J.-L.; MEI, Q.-Q.; CHEN, X.; SUN, D.; YUAN, T.-Q.; SUN, R.-C. 2019. Green Chem. 21 (2). 275-283.
LIN, W.; XING, S.; JIN, Y.; LU, X.; HUANG, C.; YONG, Q. 2020. Bioresour. Technol. 306 (March), 123163.
CHEN, Z.; REZNICEK, W. D.; WAN, C. 2018. Bioresour. Technol. 2018. 263 (March). 40-48.
GUO, Z.; ZHANG, Q.; YOU, T.; ZHANG, X.; XU, F.; WU, Y. 2019. Green Chem. 21 (11) 3099-3108.
10 CHEN, Z.; JACOBY, W. A.; WAN, C. 2019. Bioresour. Technol. 279. 281-286.
1 SINGH, S. K.; SAVOY, A. W. 2020. J. Mol. Lig. 297. 112038.
2 ALAYOUBI, R.; MEHMOOD, N.; HUSSON, E.; KOUZAYHA, A.; TABCHEH, M.; CHAVERIAT, L.; SARAZIN, C.; GOSSELIN, I. 2020.
Renew. Energy. 145. 1808-1816.
13 NARGOTRA, P.; SHARMA, V.; GUPTA, M.; KOUR, S.; BAJAJ, B. K. 2018. Bioresour. Technol. 267 (May). 560-568.
14 AUSTEN ANGELL, C.; ANSARI, Y.; ZHAO, Z. 2012. Faraday Discuss. 154. 9-27.
15 GSCHWEND, F. J. V.; MALARET, F.; SHINDE, S.; BRANDT-TALBOT, A.; HALLETT, J. P. 2018. Green Chem. 2018. 20 (15). 3486—3498.
16 CHAMBON, C. L.; MKHIZE, T. Y.; REDDY, P.; BRANDT-TALBOT, A.; DEENADAYALU, N.; FENNELL, P. S.; HALLETT, J. P. 2018.
Biotechnol. Biofuels. 11 (1). 1-16.
7 PIN, T. C.; NAKASU, P. Y. S.; MATTEDI, S.; RABELO, S. C.; COSTA, A. C. 2019. Fuel. 235 (March 2018), 1506—1514.
18 LEAL SILVA, J. F.; NAKASU, P. Y. S.; COSTA, A. C. DA; MACIEL FILHO, R.; RABELO, S. C. 2022. Ind. Crops Prod. 189, 115788.
19 ESCOBAR, E. L. N.; DA SILVA, T. A,; PIRICH, C. L.; CORAZZA, M. L.; PEREIRA RAMOS, L. 2020. Front. Bioeng. Biotechnol. 8 (April), 1-
18.
2 HERMSDORFF, G. B.; ESCOBAR, E. L. N.; DA SILVA, T. A.; FILHO, A. Z.; CORAZZA, M. L.; RAMOS, L. P. 2023. Carbohydr. Polym. 300
(September 2022), 120263.
2 DU, B.; LI, W.; BAI, Y.; PAN, Z.; WANG, Q.; WANG, X.; LV, G.; DING, H.; ZHOU, J. 2023. Bioenergy Res. 16 (2), 954-966.
2 MENG, X.; BHAGIA, S.; WANG, Y.; ZHOU, Y.; PU, Y.; DUNLAP, J. R.; SHUAI, L.; RAGAUSKAS, A. J.; YOO, C. G. 2020. Ind. Crops Prod.
146 (August 2019) 112144.
TAN, X.; ZHANG, Q.; WANG, W.; ZHUANG, X.; DENG, Y.; YUAN, Z. 2019. Fuel. 249 (November 2018), 334—-340.
2 WU, Y.; JI, H.; JI, X. 2023. Cellulose. 30 (5), 2859-2872.
% YIN, X.; CAl, T.; LIU, C.; HUANG, C.; WANG, J.; HU, J.; LI, N.; JIANG, J.; WANG, K. 2022. Chem. Eng. J. 437 (P1), 135408.
% YANG, S.; YANG, X.; MENG, X.; WANG, L. 2022. Green Chem. 24 (10), 4082-4094.

© ® N o O A~ W

ACKNOWLEDGEMENTS

This work was supported by the Sdo Paulo Research Foundation — FAPESP [grant numbers 22/15814-2, 22/07277-7, and 21/11380-5]; the
National Council for Scientific and Technological Development - CNPq [grant numbers 302858/2022-9 and 304518/2022-0]; and the Coordenacao
de Aperfeicoamento de Pessoal de Nivel Superior - CAPES [finance code 001].




