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Acid Hydrotropic Fractionation of Lignocelluloses for
Sustainable Biorefinery: Advantages, Opportunities, and

Research Needs

Junyong Zhu,*® Liheng Chen,™ and Cheng Cai™

This Minireview provides a comprehensive discussion on the
potential of using acid hydrotropes for sustainably fractionating
lignocelluloses for biorefinery applications. Acid hydrotropes
are a class of acids that have hydrotrope properties toward
lignin, which helps to solubilize lignin in aqueous systems. With
the capability of cleaving ether and ester bonds and even
lignin-carbohydrate complex (LCC) linkages, these acid hydro-
tropes can therefore isolate lignin embedded in the plant
biomass cell wall and subsequently solubilize the isolated lignin
in aqueous systems. Performances of two acid hydrotropes, that
is, an aromatic sulfonic acid [p-toluenesulfonic acid (p-TsOH)]
and a dicarboxylic acid [maleic acid (MA)], in terms of
delignification and dissolution of hemicelluloses, and reducing

1. Introduction

Lignocellulosic plant biomass is a renewable bioresource that
can be sustainably produced in large quantities in many regions
of the world. In the United States alone, a billion tons of plant
biomass can be produced annually.” Currently, commercial
utilization of plant biomass is primarily limited to producing
paper and dissolving fibers from wood in the pulp and paper
industry. Herbaceous or agricultural plant biomass has been
largely underutilized; it has mainly been used for fuels through
burning or used as animal bedding or soil conditioners.** Plant
biomass has a diverse chemical composition and consists of
long chain polysaccharides that have high mechanical strength
as well as aromatic ring-structured lignin. These molecules can
be used to produce a variety of bioproducts, biofuels, and
biochemicals through the biorefinery concept to replace
petroleum-based products, fuels, and chemicals.*” Because
plant biomass can sequester carbon, the successful develop-
ment of plant biomass biorefinery can decrease carbon foot-
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lignin condensation, were evaluated and compared. The
advantages of lignin esterification by MA for producing
cellulosic sugars through enzymatic hydrolysis and lignin-
containing cellulose nanofibrils (LCNFs) through mechanical
fibrillation from the fractionated water insoluble solids (WIS),
and for obtaining less condensed lignin with light color, were
demonstrated. The excellent enzymatic digestibility of maleic
acid hydrotropic fractionation WISs was also demonstrated by
comparing with WISs from other fractionation processes. The
recyclability and reusability of acid hydrotropes were also
reviewed. Finally, perspectives on future research needs to
address key technical issues for commercialization were also
provided.

print and achieve sustainable economic development. Sustain-
able fractionation of plant biomass into usable building blocks
for conversion to platform molecules™® is the key to attain this
goal. Because the upstream fractionation process also dictates
the technologies for downstream processing and waste stream
treatment, developing viable and sustainable fractionation
technologies is critically important.

Much research and development efforts have been made in
plant biomass fractionation. Most noticeable are the commer-
cial wood pulping process for producing cellulosic fibers using
alkaline or sulfite delignification and the variants of this
process,” along with the classical dilute acid fractionation*'"
and steam explosion' for producing sugars from the
carbohydrate fraction. Other methods include ammonia!*'®
and organic solvents."”'¥ High reaction temperatures of
approximately 130-170°C for a period of 1-4 h are applied to
achieve maximal delignification in commercial wood pulping.
Similarly, high temperatures are also applied in the previously
mentioned fractionation processes to maximize enzymatic
sugar yield. Consequently, the resultant dissolved and retained
lignin in the lignocellulosic solid fraction are highly condensed
with low reactivity, similar to commercial technical lignin from
wood pulping.”®?" Lignin condensation is a significant barrier
to the use of lignin as a key building block for producing
platform molecules for biorefinery.>*!

Recent progress in developing fractionation processes
included finding novel and better solvent systems, such as
organic co-solvent systems using y-valerolactone (GVL)®*¥ and
tetrahydrofuran (THF),*” ionic liquid (IL),***" and deep eutectic
solvent (DES) systems.®%*" Although these systems are effective
in efficiently solubilizing lignin and/or hemicelluloses to obtain
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highly digestible cellulosic fraction for enzymatic sugar produc-
tion, the resultant lignin from most of these solvent systems
was condensed except when fractionation was conducted
under mild conditions, which decreased the enzymatic digesti-
bility of the fractionated solids.”"**** Moreover, the significantly
higher costs of GVL, IL, and THF compared with conventional
alkali and mineral acids, along with the higher dosages
(concentrations) needed for these solvents to be effective,
require a very high chemical recovery efficiency that is too
difficult to achieve for economical biorefinery operations.
Furthermore, despite the fact that some of these solvents have
been called “green” (such as ILs for their negligible vapor
pressure, which eliminates inhaling risk), even a minor ineffi-
ciency in chemical recycling can be an environmental concern
because of the great dosages applied for achieving required
efficacy in biorefinery operation at the scale of a thousand tons
of plant-biomass per day. Most ILs can pose serious threats to
aquatic and terrestrial ecosystems because they mostly have a
certain level of solubility in water.®® DESs are regarded as
“green” for their eco-friendly H-bond donors; however, choli-
nium-based DESs that are often used for fractionating lignocel-
luloses have strong antibacterial activities and significant toxic
effects on living organisms.”?” Despite low toxicities of these
solvents such as THF, considering that toxicity profiles and
detailed human toxicity and risk assessments of these chemicals
are lacking,”’ " the effects of large-quantity usage of these
solvents in biorefinery operations on environmental sustain-
ability remains uncertain.

Reductive catalytic lignin fractionation (RCF) was re-
cently applied to lignocelluloses to avoid lignin condensation
by directly catalyzing plant biomass to depolymerize native
lignin into monomers or aromatics in one step. However, RCF

[23,40]
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often requires organic solvents and high temperatures of
170°C*" and therefore has similar issues associated with
chemical recovery and environmental impact to using organic
solvents. Furthermore, valorization of carbohydrates of approx-
imately 65% of the lignocellulosic biomass remains
unaddressed®***¥ with only limited efforts being made."*™"!
Issues associated with recycling of catalysts that remain mixed
with the carbohydrate fraction also need to be fully
resolved.2404¥

In view of this discussion, the conventional two-step
approach, that is, fractionation first, such as wood pulping,
followed by lignin valorization, can be an attractive pathway as
long as fractionation can avoid substantial lignin
condensation.”” Acid hydrotropic fractionation (AHF), recently
developed by Zhu and co-workers at the USDA Forest Service,
Forest Products Laboratory,®**" was aimed at addressing critical
issues associated with existing fractionation processes, includ-
ing lignin valorization by reducing lignin condensation, chem-
ical recovery, and environmental impact by using aqueous
systems and chemicals with low solubility and minimal or no
toxicity, as well as great fractionation selectivity for efficient
conversion of resultant building blocks to platform molecules
or directly to biomaterials or biochemicals. AHF also has other
advantages. For example, the dissolved lignin can be separated
simply through dilution using water, fractionation is operated
at atmospheric pressure and low temperatures to reduce capital
cost, and the dissolved hemicelluloses can be directly dehy-
drated into furan using the hydrotrope in the fractionation
liquor without additional catalysts. Furthermore, one acid
hydrotrope, maleic acid (MA), is a US. Food and Drug
Administration (FDA) approved indirect food additive
(21CFR175-177). Therefore, trace amounts of MA remaining in
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the fractionated products or process streams are deemed safe
to human health and ecosystems, which helps achieve true
environmental sustainability. In view of these advantages, the
goal of this Minireview is to provide a summary of existing
literature on AHF to attract broad interest for potential
commercial biorefinery applications and point out future
research needs.

2. Mechanism of Acid Hydrotropic
Fractionation of Lignocelluloses

2.1. Intrinsic properties of hydrotropes

Hydrotropic phenomenon was discovered in 1916 by
Neuberg.®? It refers to solubilization of hydrophobic materials
in aqueous systems by hydrotrope aggregation around the
solute.”>>* Current applications are mainly in the pharmaceut-
ical industry.”® Hydrotropes function similar to surfactants and
chaotropic agents.”’*® Even today, the differentiation from
chaotrope to hydrotrope®” and from hydrotrope to
surfactant®™ is not clear-cut. For example, urea is reported as a
chaotrope®™ but is sometimes listed as a hydrotrope to describe
the solubility-enhancing effect.”**” Also, sodium p-toluenesulfo-
nate (STS) and sodium dodecyl benzene sulfonate (SDBS) are
classical hydrotrope and surfactant, respectively, with a clear
distinction in their length of amphiphilic alkyl moieties.”” Even
though the boundary between hydrotrope and surfactant is
ambiguous, their intrinsic behaviors are well described. Usually,
surfactant molecules have a long amphiphilic tail and aggregate
to form a microemulsion in water when their concentration
exceeds the critical micelle concentration (CMC), whether a
hydrophobic solute is present or not.”” In contrast, chaotropic
agents are strongly hydrophilic and may not aggregate.®”
Interestingly, the hydrotropic molecules slightly aggregate
when their concentration is above the minimum hydrotrope
concentration (MHC), and the aggregation is enhanced in the
presence of hydrophobic compounds.

In general, the solubilization of hydrophobic solute in water
increases with the increase in hydrotrope concentration.
However, surfactants form abundant well-defined micellar
structures at high concentration, at which the heterogeneous
solvent system may impair the solubilization and subsequent
reactivity of solute.®” In comparison with chaotrope, hydro-
tropes exhibit an MHC above which hydrophobic solutes can be
dissolved in aqueous hydrotropic solution and below which
solutes can be precipitated. This behavior of hydrotropes
around MHC suggests that using hydrotropes can realize the
dissolution, separation, and purification of hydrophobic solute
in one pot. Of special note, MHC can be easily determined via
measuring the conductivity of hydrotrope solutions in a range
of concentrations.”**® However, it should be pointed out that
the solubility curve versus hydrotrope concentration is sigmo-
dial without a sharp transition point based on analysis using
statistical thermodynamics.® Therefore, 100% separation and
recovery of solute through precipitation is not possible.*
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Acid hydrotropes are molecules that simultaneously possess
the properties of acid and hydrotrope. They not only can
catalyze hydrolysis reactions but also dissolve and purify the
hydrophobic compounds in water. When applied to lignocellu-
loses, an acid hydrotrope acts as an acid to cleave ether/ester
linkages to depolymerize and dissolve hemicelluloses into
sugars. However, it only produces a minor depolymerization of
cellulose that remains as an insoluble solid under most
fractionation conditions due to the strong (3-1-4 linkage and
highly hydrogen-bonded cellulose structure. The term acid
hydrotrope fractionation was first proposed and applied to
fractionate lignocelluloses only recently by Zhu and co-workers
at the USDA Forest Service, Forest Products Laboratory.*® They
used p-toluenesulfonic acid (p-TsOH) to fractionate a variety of
plant biomass, such as wood®® as well as herbaceous and
forest biomass.®®* They also found some novel acid hydro-
tropic agents such as MA®" that can also functionalize lignin for
efficient fractionation.

2.2. Mechanism of acid hydrotropic fractionation of
lignocelluloses

To understand and confirm the hydrotrope aggregation mech-
anism in solubilizing solute in hydrotropic systems, Abranches
etal. conducted an experimental and computational study
using gallic acid and syringic acid as solutes but with very
different hydrophobicities, and monoalkylglycerol ethers as
hydrotrope that can be made to varied length in their alkyl
chain.®® They explained that the aggregation of hydrotrope
molecules around a solute is driven by the strong water-
mediated (or hydrotropic) interaction between the hydrotrope
and solute because the interaction of the apolar (or hydro-
phobic) moiety of a hydrotrope molecule with water is much
weaker than a water-water hydrogen bond.®™ Furthermore,
they explained that there can be three scenarios in hydrotrope-
solute systems: (1) apolarity of the hydrotrope is small and the
driving force for aggregation is low; (2) apolarity of the
hydrotrope is equal to that of the solute and the driving force
for aggregation around the solute is maximized; (3) apolarity of
the hydrotrope is greater than that of the solute to result in
more hydrotropes-hydrotrope aggregation than hydrotropes-
solute aggregation. They therefore concluded that the driving
force for hydrotrope aggregation around a solute is the balance
between the apolarity of both solute and hydrotrope.

Based on this mechanism, acid hydrotrope can aggregate
around isolated/separated lignin molecules via van der Waals
(vdW) interaction to prevent lignin from aggregation. Studies
illustrated the m-it (strong vdW forces) and CH-m interactions
between hydrotropes and lignin molecules using both exper-
imental and computational methods.”*”® Apparently, the acid
hydrotropes that have been evaluated, such as p-TsOH and
MA,®°*" are rich in &t electrons.

In lignocelluloses, lignin is embedded in the carbohydrate
matrix rather than isolated. For decades, studies have proposed
that significant lignin moieties covalently bonded with carbohy-
drates are created through the formation of lignin carbohydrate
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complexes (LCCs) as shown in Figure 1A.7*7% However, recent
studies on secondary plant cell walls indicated that lignin and
xylans tend to form their own separate phases with limited
interpenetration and chemical bonding or formation of LCCs as
shown in Figure 1B.”77" Even though the interacting forms
between lignin and hemicelluloses are still under debate,” it is
understood that freeing the embedded lignin from the
carbohydrate matrix by destroying the covalent or noncovalent
bonds between them is a necessary step for delignification.
Certainly, depolymerizing and removing hemicelluloses can also
expose the embedded lignin to facilitate the extraction of lignin

HO.

by solvents. Acid hydrotrope as an acid can be strong enough
to cleave the linkages in LCCs including benzylether, benzyl
ester, ferulate ester, and others, (Figure 1A) and hydrolyze
lignin-bound hemicelluloses (Figure 1B) to liberate the bonded
and trapped lignin. The cleaved lignin along with the naturally
separated lignin phase embedded in plant biomass can then be
dissolved in water by the aggregation of acid hydrotrope
molecules that have hydrophilic ends. As illustrated in Fig-
ure 1, p-TsOH was applied to catalyze hydrolysis of ether
and/or ester bonds in hemicelluloses and LCCs to isolate lignin.
The phenomenon of acid hydrotrope aggregation around lignin
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as discussed may improve the acid-catalyzed hydrolysis reaction
in theory. Therefore, the synergistic effect of the hydrotropy
phenomenon on acid hydrolysis of ether and/or ester bonds
cleavage can promote the separation and isolation of lignin
from the plant cell wall matrix for effective dissolution. Dilution
with water destroyed aggregation, which resulted in lignin
precipitation.

3. Performance of Acid Hydrotropic
Fractionation of Lignocelluloses

Using aromatic sulfonic salts such as sodium xylenesulfonate as
hydrotrope to dissolve lignin for wood pulping was practiced in
the 1940 s® but never commercialized due to low fiber yields,
inferior fiber mechanical properties, and very long cooking
times of 11-12h at high temperatures of 150°C.*" Recent
studies on hydrotropy included using aromatic sulfonic salts to
fractionate lignocelluloses for enzymatic sugar production.
However, the enzymatic digestibility of the resultant water-
insoluble solids (WIS) was only approximately 50% with a
moderate cellulase loading of 10 FPU (g substrate) ' [~20 FPU
(g glucan) '] after birch wood was fractionated using sodium
xylenesulfonate at 150°C for 120 min.®? The high fractionation
temperature also substantially condensed dissolved lignin with
low content of ether aryl B-O-4' linkages.®™ It can be concluded
that aromatic sulfonic salt based hydrotropic fractionation of
lignocelluloses was not effective.

AHF refers to fractionating lignocelluloses using a group of
acids with hydrotropic properties, as opposed to using salts
that have been exclusively studied.®"® AHF was carried out
following the schematic flow diagram shown in Figure 2.
Elevated acid concentrations above MHC raised the boiling
point of the fractionation liquor to allow fractionation to be
carried out at atmospheric pressure even at temperatures
>100°C. Acid hydrotropes have excellent selectivity in preserv-
ing cellulose and dissolving lignin. As acids, they also substan-
tially solubilize hemicelluloses to result in a WIS with high
cellulose content and low lignin and hemicellulose content.***"

ﬁ‘ FURFURAL
p-TsOH ch‘@— S—OH -
OR 8 [ ]

Maleic Acid HO

The separation and recovery of the dissolved lignin can be
achieved simply by diluting the fractionation liquor to below
MHC using water. Furthermore, the dissolved lignin has a low
extent of condensation because of the low fractionation
temperatures and short fractionation time. The dissolved hemi-
cellulosic sugars can be dehydrated into furan with high yield
using the hydrotrope in the fractionation liquor without addi-
tional catalysts.””® The sugar-dehydrated liquor that contains
mainly the hydrotrope can then be reused. Therefore, AHF can
efficiently fractionate all three major components of lignocellu-
loses with only one chemical at atmospheric pressure and is
advantageous for plant biomass biorefinery applications.

3.1. AHF for biorefining lignocelluloses using aromatic
sulfonic acid

Several aromatic sulfonic salts have hydrotropic properties,®” as
do several aromatic sulfonic acids. p-TsOH was first used to
fractionate poplar wood by Chen et al.* In that study, poplar
wood chips were first Wiley-milled to 20 mesh and then
fractionated at acid concentration 70-85 wt% and temperature
50-80°C for 5-60 min at a liquor/wood ratio of 10:1 (mL g ).
At the end of each fractionation run, the fractionated WIS were
separated from spent liquor through filtration. The WIS were
washed using water. Mass balance of selected fractionation
runs from the study are listed in Table 1. More than 90%
delignification and more than 85% xylan dissolution were
achieved in the run P80T80t20, which stands for reaction at p-
TsOH concentration 80 wt% and 80°C for 20 min. Even in run
P75T65t05 with 5 min fractionation at 65°C, more than 57%
delignification and 70% xylan dissolution were achieved. More
than 80% of cellulose were retained in both conditions. These
numbers indicate that AHF using p-TsOH is highly selective and
rapid. It is also noted that most of the dissolved xylan were in
the form of monomeric xylose especially at high fraction
severities with low furfural production. Only a small amount of
removed cellulose was converted into glucose, and most
removed cellulose was in the form of oligomeric glucose.
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Figure 2. Schematic flow diagram showing AHF of lignocelluloses for producing cellulosic fibers, nanomaterials, sugars, lignin with low degree of
condensation, and furfural with acid recovery and reuse. Adapted from with permission from ref. [50]. Copyright 2017, American Association for the

Advancement of Science.
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Sample label® WIS Spent liquor
Solids yield Glucan Xylan Mannan Lignin Glucose Xylose Mannose Acetic acid Furfural®
[%] [%] [%] %] %] gL gL gL gL gL
untreated poplar 100 45.7 14.9 46 234 - - - - -
P70T50t35 744 62.2 74 4.3 19.2 1.1 8.9 1.0 1.1 0.05
(101.1) (37.0) (68.9) (61.0) (2.2) (52.4) (20.3) (0.5)
P70T65t35 64.1 68.0 6.6 4.6 13.0 13 10.1 1.5 15 0.08
(95.3) (28.4) (64.0) (35.7) (2.5) (59.5) (29.9) (0.7)
P70T80t35 55.5 67.3 49 4.2 6.7 1.8 11.6 2.0 15 0.19
(81.7) (18.3) (50.5) (15.8) (3.6) (68.3) (38.7) (1.7)
P70T80t20 58.9 63.0 6.5 43 8.8 15 11.0 1.8 1.6 0.13
(81.1) (24.5) (53.8) (22.1) (3.0) (65.0) (35.2) (1.2)
P75T65t05 67.1 56.2 6.5 4.1 15.0 1.2 10.1 15 1.5 0.07
(82.4) (29.3) (60.0) (42.9) (2.4) (59.7) (29.3) (0.6)
P75T65t20 60.7 718 58 49 10.8 14 10.8 1.7 1.5 0.10
(95.4) (23.8) (63.7) (28.0) (2.7) (64.0) (324) (0.9
P75T65t35 59.0 7.7 6.0 4.0 8.9 13 10.3 1.7 1.4 0.10
(94.5) (23.9) (51.3) (22.3) (2.6) (60.8) (32.4) (0.9)
P75T65t60 57.0 74.7 5.0 43 7.4 1.7 10.7 1.8 15 0.14
(93.1) (19.2) (52.8) (17.9) (3.2) (63.4) (34.6) (1.2)
P75T80t20 55.0 724 52 44 6.1 1.8 10.9 2.0 15 0.19
(87.1) (19.1) (52.7) (14.4) (3.6) (64.2) (39.7) (1.7)
P80T80t20 519 723 3.7 3.7 4.2 23 9.9 2.2 14 0.33
(81.9) (13.0 (41.8) (9.2) (4.6) (58.4) (43.9) (3.1
[a] PxxTyytzz stands for fractionation conditions: p-TsOH concentration in xx wt % at yy °C for zz min. [b] Yields are based on xylan content in poplar wood.
HMF in spent liquors was not detectable. The numbers in the parentheses are component yields based on components in the untreated poplar.

After centrifugation, precipitation of dissolved lignin by
diluting the fractionated liquor to below MHC can be clearly
seen from the photo in Figure 3A with dilution to 10 wt%
slightly below the p-TsOH MHC of 11.5%."” It can also be seen
from the changes in the dynamic light scattering (DLS)
measured effective lignin particle size with dilution. DLS lignin
particle size showed a slow graduate increase with dilution and
then a sharp increase when the liquor was diluted to 10 wt%.
Atomic force microscopy (AFM) imaging revealed that the lignin
in the diluted fractionation liquor of 10 wt% was in the form of
aggregated lignin nanoparticles (LNPs) due to the loss of
hydrotropic effect at p-TsOH concentration below MHC (Fig-
ure 3B). Removing the aggregates through centrifugation
retained only primary particles in the supernatant of the diluted
liquor (Figure 3C). Increasing centrifugation force removed
more aggregates (Figure 3D). The colloidal primary particles
have a thickness of approximately 3 nm based on AFM topo-
graphical measurements with a lateral dimension of 50 nm
(Figure 3C,D). Ma etal. found that many factors affect the
physical dimensions of the LNPs from AHF including dilution
speed, ionic strength, and others,® and therefore can be used
to control LNP size. Colloidal LNPs have many applications.””
However, existing LNPs were produced from commercial
technical lignin that contained sulfur and metals using solvent
systems. Hydrotropic fractionation can produce colloidal LNPs
directly from lignocelluloses with good purity.

With the removal of lignin and dissolution of hemicelluloses,
the fractionated cellulosic WIS were readily digestible by
enzymes to produce glucose. Substrate enzymatic digestibility
(SED) of poplar wood WIS from P75T80t20 reached approx-
imately 90% at cellulase loading of 15FPU (g glucan) '
(Figure 3E)."” Coproduction of bioethanol from poplar wood
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WIS fractionated using p-TsOH and furfural from the dissolved
xylose through direct dehydration of the AHF spent liquor
without any additional catalyst was also demonstrated
recently.®” Simple batch distillation produced a good furfural
yield of 78%.

AHF-fractionated WIS using p-TsOH was also evaluated for
producing lignin-containing cellulose nanofibrils (LCNFs) di-
rectly from birch wood.®® Under the fractionation condition of
P50T80t20, the WIS were readily fibrillated to LCNFs even with
one pass (low energy input) through a microfluidizer as shown
in Figure 3F. Increasing fibrillation decreased the thickness of
the fibrils from approximately 70 nm (one pass) to approx-
imately 23 nm after seven passes through microfluidization
(Figure 3G,H). The extent of fibrillation applied was much lower
than the 30 passes required to fibrillate a bleached kraft
eucalyptus pulp to similar thickness.®

The initial batch study found that dissolved lignin from AHF
had a low degree of condensation. For batch AHF, approx-
imately two-thirds of 3-O-4’ ether aryl linkages in poplar wood
lignin can be preserved at 50% delignification.”” The rapid AHF
allowed efficient fractionation using flow-through reactors to
further decrease lignin condensation.”” As illustrated in Fig-
ure 4A, AHF-dissolved lignin (AHL) contains higher $-O-4' ether
aryl linkages compared with technical lignin®**" under the
same extent of delignification. Furthermore, AHL from a flow-
through reaction has even less condensation than AHL from a
batch reaction.””

The lower extent of AHL condensation can also be seen
from the color of the AHL. The AHL from flow-through reaction
tends to have pinkish color compared with the dark brown
color from Kraft pulping (Figure 4B1-B5). Reaction product 1-
hydroxy-3-(4-hydroxy-3-methoxyphenyl)-2-propanone  (HHMP)
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Figure 3. (A-D) Lignin nanoparticles and (E) sugar production from poplar
wood by AHF under P75T80t20. Reprinted with permission from ref. [50].
Copyright 2017, American Association for the Advancement of Science. (F-H)
Lignin containing cellulose nanofibrils from birch under P50T80t20.
Reprinted with permission from ref. [88]. Copyright 2017, Royal Society of
Chemistry. Scale bars: 2 pm (B,C) and 1 um (F,G).

was identified from cleavage of 3-O-4’ ether bonds in acidolysis
of model lignin guaiacylglycerol-f-guaiacyl ether (GG) in 40 wt
% p-TsOH at 90°C. HHMP is one of the Hibbert's ketones (HK)
from depolymerization®®®® and identified in 2D NMR spectra of
AHL at 8./6,, 67.1/4.19 ppm.***” The conjugated double bond
and aldehyde auxochrome group in the coniferyl aldehyde®”
formed through the dehydration of HHMP along with the
ketone auxochrome group in HHMP contribute to the pinkish
color.”
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Figure 4. Characterization and catalytic conversion of poplar AHLs dissolved
by p-TsOH. (A) Extent of condensation measured by (3-O-4’ ether aryl
linkages from 2D 'H ">C NMR analysis. (B1-B5) Images of poplar AHL
samples from flow-through AHF at different severities in comparison with
poplar MWL and a commercial Kraft lignin. (B1) MWL (yield =20 %); (B2)
P25T80t60 (41.6 %); (B3) P55T80t40 (74.8 %); (B4) P40T98t40 (81.8%); (B5)
Kraft (84.8 %). (C) Comparison of molecular weight distribution of poplar AHL
from different batch fractionation runs. (D) Comparison of a poplar flow-
through AHL from P40T90t60 with MWL and untreated poplar for aromatics
production through catalysis. Reprinted with permission from ref. [49].
Copyright 2019, American Chemical Society.

Increasing lignin condensation with delignification or AHF
severity also can be seen from AHL molecular weight (M,)
distribution measured by gel-permeation chromatography
(GPC). As shown in Figure 4C, M,, distribution shifted to higher
molecular weight as AHF severity increased. Furthermore, the
second peak at a higher M,, became more pronounced. Both
were results of AHL repolymerization or condensation. With the
use of Ru/C depolymerization, AHL from flow-through AHF
P40T90t60 was found to produce good yield of lignin aromatics,
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similar to the results from milled wood lignin (MWL) or
untreated poplar with a major monomer peak at 187 gmol '
and a dimer peak at 417 gmol ' in the GC-MS as shown
Figure 4D. The AHL sample produced a slightly broader
distribution than the MWL or untreated poplar did due to lignin
condensation with [-O-4'=36.1% compared with 57.8% for
MWL.

3.2. Lignin esterification in maleic acid hydrotropic
fractionation

Recently, Cai etal. found that MA, a dicarboxylic acid, has
strong hydrotropic properties toward poplar wood lignin.®" As
previously mentioned, MA is a U.S. FDA-approved indirect food
additive. It also has lower solubility in water and is a much
weaker acid than aromatic sulfonic acids such as p-TsOH, which
can substantially facilitate acid recovery and achieve true
environmental sustainability. In addition to these advantages,
maleic acid hydrotropic fractionation (MAHF) has a unique
feature of esterification reactions with lignocelluloses, in
addition to all the features of AHF using aromatic sulfonic acids.
It is well known that carboxylic acids can esterify cellulose
through the Fischer-Speier reaction.” Fourier-transform infra-
red (FTIR) spectroscopy and conductometric titration indicated
esterification or carboxylation of cellulose nanocrystals pro-
duced by MA hydrolysis of bleached kraft pulp fibers at 50-
75wt% and 100-120°C for more than 30 min.”"*® These
reaction conditions are similar to typical MAHF experiments.
Furthermore, 2D 'H ™C heteronuclear single quantum
coherence (HSQC) NMR analysis indicated that MAHF can
esterify dissolved poplar wood lignin (MAHL).F" Under mild
fractionation, MAHL samples have similar spectra to that of
MWL with well-preserved (-O-4' ether aryl linkages except
those containing carbohydrates, suggesting incomplete cleav-
age of LCGCs. Increasing fractionation severity decreased
carbohydrate content, (3-O-4' linkages, and MAHL molecular
weight®" Furthermore, new strong signals in the aromatic
region at d./d,, 127.8/6.2 and 133.2/6.4 ppm and in the aliphatic
region at 64.2/4.2 ppm were observed. Literature NMR studies
demonstrated that model lignin GG can be esterified by formic
acid or acetic acid at the y-position with aliphatic HSQC signals
for y (C 'H) at 63.5/(3.83, 4.30) and 62.1/(4.23, 4.43) ppm,*'°!
respectively. Cai et al. therefore used model lignin GG to react
with MA under M60T100t60 (MA concentratioon 60 wt% at
100°C for 60 min).”" They observed GG-MA reaction product at
/0y 63.6/(4.03, 4.39) ppm, as shown in Figure 5A. Furthermore,
the MA signal at 130.8/6.3 ppm disappeared and two strong
peaks appeared at O6./0y 128.0/6.2 and 132.9/6.4 ppm after
reaction with GG. This is consistent with esterification and
presumably at the y-position because the primary ester is more
stable."* Cai et al. then conducted a long-range heteronuclear
multiple bond correlation (HMBC) NMR experiment on the GG-
MA reaction product to verify esterification at the y-position.®"
They clearly observed the vy protons have a three-bond
correlation to the C1 carbonyl of MA as circled in Figure 5B.
They also verified lignin carboxylation using *'P NMR measure-
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ments of MAHL samples. As listed in Table 2, the carboxyl group
content in dissolved MAHL increased with increasing fractiona-
tion severity due to esterification."® Carboxyl group content of
0.61 mmolg ' was obtained under M70T80t30 with the highest
MA concentration because esterification reaction always pro-
ceeds further with less water. The carboxyl group content in all
dissolved lignin samples is higher than that reported for
cellulose when lignin-free cellulosic fibers were reacted with
dicarboxylic acids under similar or more severe reaction
conditions.””*® Carboxylated lignin with a low degree of
condensation is advantageous for high-value valorization due
to its ability to be modified for various applications."**'*

MA also oxidizes the OH group in MAHL. Compared with
MWL, MAHL had lower aliphatic OH. Longer reaction favored
OH oxidation. The aliphatic OH was decreased more than half
under M50T100t60 to 1.77 from 3.88 mmolg ' for MWL,"
consistent with their 2D 'H C NMR analysis. No obvious
changes in guaiacyl OH were observed, because MA does not
directly esterify the phenolic hydroxy group.'®'” Only under
the most severe condition (M50T100t60), did 5-substituted OH
in dissolved MAHL show a significant higher level than that in
MWL. The small increase in 5-substituted OH in dissolved MAHL
from less severe runs (Table2) strongly suggests a less
condensed lignin structure for those runs with a short reaction
time of 30 min "%

3.3. Comparison AHF using p-TsOH with MAHF

Several aromatic sulfonic acids have hydrotropic properties, as
previously stated. Because p-TsOH is commercially available in
large quantities and has relatively low environmental impact, it
was chosen to compare with a dicarboxylic acid hydrotropes,
MAB As listed in Table 3, MA is a much weaker acid and less

Table 2. Quantification of functional groups in dissolved MAHL in
comparison with MWL by *'P NMR spectroscopy.®"

Sample Aliphatic 5-substituted Guaiacyl COOH
OH OH OH [mmolg ']
[mmolg '] [mmolg '] [mmolg ']

MWL 3.88 0.33 0.25 0.12

M60T90t30 3.06 0.53 0.23 0.39

M70T80t30 3.02 0.50 0.21 0.61

M50T100t30 3.24 0.53 0.25 0.45

M50T100t60 1.77 0.90 0.31 0.54

Table 3. Comparison of physical properties between p-TsOH and MA.

3038

Property p-TsOH MA
o 0 o
molecular HsCOg—OH HO—U—OH
formula 1l —
o
pK, 2.8 1.9
solubility in 670 479
water [gL ]
MHC [wt %] 104 25
safety corrosive to cause skin U.S. FDA-approved indirect
burns, harmful if swal- food additive (21CFR175-177)
lowed
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Figure 5. (A) 2D '"H "*C HSQC NMR spectra of MA, GG, and GG-MA. (B) 2D 'H "*C HSQC (purple) and 2D 'H "*C HMBC (orange) spectra of GG-MA. (A,B)
reprinted with permission from ref. [51]. Copyright 2020, Royal Society of Chemistry. (C) HQSC spectra of (C1) birch MWL and (C2 C4) MA and p-TsOH-
dissolved lignin. Reprinted with permission from ref. [85]. Copyright 2020, Wiley-VCH.

corrosive with the first pK, of 1.9 compared with 2.8 for p-  to solubilize a hydrophobic substance,**~*" but also determines
TsOH. It also has a lower solubility of 479 gL ' compared with  the amount of water needed for dilution to precipitate/separate
670 gL ' for p-TsOH. MHC is an important property for any the solubilized substance, lignin. As shown in Figure 6A, the
hydrotrope. It not only determines the required concentration  conductivity of aqueous p-TsOH solution has a distinct
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Figure 6. Comparisons of AHF using p-TsOH and MAHF for fractionating
birch. (A) Minimal hydrotropic concentration. Reprinted with permission
from refs. [50,51]. Copyright 2020, Wiley-VCH. (B) Dissolved lignin molecular
weight distribution. (C) WIS substrate enzymatic digestibility (SED). (D) LCNFs
from (D1) WIS-Pgs (D2) and WIS-My,,,. (B-D) Reprinted with permission from
ref. [85]. Copyright 2020, Wiley-VCH.

transition point. Linear regression of the conductivity using p-
TsOH concentration as the independent variable resulted in the
transition concentration of 11.4 wt%, which is the MHC of p-
TsOH. This MHC was also verified from DLS-measured lignin
particle size as shown in Figure 2A. Similarly, the MHC for MA
was determined at 25 wt%. A greater MHC can be advanta-
geous to decrease the amount of dilution water needed for
precipitating lignin assuming using the same operating hydro-
tropic concentration.

ChemSusChem 2021, 14, 3031-3046 www.chemsuschem.org

To make a meaningful comparison, Cai et al. selected proper
conditions including the same acid concentration of 60 wt% to
fractionate birch wood so that AHF using p-TsOH resulted in
approximately the same extent of delignification and xylan (the
major hemicellulose in birch) dissolution as those by MAHF.®!
As listed in Table 4, MAHF run M60T120t30 resulted in a very
similar WIS yield and composition as those from AHF run
M60T85t20 using p-TsOH. MAHF Run M60T110t30 was milder.
Spectral peaks at 0./0,=127.8/6.2, 133.2/6.4, and 63.6/(4.03,
4.39) ppm, which are characteristic of lignin esterification by
MA at the y-OH position,”" were not observed from the HQSC
spectrum of birch wood MWL (Figure 5C1) and AHL, L Pyg from
P60T85t20 (Figure 5C2), but were clearly shown in the spectra
of the two MAHLs, L Myy;, from M60T110t30 and L M5, from
M60T120t230 (Figure 5C3,C4).

Cai etal. also observed significant differences in the
molecular weight distributions of the dissolved lignin between
the AHL, L Pg, and the two MAHLs (L My, and L Mq,0) as
shown in Figure 6B.°" Compared with birch MWL, both AHF
and MAHF significantly depolymerized lignin to result in a left
shift in lignin molecular weight distribution to the lower
molecular weight region. L Py has two peaks with the higher
molecular weight peak due to lignin condensation or repolyme-
rization through the formation of C=C bonds to result in a
higher weight averaged M, of 3300 Da than M, of approx-
imately 1500 Da for L My, and L My, from MAHF (Table 5).
Their 2D NMR analyses indicated that the two MAHLs are much
less condensed as evidenced by the amount of 3-O-4' linkages
retained (Table 5). Lignin condensation was also reflected from
the much lighter color of L My, and L My, (Figure 5C3,C4)
than L Py (Figure 5C2). Lower lignin condensation resulted in
higher yield of monophenols (Table 5)°" through supercritical
methanol dehydration hydrodeoxygenation by catalysis using
CuAIMgO, "

Cai etal. demonstrated that lignin carboxylation has
significant advantages for enzymatic saccharification of fractio-
nated WIS as well as nanofibrillation of the WIS for producing
LCNFs.”Y The fractionated WIS-Pgs from P60T85t20 and WIS-
M50 from M60T120t30 have very similar chemical composition
(Table 4) and therefore resulted in similar SED of approximately
40% at commonly practiced hydrolysis pH~4.8 as shown in
Figure 6C. Using elevated pH=6.0 in hydrolysis to mediate
electrostatic repulsion between substrate lignin and cellulase
decreased nonproductive cellulase binding to substrate
lignin.""®"" As a result, SED was increased for both WIS-Py4s and
WIS-M;,,, and peaked at pH=6.0 then decreased.®" The
increase in SED was approximately 140% for WIS-Mq,,, with
lignin carboxylation, which was substantially greater than the
35% for WIS-Pg; without lignin carboxylation. This is because
lignin carboxylation in WIS-M,,, increased lignin surface charge,
which greatly enhanced electrostatic repulsion between sub-
strate lignin and cellulase, compared with WIS-P5, which only
contained a small amount of native functional hydroxy and
carboxyl groups with a lower surface charge even at elevated
pH.

To further demonstrate the advantages of MAHF, we
compare MAHF with different fractionation processes in
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Sample® WIS Fractionation liquor
Yield K. Lignin Glucan Xylan Mannan Xylose Glucose
[%] [%] [%] [%] [%] [gkg ] [gkg "1
birch - 19.5 40.0 23.0 14 - -
M60T110t30 62.9 16.2 55.2 15.9 19 124 0.5
(52.3) (86.9) (43.5) (85.4) (53.9) (1.3)
M60T120t30 554 129 61.3 13.8 15 14.9 1.1
(36.6) (85.0) (33.2) (59.4) (64.8) (2.8)
P60T85t20 57.1 12.8 62.9 15.7 23 13.6 0.4
(37.5) (89.9) (39.0 (93.8) (59.2) (1.0)
[a] M/PxxTyyytzz: Mxx or Pxx stands for Maleic acid or p-TsOH concentration at xx wt %, Tyyy stands for temperature at yyy °C, tzz stands for fractionation time
for zz min. The numbers in the parentheses are percentages of the component retained in WIS or percentages of wood xylan or mannan converted to xylose
or mannose in the fractionated liquor on an untreated dry wood basis.

Table 5. Structural characteristics (interunit linkages, aromatic units, and S/G ratio) of acid hydrotropic dissolved lignin (AHL) from integrating 'H ">C
correlation peaks in the HSQC spectra (the condensed S, is abbreviated as Scyng)-

[85]

AHL® S G S/G p-0-4' M, M, M, /M, Monophenols C, Gs alcohols yield
[%] [C%] [C%]

MWL 80.8 19.2 4.2 64.6 3227 14832 4.60 35.9 4.7

L Mo 87.1 12.9 6.7 410 1048 1598 152 2538 48

L Mpa0 91.5 8.5 10.7 26.7 1035 1516 1.46 20.2 4.1

L Prgs 98.6 1.4 725 3.6 1346 3290 244 16.9 33

[a] L Mg and L Mypo by maleic acid at 110 and 120°C for 30 min, respectively; L Prgs, by p-TSOH at 85 °C for 20 min.

enzymatic saccharification of fractionated cellulosic WIS. As
listed in Table 6, data from poplar wood again shows that AHF
using p-TsOH underperforms MAHF. AHF with p-TsOH®” also
underperformed SPORL(Sulfite Pretreatment to Overcome the
Recalcitrance of Lignocelluloses)."' Only with significantly
more dissolutions of xylan and lignin under higher temper-
atures did organosolv processes"">"'¥ achieve better SED than
did MAHFB" The data from wheat straw clearly shows that
MAHF performed significantly better than high temperature
hydrothermal, dilute acid, IL, and DES fractionation processes.
With additional bleaching to remove approximately 95% lignin
and 40% more cellulase, dilute acid treatment™™ achieved
similar SED (90%) to that of MAHF. The very long reaction time
of several hours required for effective fractionation using the
DES system is a significant disadvantage. A recent study
indicated that using p-TsOH as an H-bonding donor to form a
DES system with ChCl was able to substantially decrease
reaction time to 20 min to achieve approximately 90%
delignification at 80°C.""¥ It is possible that p-TsOH may also
have played a hydrotrope role in solubilizing lignin in addition
to being the H-bonding donor.

Lignin carboxylation also enhanced the lignin lubrication
effect'®'? in fibrillating lignocelluloses for producing LCNFs as
demonstrated by Cai et al.*” Both WIS-Pyg and WIS-My,,, can
be easily fibrillated into LCNFs with just one pass through
microfluidization. Despite these two WIS having very similar
extent of delignification and hemicelluloses dissolution (Ta-
ble 4), the LCNFs from WIS-M;,,, had a much thinner (Fig-
ure 6D1) and narrower diameter distribution (peaked at 12 nm)
than those from WIS-Prs with a thicker (Figure 6D2) and
broader distribution (peaked at 23 nm). Carboxylation of lignin
in WIS was verified by conductometric titration of the LCNFs
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from three passes through microfluidization with carboxyl
group content of 0.22 and 0.06 mmolg ' for the LCNF samples
from WIS-M;,,, and WIS-Pygs, respectively.®" The carboxylated
LCNFs with surface charge more than 40 mV can facilitate
dispersion. Later, carboxylation (esterification) of residue lignin
(RL) in WIS was also verified by 2D NMR analyses in
switchgrass"?! and wheat straw.!"

3.4. Bleaching water insoluble cellulosic solids from AHF

It is known that lignocellulosic fibers containing less condensed
lignin structure are easier to bleach."*'* Ma etal. demon-
strated that AHF birch wood fibers fractionated using p-TsOH
with a greater amount of 3-O-4’ linkages are much easier to
bleach than fibers with a similar level of delignification but
containing less B-O-4' bonds.*® They found that less condensed
lignin greatly facilitated oxidative bleaching such as oxygen and
peroxide bleaching. Using p-TsOH at 60 wt% and 90°C, a batch
AHF for 30 min resulted in a WIS, pBa-t30, with a higher lignin
content of 7.1% (pulp kappa number: k =40). Washing with p-
TsOH three times decreased lignin content to 3.7 % (kx=20) for
the washed WIS pBa-t30W3, higher than the value of 4.7 % (x=-
24) for the WIS from flow-through AHF at the same p-TsOH
concentration and temperature but for 20 min and washed
with water only, pFT-t20. However, the lignin in pFT-t20 was
less condensed due to a shorter reaction time with a greater
amount of 3-O-4' linkages of 16% than the 7% that pBa-t30W3
had. As shown in Figure7, pFT-t20 resulted in a higher
brightness and lower k¥ number than both pBa-t30 and pBa-
t30W3 after one stage oxygen bleaching. Similar results were
also obtained for fibers from MAHF. Higher brightness and
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Method Biomass Fractionation condi- Xylan; lignin re-  Enzyme loading® SED Ref.
tion moval [%]
[%]
MAHF poplar fibers MA =50 wt% 70; 49 CTec3=-10 8943 [51]
T=100°C; t=60 min 6 FPU(g solids) '
AHF (p-TsOH) poplar fibers p-TsOH =50 wt% 80; 84 CTec3=20 93+2 [67]
T=90°C; t=-112 min
AHF (p-TsOH) poplar fibers p-TsOH =75 wt% 81; 86 CTec3=-10 59 [50]
T=80°C; t=20 min CTec3=20 87
dilute acid SPORL poplar chips T=160°C; t=58 min [112]
H,50,=2 mLL ' 78;3 CTec3=10 52
+NaHSO;=0% 84; 31 CTec3=-10 80
+NaHS0,=1.3%
MAHF birch fibers MA =60 wt%; 58; 48 CTec3=-10 85 [51]
AHF (p-TsOH) t=30 min 67; 63 CTec3=10 98
T=110°C 61; 63 CTec3=7.5 20
T=120°C CTec3=5 71
p-TsOH =60 wt% CTec3=-10 54
T=85°C; t=20 min
acetone organosolv birch particles (2 mm) acetone =50 wt% 92; 86 Accelerase TRIO=-14 ~90 [113]
+H,50,=39glL ' 10 FPU (g solids) '
T=140°C; t=120 min
alkaline oxidation/steam birch chips Na,CO;=26.5gL ' ~100; NA Celluclast 1.5 L=10 FPU(g ~95 [117]
explosion T=120°C; ~100; NA solids) ' ~95
t=-1200 min +Novozymes 188
steam H,S0,=5 gL '
T=200°C; t=5 min
organosolv birch residue SO, +-ethanol +H,0 80; 93 CTec2=8 ~95 [114]
(12444 1+44) wt%
T=150°C; t=30 min
MAHF wheat straw hammer milled MA =40 wt% 66; 38 CTec3=-10 42 [124]
(8 mm long) T=80°C; t=-120 min 67; 54 78
MA =60 wt% 76; 57 89
T=100°C; t=30 min
MA =60 wt%
T=120°C; t=60 min
steam explosion wheat straw T=190°C; t=-10 min 86; ~0 CTec2 (+LPMO) =10 77 [
dilute acid/dilute acid wheat straw T=120°C; t=60 min [115]
+bleaching 20-40 mesh H,S0,=1% 71;5 CTec2=20 44
H,S0,=3% 86; 2 CTec2=-18 46
H,SO,=-1% +NaClO, 77; 94 CTec2=14 90
T=75°C; t=-180 min
IL wheat straw [emin][HSO,]=41.3wt 80;~0 CTec2~20 76 [119]
%
131°C; 88 min
(< 0.5 mm knife-
milled)
DES wheat straw 60 mesh TEBAC/LA (1:9) ~73;~73 Celluclast 1.5 L=35 FPU(g 89 [120]
T=100°C; 10 h solids) '
+$-glucosidase =82 CBU(g
solids) '
[a] Unit in FPU (g glucan) ' unless indicated.

higher fiber yield were obtained from bleaching fibers with
higher lignin content produced from a less severe MAHF run
with lower extent of lignin condensation or higher (-O-4'
linkages than fibers from a more severe fraction with a lower
initial lignin content.!"*

3.5. Kinetic analyses of AHF and MAHF

Reaction kinetics based severities such as combined hydrolysis
factor (CHF)'#” and combined delignification factor (CDF)*®
have been applied to predict hemicellulose dissolution and
delignification in AHF using p-TsOH and MAHF,7%0123.128
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respectively. As shown in Equations (1a), (1b) and (2a), (2b), the
amount of xylan and lignin retained, Xz and L; can be
expressed as a single independent variable function of CHF and
CDF, respectively:

Xa=(1 0 6)e ™ +0xe ™ 1o (1a)
E

CHF = exp(a ﬁ+,8C)><C><t (1b)

LR — (1 o g/eR—)e CDF + 0 x e f'xCDF 4 G/R (23)
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Figure 7. Effect of lignin condensation on oxygen bleaching of WIS from
AHF using p-TsOH at 60 wt% and 90 °C. Top row: unbleached WISs. Bottom
row: oxygen-bleached WISs at O, pressure of 0.75 MPa, NaOH charge of 6 %
on WIS, and 110°C for 60 min. Left column: water-washed WIS pBa-t30 from
batch AHF for 30 min. Middle column: pBa-t30 washed with p-TsOH three
times. Right column: only water-washed WIS pFT-t20 from flow-through AHF
for 20 min. Reprinted with permission from ref. [66]. Copyright 2020,
American Chemical Society.

"l —

F
CDF = exp(d’ R—T+ﬁ’C) x Cxt (2b)

where C is the acid hydrotrope molar concentration [mol L '],
R=8.314Jmol 'K ' is the universal gas content, t is reaction
time [min], and T is reaction temperature [K]. a, @', and 3, ' are
adjustable parameters, E and E’ are apparent activation energies
[J mol '], and 0 and ¢’ are the initial fraction of slow-reacting
xylan and lignin, respectively. f and f are the ratios of reaction
rates between slow and fast xylan and slow and fast lignin,
respectively. 6, and 6, are residual xylan and lignin, respec-
tively. All parameters in Equations (1a), (1b) and (2a), (2b) can
be obtained by fitting experimentally measured xylan and
lignin dissolution data.

The significance of this type of kinetic analysis is for process
scale-up. For example, as long as the same CDF is maintained,
the same amount of delignification can be achieved in the
scale-up facility without using the identical individual fractiona-
tion conditions identified in lab scale to provide scale-up
flexibility and avoid facility constraints in scale-up facilities. For
example, a low acid concentration can be used in scale-up runs
to decrease acid recovery capacity by slightly increasing
temperature or reaction time to achieve the same desired
fractionation results.

3.6. Recycling and reuse of acid hydrotrope and furfural
production

Chen et al. demonstrated the reusability of p-TsOH spent liquor
from AHF under P70T65t20 in subsequent runs under the same
condition using the same amount of poplar wood.® The spent
liquor was collected from solid-liquor separation right after
fractionation. They calculated the amount of fresh makeup p-
TsOH solution needed for the subsequent cycles based on the
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difference between the fresh liquor volume in the first run and
the amount of spent liquor collected. They found negligible
differences in the chemical compositions between the fractio-
nated poplar wood WIS from the first run using fresh liquor and
the WISs from the subsequent three runs using recycled spent
liquors. Cai et al. collected the spent liquor from MAHF under
M50T100t30 along with the first washing filtrate diluted to MA
concentration of 15% to precipitate lignin.®" They extracted
remaining colloidal lignin particles using n-pentanol. They then
dehydrated the diluted and lignin-removed spent liquor using
batch distillation. They obtained a furfural yield of approx-
imately 70% from the dissolved xylose. The dehydrated spent
liquor at approximately 50 wt% concentration was reused for
subsequent fractionation under the same condition. With the
spiking of 5% fresh MA to compensate losses in each reuse
cycle, they found negligible differences in the chemical
compositions between the fractionated poplar wood WIS from
the first MAHF run using fresh aqueous MA solution and the
WISs from the subsequent two runs using recycled spent
liquors, suggesting a MA recovery of 95% was achieved.””
Quantifications of the absolute amounts of recoverable acid
hydrotrope and lignin were also carried out. Cheng etal.
quantified the amounts of p-TsOH in the collected spent liquor
and subsequent four washing filtrates from different fractiona-
tion conditions.”” They found that the amounts of p-TsOH in
the third washing filtrate from all runs were negligible;
furthermore, the p-TsOH loss was less than 2% through
collecting the spent liquor and the filtrates from the first three
washings. Cai et al. compared the amount of acid hydrotrope
recoverable from AHF using p-TsOH and MAHF after lignin
removal through dilution and resin extraction and distillation of
dissolved xylose as shown in Figure 85" During their experi-
ments under P60T85t20 and M60T120t30, they only measured
the amounts of hydrotrope in the collected spent liquor and
first washing filtrate diluted to 10 and 20 wt% acid concen-
tration for AHF and MAHF, respectively. They found the
absolute amounts of p-TsOH and MA recovered were 87 and
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Figure 8. The fractionated liquor (60 wt%) was diluted to different acid
concentrations (30, 20, 10, 5 wt%) to precipitate lignin, and after centrifuga-
tion, the residual lignin in the supernatant was adsorbed by resin and the
solid acid was recovered by evaporation and cooling crystallization.
Reprinted with permission from ref. [85]. Copyright 2020, Wiley-VCH.
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76 % with purities of 96 and 94 %, respectively. The amount of
collectable lignin from water dilution alone was more than 80%
for both runs.

4. Future Perspectives and Closing Remarks

4.1. Improving understanding of the lignin solubilization
mechanism

Lignin solubilization is crucial in biomass fractionation. Under-
standing its mechanism could tailor efficient and sustainable
fractionation. Activation energies for chemical bond cleavages
can be used as a guide to understanding lignin dissolution. The
activation energies of diverse linkages have been computation-
ally and experimentally investigated. The reported activation
energies of approximately 19 kcalmol ' for lignin-carbohydrate
complex (LCC) cleavages were substantially higher than approx-
imately 11 kcalmol ' for CB-0-4' cleavages and 3 kcalmol ' for
Ca. OH dehydration under acidic environments."* Therefore,
the cleavage of Cf3-O-4’ and dehydration of Ca. OH bonding of
lignin is unavoidable in order to break the LCCs using harsh
reaction conditions. From a lignin valorization point of view,
preserving CB-O-4’ linkages is critical for further processing
from depolymerization to aromatics or using lignin as a polymer
with low glass transition temperature to facilitate compound-
ing. Preserving Ca. OH bonding can prevent the formation of
benzylic carbocation that is readily condensable through
forming recalcitrant C C bonding products. Some strategies
have been proposed to preserve the CP-O-4’ linkages, for
example, using biocatalysts including cellulase and xylanase to
selectively diminish the active energies for depolymerizing
cellulose and hemicelluloses, """ respectively. However, the
high cost and low efficiency of enzymatic reactions limited
scale-up. Concentrated acids were also found to decrease the
activation energies by disrupting the hydrogen bonding in the
biomass matrix and improving the reaction homogeneity, but
concentrated acids showed no selectivity at low-temperature
and pressure conditions."®"? |t appears that flow-through
technique or “good” solvents extraction can be synergistically
carried out to prevent lignin condensation. In the future,
chemistry on selectively and efficiently cleaving LCCs should be
developed so that lignocellulose fractionization can be carried
out under mild conditions. Recently, studies mainly focused on
the stabilization of reactive intermediates from reductive
catalytic fractionation, oxidation, or functionalization."* How-
ever, each stabilization strategy has its own limitations. Their
potential synergistic effects and mechanisms should be inves-
tigated. More importantly, the utility of different fractions of
fractionated lignocelluloses, especially the carbohydrate fraction
with approximately 60% of the lignocelluloses, and the
recyclability of any chemicals involved should be considered.
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4.2, Selection of new acid hydrotropes

Apparently, the selected concentrated acid hydrotrope solution
should firstly be strong enough to break LCCs and decrease the
activation energies of lignocelluloses so that fractionation can
be carried out at a low temperature and pressure while
inhibiting lignin repolymerization. Secondly, the acid hydro-
tropes should have a suitable apolarity moiety to produce
optimum aggregation around isolated/separated lignin.* It is
known that lignin repolymerization is inevitable in acidic
fractionation including acid hydrotropic fractionation (AHF) and
maleic acid hydrotropic fractionation (MAHF). Therefore, choos-
ing acid hydrotropes capable of stabilizing the fractionated
reactive intermediates through functionalization will be ideal.
For example, MA can prevent lignin from condensation by
esterification due to electrostatic repulsive force between the
carboxylated lignin molecules to decrease their contact. Of
course, functionalization should take the downstream valor-
ization into account. From the chemical loading and water
usage point of view, acid hydrotropes with a low effective
concentration and a high minimum hydrotrope concentration
(MHC), or a steep sigmoidal solubility curve, can decrease
hydrotrope loading while decreasing water usage for dilution to
precipitate lignin. In this sense, MA with a MHC of 25 wt% is
better than p-TsOH with MHC of 10 wt%. Finally, the acid
hydrotropes should have low toxicity and good recyclability
and reusability. MA as a U.S. FDA-approved indirect food
additive (21CFR175-177) and has significant advantages in
terms of environmental sustainability and applications of
fractionated cellulosic fibers related to food and food pack-

aging.

4.3. Process integration and commercialization

The results presented in this Minireview suggest that the
superior fractionation performance of AHF and especially MAHF
is undisputable in comparison with ionic liquids, deep eutectic
solvents, and other cosolvent systems. However, like any
solvent system, the commercial success of AHF or MAHF is
heavily dependent on efficient lignin separation, dissolved
sugar separation and conversion, and acid recovery. Existing
work has demonstrated the potential pathways to address
these critical issues. Improving process integration by improv-
ing furfural yield and titer and inhibiting undesirable reactions
that lead to the formation of humic substances™® is a high-
value proposition and can be learned from existing furfural
production technologies. Membrane separation technologies
that can directly separate acid hydrotrope from dissolved sugars
and water should also be explored for producing other high-
value chemicals other than furfural from dissolved sugars and
to decrease water evaporation. It appears that the fractionated
cellulosic solid fraction can be directly used to produced lignin-
containing cellulose nanofibrils, a high-value material that still
needs to find a commercial market. With a high extent of
delignification and bleaching, it appears that the cellulosic
fractionation is suitable for dissolving pulp fibers, which needs
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to be further evaluated. The cellulosic fraction can also be used
for enzymatic sugar production and MAHF is better suited
because of lignin carboxylation decreased nonproductive
cellulase binding an elevated pH.2>""% Optimizations are
needed with focus on decreasing acid loading while achieving a
good degree of carboxylation. The carboxylated MAHL with
good dispersibility can be used as a rheology modifier in
coatings and paints and possibly cosmetics. These potentially
immediate applications in various commercial markets should
be evaluated. The substantial amount of progress and devel-
oped technologies in lignin valorization through depolymeriza-
tion or use as polymers can be directly tapped for AHF and
MAHF.

Keywords: acid hydrotropic fractionation biorefinery
cellulosic materials - lignin valorization - lignocellulose
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