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In future biorefineries, the development of inexpensive and renew-
able reagents is highly desirable. In this work, we report a renew-
able and new class of deep eutectic solvent (DES) synthesized
from lignin-derived phenolic compounds. Novel DESs tested in this
work showed their potential as solvents for biomass pretreatment
in terms of lignin removal and sugar release after enzymatic sac-
charification. The recycling and reusability of DESs were also eval-
uated. The results from this study prove that DESs synthesized
from renewable resources are promising solvents for future
biorefineries.

In current biorefineries, biomass pretreatment to remove
lignin and increase enzyme accessibility to sugars still remains
an essential step." Recently, room temperature ionic liquids
(ILs) have gained considerable attention as a new solvent for
biomass pretreatment due to their greener solvent
properties.>” Nearly universal solvating capabilities, negligible
vapor pressures and high thermal stability have made ILs
more versatile solvents.” After the pretreatment of biomass
using ILs, cellulose and hemicellulose are readily recovered for
further hydrolysis to glucose and xylose, respectively.®’
Pretreatments employing ILs can occur under milder con-
ditions, and ILs have been proved to be recycled and reused
after biomass processing.®

Due to their potential for large-scale application, ILs pre-
pared from cheap and renewable resources are highly desir-
able. Recently, renewable ILs have been prepared and studied
using biomass derivatives and tested for biomass pretreat-
ment. Socha et al. reported a new process for synthesizing ILs
from materials derived from hemicellulose and lignin, includ-
ing vanillin, anisole and p-anisaldehyde.> They newly syn-

“Deconstruction Division, Joint BioEnergy Institute, Emeryville, CA, USA

bBiological and Engineering Sciences Center, Sandia National Laboratories,
Livermore, CA, USA. E-mail: seesing@sandia.gov; Tel: +1 510 486 7315

‘Biological and Engineering Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA, USA

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢7gc03029k

This journal is © The Royal Society of Chemistry 2018

P Tanmoy Dultta,

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Biomass pretreatment using deep eutectic
solvents from lignin derived phenols+

a,c

ab Jian Sun, (2P Blake Simmons and

thesized ILs by the reductive amination of three monomeric
aldehydes followed by reacting with phosphoric acid, and
investigated the pretreatment efficacy of renewable ILs.
Enzymatic saccharification of pretreated switchgrass yielded
90% and 96% of total possible glucose from ILs made of fur-
fural and anisole, respectively. ILs with high sugar yield
showed the high net basicity, implying high capability of
removing lignin during the pretreatment step. It clearly
showed that biomass-derived ILs perform comparably to tra-
ditional ILs in biomass pretreatment although the method
reported was limited to monomers with certain functionality
(aldehyde) and requires multiple steps to synthesize ILs.

More recently, DESs have been gaining attention as suitable
alternative solvents compared to conventional ILs.” DESs typi-
cally form by complexion of quaternary ammonium salts (e.g.
choline chloride, ChCl), hydrogen bond acceptors, with hydro-
gen bond donors (HBDs) such as alcohols or carboxylic
acids.'®"" 1t is believed that the interaction of the HBD with
the quaternary salt reduces the anion-cation electrostatic force
forming hydrogen bonds, which results in a significant
decrease in the freezing point of the mixture.'®'> DESs share
the promising solvent properties of ILs, typically including low
volatility, wide liquid range, non-toxicity and biocompatibility.”
Additionally, DESs have several advantages over traditional ILs
such as their ease of synthesis and wide availability from rela-
tively inexpensive components, which allow large scale appli-
cation."® Recent studies on biomass processing using DESs
have been focusing on the extraction of biomass component*
and biomass solvation.® Although a few studies on biomass
pretreatment using DESs have been published,"”'® most of the
reported DESs were prepared using acids (oxalic acid, levulinic
acid, malonic acid, etc.), alcohols (glycerol, ethylene glycol,
etc.), and amines (urea). There are very few DESs reported
utilizing lignin-derived phenolics and their application to
biomass pretreatment is not well reported yet.

In this work, we design a new class of renewable DESs with
lignin-derived phenols. As lignin accounts for 20-30% of
biomass depending on the type of feedstock, large production
of lignin is expected in lignocellulosic biorefineries. Thus,
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lignin valorization is a very important topic for future bioecon-
omy. With this in mind, we focused on the use of lignin-
derived compounds as potential raw materials for DES prepa-
ration. We believe that biomass processes utilizing DESs
directly from biomass could lower costs by achieving the
closed-loop biorefinery proposed in Fig. 1.> In addition to the
introduction of renewable DESs, we also report their appli-
cation to biomass pretreatment.

As listed in Table S1,T ten phenolic compounds were tested
as a HBD to synthesize novel DESs at varying molar ratios with
ChCL An initial screening test showed that four monophenolic
HBDs formed DESs with ChCl, which are 4-hydroxybenzyl
alcohol (ChCI-HBA), catechol (ChCI-CAT), vanillin (ChCI-VAN)
and p-coumaric acid (ChCI-PCA) under the synthesis con-
ditions tested in this work. As summarized in Table S1,} both
HBA and CAT formed DESs with ChCl at three different molar
ratios (1:0.5, 1:1 and 1: 2). However, ChCl-VAN was observed
to form at the 1:2 molar ratio and ChCl-PCA DES was not
formed at the 1:2 molar ratio. It is noted that two DESs,
ChCI-VAN and ChCI-PCA, turned to the solid phase upon
storing at room temperature after 2-3 days. A strong hydrogen
bond between ChCl, a hydrogen bond acceptor, and a HBD
was formed during the synthesis at 100 °C, the strength of
which decreased at room temperature resulting in the phase
transition to solid slowly. Thus, ChCI-VAN and ChCI-PCA
resulted in a new eutectic with a melting point between room
temperature and 100 °C, respectively. Table S1t also shows
that 4-hydroxylbenzoic acid, ferulic acid and vanillic acid par-
tially formed DES under given synthesis conditions. Based on
the screening test, it is believed that the phenolic hydroxyl
group (Ar-OH) plays an important role to form a strong hydro-
gen bond with ChCl for DES formation. Interestingly, the
HBDs with methoxyl groups in the ortho position (guaiacyl
unit and syringyl unit) did not form DES compared to the
HBDs without methoxyl groups. For example, syringyl acid and
sinapic acid did not show any physical changes such as
melting point depression during the synthesis. It is therefore
likely that steric hindrance by the methoxyl group adjacent to
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the hydroxyl group is a major cause that interrupts formation
of a DES. However, it should be noted that the fundamental
principles behind DES formation are difficult to be estab-
lished. Hydrogen bonds present different contact distances
and binding energies that are not dependent only on the
chemical nature of the donor and acceptor, which is different
from normal chemical bonds.”"”

Table 1 shows the list of four DESs chosen after the screen-
ing test and they were used for biomass pretreatment.
Pretreatment of switchgrass with four DESs was conducted at
160 °C for 3 hours, a condition previously determined to be
optimal for switchgrass.® After pretreatment, the residual DESs
were washed out to remove potential inhibitory effects on enzy-

Table 1 List of DESs used for biomass pretreatment

Ty, of Molar ratio of
Entry Compound Structure HBD (°C) ChCl: HBD
1 4-Hydroxybenzyl CH,0OH 114-122  1:1

alcohol (HBA)

s

OH
2 Catechol (CAT) 100-103  1:1
OH
OH
3 Vanillin (VAN) CHO 81-83 1:2°
i “~OCH,
OH
4 p-Coumaric acid COOH 214 1:1°
(PCA) /;
OH

“Changed to solid after 2-3 days.

OH OCH;

Y
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OCH;
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; “OH © i “OCH,8
OH OH

OH

Fig. 1 Future biorefinery concept using renewable DESs derived from lignocellulosic biomass (modified from ref. 2).
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matic hydrolysis and subsequent fermentation steps by pheno-
lic compounds. It has been reported that phenolic com-
pounds, especially the low molecular weight phenols, exert a
considerable inhibitory effect on the fermentation of ligno-
cellulosic hydrolysates.'®*?° The recovered solid after the pre-
treatment was subjected to compositional analysis to evaluate
the pretreatment efficacy of DESs. Table 2 shows the compo-
sitional analysis of cellulose, hemicellulose and lignin
obtained from raw and pretreated switchgrass. As shown in
this table, the amount of glucan increased regardless of the
type of DES tested for the pretreatment. Among the four DESs,
ChCI-HBA provided the highest solid recovery (83.3%) but
showed the poorest pretreatment performance with respect to
lignin removal, whereas other DESs showed a relatively high
lignin removal. The order of lignin removal is: ChCI-PCA
(60.8%) > ChCI-VAN (52.5%) > ChCI-CAT (49.0%) > ChCl-
HBA (0.4%). Lignin removal of lignocellulosic biomass after
pretreatment highly depends on reagents, reaction conditions,
etc. For example, ionic liquid pretreatment of switchgrass
using cholinium lysinate or 1-ethyl-3-methylimidazolium
acetate can remove lignin up to 69% and 87%, respectively.*!
Dilute acid pretreatment, however, has been reported to
remove only a small amount of lignin (~8%) due to lignin
accumulation.”® In this respect, a considerable amount of
lignin was removed after pretreatment using DESs, showing its
potential as the pretreatment reagent. It is believed that DESs
with high lignin removal are capable of solubilizing lignin
during the pretreatment, resulting in the high glucan yield>*
although they show lower solid recovery (57-67%).
Additionally, xylan was also removed during the pretreatment
step. As shown in Table 2, a substantial amount of xylan was
undesirably removed when switchgrass was pretreated with
ChCI-PCA (70.7%), followed by ChCI-VAN (49.6%) and
ChCI-CAT (43.2%). From the technoeconomical perspective,
after pretreatment, hemicellulose-derived sugars need to be
fully recovered along with glucan for the total utilization of
biomass-derived sugars. The DESs tested in this work,
however, showed poor xylan recovery during the pretreatment
step, which requires a more in-depth study to develop new
DESs that can recover both glucan and xylan.

Clearly, pretreatment using renewable DESs prepared in
this work (except for ChCI-HBA) removed substantial amounts
of lignin. To analyze the digestibility of sugars from the pre-
treated switchgrass, enzymatic hydrolysis was conducted using
commercial enzyme cocktails, Cellic® CTec2 and HTec2
(Novozyme). Glucose and xylose yields after 72 h are shown in

View Article Online
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Fig. 2 Saccharification yield from the DES pretreated switchgrass
(expressed as the percentage of the theoretical maximum based on the
initial glucan and xylan contents in the starting biomass).

Fig. 2. As shown in this figure, the highest glucose yield,
85.7% of the maximum possible, was observed from ChCl-
PCA pretreated switchgrass, which is comparable with that
from other IL pretreatments.” The glucose yields from switch-
grass pretreated with ChCI-VAN and ChCI-CAT were 79.8 and
77.0%, respectively. Undoubtedly, the ChCI-HBA pretreated
switchgrass yielded the lowest glucose yield (32.0%) as most of
the lignin remained after the pretreatment, which significantly
decreased the enzyme accessibility.>*>°

As expected, the xylose yields were relatively low due to the
high xylan loss during the pretreatment step. Among four
DESs, the ChCI-CAT pretreated switchgrass yielded the highest
xylose (42.4%), followed by ChCI-VAN (35.3%), ChCI-PCA
(28.8%) and ChCI-HBA (19.2%). As observed from the compo-
sitional analysis of the pretreated switchgrass, a significant
amount of xylan, approximately 71%, was removed during the
ChCI-PCA pretreatment, resulting in a lower xylose yield after
saccharification compared with the switchgrass pretreated
with ChCI-CAT and ChCI-VAN. Although the ChCI-HBA pre-
treatment showed the lowest xylose removal rate (28.6%)
during the pretreatment process, the xylose yield after sacchar-
ification was only 19.2%, which is likely due to the lower
enzyme accessibility as discussed above.

2D NMR analysis of saccharification residues obtained
from four DES pretreated switchgrass was conducted to eluci-
date the effect of DES pretreatment on cell wall structure. 2D
'"H-"C heteronuclear single-quantum coherence (HSQC)
spectra are shown in Fig. 3. As shown, no distinct differences
in the relative content of representative lignin units and inter-
unit linkages were found. In other words, major linkages in
lignin remained intact during pretreatment/saccharification.

Table 2 Compositional analysis of pretreated switchgrass using DESs (wt%)

DES Solid recovery Glucan Xylan Lignin Lignin removal Glucan loss Xylan loss
Raw material N/A 36.9+1.5 25.3+1.0 25.5+0.8 N/A N/A N/A
ChCI-HBA 83.3+2.8 41.4+1.8 21.7+1.3 30.5+0.4 0.4 6.5 28.6
ChCI-CAT 66.5 + 0.7 52.9+0.5 21.6+0.4 19.6 £ 0.2 49.0 4.7 43.2
ChCI-VAN 63.4 +2.8 509 +1.7 20.1 £ 0.3 19.1 £ 0.8 52.5 12.5 49.6
ChCI-PCA 57.4+1.2 47.9+1.6 12.9+£0.0 17.5+1.3 60.8 25.5 70.7

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 2D HSQC NMR spectra of saccharification residues obtained from (a) ChCl-PCA, (b) ChCl-VAN, (c) ChCl-CAT, and (d) ChCl-HBA pretreated
switchgrass. A, f-O-4" unit; B, p-5" unit; C, p—p’ unit; PB, p-hydroxybenzoate unit; G, guaiacyl unit; S, syringyl unit; X, xylan unit; X', acetylated xylan

unit; Glu, glucose unit.

All HSQC spectra of saccharification residue, mainly the
lignin-rich fraction, showed correlations corresponding to the
side chain C/H pairs for p-O-4’ (substructure A), -5’ (substruc-
ture B), and p-p’ (substructure C) units. The aromatic regions
are dominated by the signals from the syringyl (S) units and
guaiacyl (G) units. In addition to S and G units, signals from
p-hydroxybenzoate (PB) were observed.

812 | Green Chem., 2018, 20, 809-815

Although there were no distinct differences in the signals
assigned to the lignin structure, the HSQC spectra showed
some differences in the carbohydrate signals. Clearly, the
signals associated with xylans (X;-X;) from the solid residue
pretreated with ChCI-HBA are dense and dominant. As the
pretreatment efficiency of the ChCI-HBA DES was poor and
enzyme accessibility was very low due to the existing lignins,

This journal is © The Royal Society of Chemistry 2018
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most of the carbohydrates remained unchanged after sacchari-
fication. For example, O-acetylated xylans, namely, 2-O-acetyl-
B-p-xylopyranoside (X';) and 3-O-acetyl-B-p-xylopyranoside (X'3)
were more predominant from the ChCI-HBA pretreated
sample as compared with other DES pretreated switchgrass.
Additionally, the anomeric C/H correlation for f-p-glucosyl
(Glu) residues, mainly due to cellulose, appears at 5¢/6;; 101.7/
4.24 ppm?*” and intensity of which is apparently higher than
the ChCI-HBA pretreated sample.

It is clear that DESs examined in this study have a potential
as a reagent for biomass pretreatment. Besides pretreatment
efficacy, recovery and recycling of DESs are required for com-
mercial use in biomass pretreatment considering sustainable
bioeconomy. Thus, it was hypothesized that DESs can be recov-
ered, reused and would maintain pretreatment efficacy in
terms of sugar release. Fig. 4 shows the process flow for the
potential DES-based biorefinery and DES recycling. To test this
hypothesis, switchgrass was pretreated with ChCI-PCA, the
best overall performing DES among the four DESs tested in
this work, at 160 °C for 3 h. The recovered solids can be used
for fuel and chemical production, while the remaining liquid
(liquid 1) was further tested. Residual lignin in liquid 1 was
removed by ultrafiltration under 20 bar nitrogen, and the
resulting solvents (liquid 2) were further evaporated using a
rotary evaporator to recycle EtOH and H,O. And then, the
recovered DES was reused in the next biomass pretreatment.
Mass balance analysis revealed that ~95% of DES was recov-
ered in each recycle. With the recovered DES, the next round of
biomass pretreatment was conducted. Pretreated switchgrass
with the recycled ChCI-PCA DES was enzymatically hydrolyzed
and the results are shown in Fig. 5.

As shown, a slight decrease in the glucose yield was
observed with the increasing number of DES recycles. A fresh
ChCI-PCA resulted in approximately 87% glucose yield, and
the yield decreased to 78% and 70% for 2nd and 3rd runs,
respectively. The decrease in DES pretreatment efficacy can be
attributed to the increase of impurities in the DES after each
recycle.”® It has been reported that carboxylic acids derived
from the decomposition of carbohydrates (cellulose and hemi-
cellulose) and phenolic compounds originated from the lignin

DES
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T [ reeatment | —— | B0%: 003w |

View Article Online

Communication

100 -
90 -
80 -
70 1 1
60 -
50 A
40 A

30 A

yield (% of max possible)

20 A

10

1st run 2nd run 3rd run

Fig. 5 Saccharification yield from the recycled ChCI-PCA pretreated
switchgrass.

are present,*® resulting in the decreased pretreatment efficacy
of DES. Although it requires more in-depth studies on DES
recovery and chemistry beyond recycling, the result of this
study clearly demonstrates that renewable DESs can be
recycled and reused in biomass pretreatment, and it shows the
potential to reduce the cost and chemical uses for efficient
biomass pretreatment.

Conclusion

In conclusion, we demonstrate that novel DESs entirely formed
from a renewable-derived resource, lignin. DESs were prepared
by mixing ChCl and HBD combination at an appropriate
molar ratio. The resulting DESs can be utilized for multiple
applications including biomass pretreatment. They were
proven to be effective pretreatment solvents, which is compar-
able with the conventional IL pretreatment process. ChCI-CAT,
ChCI-VAN and ChCI-PCA showed their high performance
during the pretreatment step in terms of lignin removal result-
ing in high sugar release. Also, we successfully demonstrated

Solid (cellulose-rich fraction)---—» Fuel & Chemicals

]
I Liquid 1 (DES + EtOH + H,0 + lignin) i

|
|

]
| Liquid 2 (DES + EtOH + H,0) |

}
EOH + H,0 ~—— | Evaporation |
}

DES

Fig. 4 Simplified process flow diagram for the potential DES-based biorefinery and DES recycling.
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that DESs could be recycled and reused for biomass pretreat-
ment without any significant loss of pretreatment perform-
ance. In-depth understanding of chemistries such as hydrogen
bond interactions and melting point depression of a eutectic
mixture beyond DES formation is necessary to establish an
important foundation in other industrial applications. Finally,
the ease of synthesis, availability and economic viability of the
components make DESs more versatile and it would be good
alternative to ILs.
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