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FIG. 1B



Patent Application Publication  Dec. 29,2022 Sheet 3 of 17 US 2022/0411453 A1l

FIG. 2A
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FIG. 2B
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FIG. 2C
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FIG. 3A




Patent Application Publication  Dec. 29,2022 Sheet 7 of 17 US 2022/0411453 A1l

FIG. 3B

§
10




Patent Application Publication  Dec. 29,2022 Sheet 8 of 17 US 2022/0411453 A1l

FIG. 3C

!
20
i




US 2022/0411453 A1l

Dec. 29,2022 Sheet 9 of 17

Patent Application Publication

00¥
w




[ (GG-B-0-4 ether, A, = 279 nm
F s G_g}}{gergi " ‘ﬂ“‘lﬂa}{f, o 282 nm
Ethyl ferulate, 2., =282 nm

at 283 nm
GG-B-0-4 ether 1431

G-glycerol 14.80
Ethyl ferulate 13.75

Absorptivity

uonednqng uonednddy yuareg

LT JO 01 3994S 70T ‘6T A

IV €SYITP0/T20T SN



- Syrmgaresinol, A4, = 280 nm
R S - gi}*{? er {31
Ethyl smapate

Absorptivity
at 283 nm
Syringaresinol 11.02
S-glycerol  3.95

Ethyl sinapate  3.45

uonednqng uonednddy yuareg

LT JO TT 3994S TT0T ‘6T "9

IV €SYITP0/T20T SN



} w H-glyecerol, A, =277 nm

2w Methyl p-coumarate, A, = 276 nm

max

Absorptivity

at 283 nm
H-glycerol 6.94

Methyl p-coumarate  6.54

FIG. 5C

uonednqng uonednddy yuareg

LT JO TT 199YS  TT0T ‘6T A

IV €SYITP0/T20T SN



V9 'Old

US 2022/0411453 A1l

Dec. 29,2022 Sheet 13 of 17

TAN swd A[101q0]
pajean} "OQIHOGTL-OUIDISAT)

Patent Application Publication



Patent Application Publication  Dec. 29,2022 Sheet 14 of 17  US 2022/0411453 A1

-

- Aspen MWL
Aspen MWL

FIG. 6B




09 'Old

US 2022/0411453 A1l

Dec. 29,2022 Sheet 15 of 17

TN coquieg
pareant "OSTHYLTL-OUIRISA]) ¢

4
"TAATN QOGUUBEY s 1

Patent Application Publication



Patent Application Publication  Dec. 29,2022 Sheet 16 of 17  US 2022/0411453 A1

WO e
hox ol
. W
PN
ey mﬁ
« poond
=
< a4 K
<t ) o
= - & <C =
! 75
M ‘ PO
5 g ~
ot g
)
LT L e
= ? o
%E ;,x.;-
;?'“-\ Bortent
{ ] ! .i i i
o ¥y o Yy e W
o e oy Lt o4 et

0% ‘Liitiﬁi”} SYNRJOSUL PIOY

*



Patent Application Publication  Dec. 29,2022 Sheet 17 of 17  US 2022/0411453 A1

=
e
wy
e ;ﬁ
=
o
. Bh
- » goest
<«
v @0
SIS
. X
- e (ED
¢ B ~
t\'}
e D
H i i i i §
Gt U o By o Yy

% ‘urusry 101



US 2022/0411453 Al

METHOD TO SOLUBILIZE BIOMASS
UNDER MILD CONDITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Priority is hereby claimed to provisional applica-
tion Ser. No. 63/208,817, filed Jun. 9, 2021, which is
incorporated herein by reference.

FEDERAL FUNDING STATEMENT

[0002] This invention was made with government support
under DE-SC0018409 awarded by the US Department of
Energy. The government has certain rights in the invention.

BACKGROUND

[0003] Lignin is the most abundant aromatic polymer and
the second most prominent renewable raw material after
cellulose.' In plant cells, lignin cross-links to hemicelluloses
and cements cellulose microfibers, enhancing mechanical
strength of the plant stem, facilitating the transport of water
and nutrients, and providing protection against biological
attack.>* Due to the presence of lignin, it is difficult for
microorganisms to fully utilize lignocellulosic feedstocks,>®
although progress has been made in developing technologies
aimed at achieving full and economical utilization of ligno-
cellulosic biomass. These efforts include manipulating the
lignification process by mis-regulating genes within the
monolignol biosynthetic pathway to produce plants with
desirable properties. Known approaches include having low
lignin contents and/or modified composition and structure,
developing efficient biomass pretreatment processes, and
proposing new strategies focused on converting and utilizing
the lignin stream up-front.” In all these activities, as well
as in conventional pulping, accurately measuring lignin
content in the biomass is one of the important routine
practices for biomass compositional analysis in process
development and optimization.'%'!

[0004] Many conventional methods have been developed
and modified for quantitatively measuring the amount of
lignin in certain kinds of plant tissues. The oldest and the
most popular method for lignin quantitation, the Klason
method, has been used for more than a century.'*>'* During
this period, other methods have been proposed, and the
options for lignin quantitation have expanded from gravi-
metric methods to rapid, non-destructive methods using
various instruments (e.g., UV, FTIR, NMR, NIR)."*'” Over-
all, methods of measuring lignin content can generally be
grouped into two categories: direct and indirect quantitation.
[0005] The direct methods include the Klason lignin
method and the recently proposed ALBTH method.'® These
methods use acids to hydrolyze and solubilize carbohydrates
in samples leaving the majority of the lignin as a solid
residue to be determined by gravimetric measurement. The
Klason procedure uses 72% H,SO,, followed by more dilute
acid hydrolysis to dissolve away carbohydrates, leaving
lignin as an insoluble residue.'® The small amount of lignin
dissolved in the acidic solution, called acid-soluble lignin
(ASL), is determined by UV spectrophotometry.>*>" The
ALBTH method uses 60 wt % LiBr solution containing 40
mM HCl to dissolve polysaccharides leaving lignin as solid
residues, similar to the Klason method.'® The Klason pro-
cedure suffers from labor-intensive and tedious operations.
Both the Klason method and the ALBTH method have some
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shortcomings including potentially insuflicient hydrolysis of
cellulose and the formation of humins from sugars, which
often results in an overestimation of lignin.'®*** Addition-
ally, a relatively large amount of sample is required to
produce reliable results by gravimetric measurement. The
fraction of acid-soluble lignin, which is significant in hard-
wood and grass lignins, is measured by UV spectroscopy.
The accuracy of those measurements, however, can be
degraded by interference from furfurals present in the acid-
soluble lignin fraction.

[0006] Indirect methods for lignin quantitation include
invasive and non-invasive methods. Two invasive proce-
dures (using thioglycolic acid or acetyl bromide) are based
on the complete solubilization of whole cell wall material or
lignin via sufficient derivatization. The dissolved lignin in
solution is then measured by UV spectrophotometry.'® The
thioglycolic acid lignin method has not been widely used
because of the lengthy process, its inconsistency with other
methods, and the lack of suitable lignin standards required
for calibration. The acetyl bromide method is the most
popular indirect method for lignin quantitation, largely
because of its relative simplicity, the ability to use small
samples, and its speed.>* The method has been modified
several times to determine the lignin content in non-woody
plant samples.?>**>** Briefly, a few milligrams of pre-ex-
tracted wood (CWR=cell wall residue after solvent extrac-
tion) are placed in a glass vial containing 5 mL of 25% v/v
AcBr in acetic acid, sealed with Teflon-lined caps, and
heated at 70° C. for 30 min. Lignin undergoes the bromi-
nation of a-hydroxy groups and the acetylation of the
y-hydroxy groups and any free-phenolic groups, and is
consequently dissolved in the acetic acid. The dissolved
lignin is subsequently quantified using ultraviolet (UV)
spectrophotometry at 280 nm. Dence? cited the advantages
of the procedure as being rapid and simple, appropriate for
small sample sizes (5-25 mg), with no need to correct for
acid-soluble lignin, providing precise absorbance values for
determining total lignin content, and having less interference
from non-lignin products. However, the furfural products
derived from xylan interfere with the UV absorbance of
lignin at 280 nm and AcBr lignin values often differ from
those from Klason lignin analysis that is still considered to
provide the best lignin measure.*®

[0007] Noninvasive methods for lignin quantitation
exploit the properties of lignin to absorb radiation in specific
regions of the electromagnetic spectrum. Because lignin has
stronger absorbance to ultraviolet (UV) light at a wavelength
of 280 nm than carbohydrates, UV-microspectrophotometry
was applied to measure lignin concentrations in cell walls of
specific plant tissues.?’*® Infrared spectroscopy has been
considered as a method for quantifying lignin in samples,
particularly with the application of techniques such as
diffuse-reflectance  Fourier transform spectrometry.’
Nuclear magnetic resonance spectroscopy (NMR) is a pow-
erful tool frequently used to characterize structural features
of lignin, particularly when the lignin-containing samples
can be dissolved in, or swollen by, a suitable solvent for
solution-state NMR.>**! Cross Polarization/Magic-Angle
Spinning (CP/MAS) NMR, the spectrum resolution of *C-
solid NMR has been improved and allowed this technique to
be used to analyze lignin in lignocellulosic biomass samples;
32 however, it has not been used routinely for quantification
of lignin in whole plant samples.
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[0008] Although many methods are available for directly
and indirectly measuring lignin contents in lignocellulosic
biomass, new alternative methods with advantages over the
ones currently used are desperately required to streamline
analyses.

SUMMARY

[0009] Disclosed herein is a new method for completely
dissolving lignocellulosic biomass. Also disclosed herein is
a spectroscopic method for measuring the lignin content of
lignocellulosic biomass by UV spectrometry, based on this
complete dissolution. Disclosed herein is a method in which
whole biomass is completely dissolved in an aqueous solu-
tion comprising a strong acid and a solute comprising an
amino functional group and a thiol functional group (i.e., an
“amine-thiol””). Once the lignocellulosic biomass has been
completely dissolved as described herein, its lignin content
is determined via UV spectrophotometry.

[0010] Measuring lignin content is a routine operation for
biomass compositional analysis. It remains a challenging
task that requires multiple steps, uses hazardous reagents,
requires heating, and takes a significant amount of time. The
facile spectroscopic method disclosed herein was developed
to quantify the lignin content of lignocellulosic biomass
using a novel method in which biomass samples are dis-
solved in a strong acid in the presence of an amine-thiol. In
the preferred version of the method, the biomass is dissolved
in an aqueous solution comprising the strong acid and
cysteine. In a specifically preferred embodiment, the bio-
mass is dissolved in an aqueous solution of sulfuric acid
(H,S0O,) and cysteine, at room temperature for 1 to 5 hours.
In other versions of the method, the aqueous solution
contains up to 72% H,SO,, along with the amine-thiol, and
the biomass is dissolved at about 24° C. for no more than 60
min.

[0011] Thus, disclosed herein is a method of measuring
lignin concentration in biomass. The method comprises
dissolving a sample of biomass suspected of containing
lignocellulose in an aqueous solution comprising a strong
acid and an amine-thiol to yield a first solution. The absor-
bance of the first solution is measured at a wavelength of
about 283 nm. The lignin concentration in the first solution
is determined by comparing the measured absorbance to a
standard curve of absorbance values made from solutions of
known lignin concentration.

[0012] The strong acid is selected from the group consist-
ing of chloric acid (HC1Os), perchloric acid (HCIO,,), hydro-
chloric acid (HCI), hydrobromic acid (HBr), hydroiodic acid
(HI), nitric acid (HNO,), phosphoric acid (H;PO,), and
sulfuric acid (H,SO,). Sulfuric acid is preferred. The pre-
ferred amine-thiol is cysteine.

[0013] The entire method preferably conducted at ambi-
ent, room temperature, roughly 20° C. to 30° C.

[0014] In a particularly preferred version of the method,
the sample is dissolved in an aqueous solution comprising
about 12 M of the strong acid and about 0.1 g/mL of
amine-thiol.

[0015] Specifically disclosed herein are the following
methods:
[0016] 1. A method of dissolving biomass, including

lignocellulosic biomass, the method comprising contacting
an amount of biomass with an amount of an aqueous
solution comprising a strong acid and an amine-thiol,
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wherein the amount of the aqueous solution is sufficient to
completely dissolve the biomass.

[0017] The method of dissolving biomass, wherein the
strong acid is selected from the group consisting of chloric
acid (HCIO,), perchloric acid (HCIO,), hydrochloric acid
(HC1), hydrobromic acid (HBr), hydroiodic acid (HI), nitric
acid (HNO,), phosphoric (H;PO,), and sulfuric acid
(H,SO,).

[0018] The method of dissolving biomass, wherein the
strong acid is sulfuric acid.

[0019] The method of dissolving biomass, wherein the
amine-thiol is cysteine.

[0020] The method of dissolving biomass, wherein the
strong acid is sulfuric acid and the amine-thiol is cysteine.
[0021] The method of dissolving biomass, wherein the
method is conducted at a temperature of from about 20° C.
to about 30° C.

[0022] The method of dissolving biomass, wherein the
aqueous solution comprises about 12 M strong acid and
about 0.1 g/mL of amine-thiol.

[0023] The method of dissolving biomass, wherein the
aqueous solution comprises about 12 M sulfuric acid and
about 0.1 g/mL of cysteine.

[0024] 2. A method of measuring lignin concentration in
biomass, the method comprising:

[0025] (a) dissolving a sample of biomass suspected of
containing lignocellulose in an aqueous solution com-
prising a strong acid and an amine-thiol to yield a first
solution; and

[0026] (b) measuring absorbance of the first solution at
a wavelength of about 283 nm; and

[0027] (c) determining lignin concentration in the first
solution by comparing the measured absorbance in step
(b) to a standard curve of absorbance values made from
solutions of known lignin concentration.

[0028] The method of measuring lignin concentration in
biomass, wherein the strong acid is selected from the group
consisting of chloric acid (HCIO;), perchloric acid (HC1O,,),
hydrochloric acid (HCI), hydrobromic acid (HBr),
hydroiodic acid (HI), nitric acid (HNO,), phosphoric
(H;PO,), and sulfuric acid (H,SO,).

[0029] The method of measuring lignin concentration in
biomass, wherein the strong acid is sulfuric acid.

[0030] The method of measuring lignin concentration in
biomass, wherein the amine-thiol is cysteine.

[0031] The method of measuring lignin concentration in
biomass, wherein the strong acid is sulfuric acid and the
amine-thiol is cysteine.

[0032] The method of measuring lignin concentration in
biomass, wherein steps (a) and (b) are conducted at a
temperature of from about 20° C. to about 30° C.

[0033] The method of measuring lignin concentration in
biomass, wherein the aqueous solution of step (a) comprises
about 12 M strong acid and about 0.1 g/mL of amine-thiol.
[0034] The method of measuring lignin concentration in
biomass, wherein the aqueous solution of step (a) comprises
about 12 M sulfuric acid and about 0.1 g/mL of cysteine.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1A is a series of photographs illustrating the
dissolution of wood meal (Loblolly pine) in an aqueous
solution comprising cysteine and sulfuric acid (“SA”).
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[0036] FIG. 1B isa UV spectrum of the dissolved Loblolly
pine wood meal shown in FIG. 1A, showing the clear UV
maximum at 283 nm for phenolic components that is used
for quantification.

[0037] FIG. 2A depicts superimposed UV spectra of a
dissolved synthetic lignin dehydrogenation polymer
(“DHP”) containing guaiacyl (G) units (“G-DHP”), loblolly
pine milled wood lignin (“MWL”), and loblolly pine wood.
[0038] FIG. 2B depicts superimposed UV spectra of
loblolly pine MWL, xylan, glucose, xylose, and cellulose
dissolved in cysteine-SA.

[0039] FIG. 2C is a standard curve obtained from a
G-DHP, showing its linearity and the slope (absorptivity) of
17.25 g ' L-em™.

[0040] FIG. 3A is a linear correlation between UV absor-
bance (at 283 nm) of the cysteine-SA-dissolved loblolly pine
sample of FIG. 2A and its corresponding lignin concentra-
tion as calculated by the conventional Klason method of
determining lignin content showing the direct correspon-
dence between the dissolution method and the established
Klason method.

[0041] FIG. 3B is a linear correlation between UV absor-
bance (at 283 nm) of a cysteine-SA-dissolved poplar sample
and its lignin concentration as calculated by the conven-
tional Klason method of determining lignin content.

[0042] FIG. 3C is a linear correlation between UV absor-
bance (at 283 nm) of a cysteine-SA-dissolved bamboo
sample and its lignin concentration as calculated by the
conventional Klason method of determining lignin content.

[0043] FIG. 4 depicts superimposed UV spectra of DHP-A
(100% G), DHP-B (70:30 S:G), DHP-C (30:70 S:G) and
DHP-D (20:75:5 S:G:H). (See Table 1.)

[0044] FIG. 5A depicts superimposed UV spectra of
GG-B-O-4 ether, G-glycerol, and ethyl ferulate after being
treated with cysteine-SA and shows the differences in their
absorptivities at 283 nm.

[0045] FIG. 5B depicts superimposed UV spectra of syrin-
garesinol, S-glycerol, and ethyl sinapate after being treated
with cysteine-SA and shows the differences in their absorp-
tivities at 283 nm.

[0046] FIG. 5C depicts superimposed UV spectra of
H-glycerol and methyl-p-coumarate after being treated with
cysteine-SA and shows the differences in their absorptivities
at 283 nm.

[0047] FIG. 6A depicts superimposed UV spectra of
loblolly pine milled wood lignin, before and after being
treated with an aqueous solution of cysteine and 72% SA and
shows the slight shift of higher wavelength of the key lignin
absorption peak.

[0048] FIG. 6B depicts superimposed UV spectra of aspen
milled wood lignin, before and after being treated with an
aqueous solution of cysteine and 72% SA.

[0049] FIG. 6C depicts superimposed UV spectra of bam-
boo milled wood lignin, before and after being treated with
an aqueous solution of cysteine and 72% SA.

[0050] FIG. 7A is a correlation between acid-insoluble
lignin as measured according to the method disclosed herein
and as measured using the conventional Klason method.
[0051] FIG. 7B is a correlation between total lignin as
measured according to the method disclosed herein and as
measured using the conventional Klason method.
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DETAILED DESCRIPTION OF THE
INVENTION

Abbreviations and Definitions

[0052] CWR=cell wall residue after solvent extraction.
DHP=dehydrogenation polymers (a type of synthetic
lignin). The modifiers “G,” “S,” and “H” designate whether
the DHPs contain guaiacyl (G) units, syringyl (S) units,
and/or  hydroxyphenyl (H) units. DI=deionized.
FTIR=Fourier-transform infrared spectroscopy.
MWL=milled wood lignin. NIR=near-infrared spectros-
copy. NMR=nuclear magnetic resonance spectroscopy.
SA=sulfuric acid. UV=ultraviolet spectroscopy.

[0053] The term “amine” (or “amino™) as used herein
refers to —NRR' groups (and the corresponding quaternized
cations), wherein R and R' are independently hydrogen, or a
substituted or unsubstituted alkyl, alkenyl, alkynyl, cycloal-
kyl, aryl, aralkyl, heterocyclylalkyl, or heterocyclyl group.
[0054] “Thiol” as used herein means the functional group
—SH.

[0055] An “amine-thiol” is a solute that has a solubility of
at least about 0.1 mg/mL in water to miscible in water,
comprising an amine functional group and a thiol functional
group. The term is very broadly described herein to include
any molecule that has at least the stated minimum solubility
in water and which comprises an amine group and a thiol
group. An amine-thiol may also be further substituted with
additional functional groups. Explicitly included within the
definition of “amine-thiol” are unsubstituted or substituted,
linear, branched, and cyclic C,-Cg4-alkyl-aminethiols (e.g.,
1-aminoethanethiol,  2-aminoethanethiol,  aminopropa-
nethiols, aminobutanethiols, aminopentanethiols, amino-
hexanethiols, aminocyclopropanethiol, aminocyclobuta-
nethiols, aminocyclopentanethiols, and
aminocyclohexanethiols), and their linear, branched, and
cyclic alkenyl- and alkynyl-analogs. Also included within
the definition of amine-thiols are heterocyclic amine-thiols
and natural and unnatural thiol-containing amino acids (e.g.,
cysteine, homo-cysteine, -cysteine, 3-homo-cysteine, and
longer homologs thereof).

[0056] The term “strong acid” as used herein explicitly
includes chloric acid (HCIO,), perchloric acid (HCIO.,),
hydrochloric acid (HCl), hydrobromic acid (HB1),
hydroiodic acid (HI), nitric acid (HNO,), phosphoric acid
(H,PO,) and sulfuric acid (H,SO,,).

[0057] Numerical ranges as used herein are intended to
include every number and subset of numbers contained
within that range, whether specifically disclosed or not.
Further, these numerical ranges should be construed as
providing support for a claim directed to any number or
subset of numbers in that range. For example, a disclosure
of from 1 to 10 should be construed as supporting a range of
from 2 to 8, from 3 to 7, from 1 to 9, from 3.6 to 4.6, from
3.5 t0 9.9, and so forth.

[0058] All references to singular characteristics or limita-
tions of the present invention shall include the correspond-
ing plural characteristic or limitation, and vice versa, unless
otherwise specified or clearly implied to the contrary by the
context in which the reference is made. That is, unless
specifically stated to the contrary, “a” and “an” mean “one
or more.” The phrase “one or more” is readily understood by
one of skill in the art, particularly when read in context of
its usage. For example, “one or more” substituents on a
phenyl ring designates one to five substituents.
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[0059] All combinations of method or process steps as
used herein can be performed in any order, unless otherwise
specified or clearly implied to the contrary by the context in
which the referenced combination is made.

[0060] The methods of the present invention can com-
prise, consist of, or consist essentially of the essential
elements and limitations of the method described herein, as
well as any additional or optional ingredients, components,
or limitations described herein or otherwise useful in syn-
thetic organic chemistry.

[0061] As used herein, “about” will be understood by
persons of ordinary skill in the art and will vary to some
extent depending upon the context in which it is used. If
there are uses of the term which are not clear to persons of
ordinary skill in the art, given the context in which it is used,
“about” will mean up to plus or minus 10% of the particular
term.

[0062] The term “contacting” refers to the act of touching,
making contact, or of bringing to immediate or close prox-
imity, including at the molecular level, for example, to bring
about a chemical reaction, or a physical change, e.g., in a
solution or in a reaction mixture.

[0063] An “effective amount” refers to an amount of a
chemical or reagent effective to facilitate a chemical reaction
between two or more reaction components, and/or to bring
about a recited effect, such as partial or complete dissolution
of solute into a solvent. Thus, an “effective amount” gen-
erally means an amount that provides the desired effect.
[0064] In general, “substituted” refers to an organic group
in which one or more bonds to a hydrogen atom contained
therein are replaced by a bond to non-hydrogen or non-
carbon atoms. Substituted groups also include groups in
which one or more bonds to a carbon(s) or hydrogen(s) atom
are replaced by one or more bonds, including double or
triple bonds, to a heteroatom. Thus, a “substituted” group is
substituted with one or more substituents, unless otherwise
specified. In some embodiments, a substituted group is
substituted with 1, 2, 3, 4, 5, or 6 substituents. Examples of
substituent groups include: halogens (i.e., Cl. F, Br, and 1);
hydroxyls; alkoxy, alkenoxy, aryloxy, aralkyloxy, heterocy-
clyloxy, and heterocyclylalkoxy groups; carbonyls (oxo);
carboxyls; esters; urethanes; oximes; hydroxylamines;
alkoxyamines; aralkoxyamines; thiols; sulfides; sulfoxides;
sulfones; sulfonyls; sulfonamides; amines; N-oxides; hydra-
zines; hydrazides; hydrazones; azides; amides; ureas; ami-
dines; guanidines; enamines; imides; isocyanates; isothio-
cyanates; cyanates; thiocyanates; imines; nitro groups;
nitriles (i.e., CN); and the like.

Dissolution of Lignocellulose Biomass:

[0065] In an initial trial to dissolve whole wood meal, a 10
mg sample of loblolly pine wood powder (<0.5 mm particle
size) was stirred in 1 mL of aqueous sulfuric acid (“SA”)
containing 0.1 g/mL of cysteine at 60° C. A homogeneous,
purple-colored solution was formed in 30 min, demonstrat-
ing that the wood biomass can be quickly and completely
dissolved in SA in which cysteine had been added. When the
solution was diluted with water to a volume of 10 mL, a
clear colorless solution was formed. In contrast, the SA
alone produced a fine-solid suspension of a black residue,
exactly as normally seen when performing the Klason lignin
procedure. When the cysteine concentration in SA solution
was reduced to 0.07 g/mL, the wood meal could also be
dissolved in 30 min at 60° C. although its diluted solution
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was pale-yellow colored. The dissolution of the same
amount of wood meal was not complete in 30 min when the
cysteine concentration was reduced to 0.05 g/mL.

[0066] The dissolving temperature was decreased to room
temperature (24° C.) to identify a milder condition, allowing
convenient operation and minimizing interferences from
carbohydrates. It was found that lignocellulosic biomass
samples were completely dissolved in cysteine-SA solution
with 0.1 g/mL cysteine at 24° C. after stirring for 60 min.
When the solution was diluted with DI water to a volume of
100 mL allowing appropriate UV absorbance values (0.1-
0.9) at A=283, a clear colorless solution was formed. See
FIG. 1A. The UV absorption spectrum of the dissolved
loblolly pine wood had a local maximum absorption at
A=283 nm, showing the aromatic characteristic of lignin.
See FIG. 1B. The milled wood lignin (MWL) isolated from
the loblolly pine wood was also readily dissolved in the
cysteine-SA solution under the same conditions, forming a
grey-colored solution. The UV absorption spectrum of the
dissolved MWL was similar to the one obtained from the
dissolved loblolly pine wood or a G-DHP made from
coniferyl alcohol. See FIG. 2A. These results indicate that
the UV absorption of the dissolved wood was mainly
contributed by lignin. When microcrystalline cellulose, glu-
cose, or xylose was dissolved in 1 mL of the stock cysteine
solution under the same condition, their UV absorption
spectra showed very low absorptivity at 283 nm. See FIG.
2B. These results promoted further investigations into the
possibility of developing a simple and fast method for
determining lignin content by UV spectroscopy. The
method, disclosed herein takes advantage of the ability of
the solution of strong acid and amine-thiol to dissolve
lignocellulosic biomass. It was therefore decided to use 0.1
g/mL of cysteine in 72% SA as a stock solution to dissolve
lignocellulosic biomass at 24° C. and 60 min to produce a
stable solution for measuring lignin content with a spectro-
photometer.

The Correlation of the UV Absorbance with Lignin Content:
[0067] Varying amounts (4-9 mg) of loblolly pine wood
meals were stirred in cysteine-SA (1 mL) solution at room
temperature (24° C.) for 60 min and the resulting homoge-
neous solutions were diluted ~100-fold to 100 mL with DI
water simply to lower the concentration sufficiently for
accurate UV absorption measurement. Absorbance of the
diluted solution was measured at 283 nm (A,g;) ina 1 cm
quartz cell with a UV spectrophotometer. A very good linear
relationship was obtained (R?=0.9965) when a plot was
made with the values of A,; against lignin concentrations
calculated from their Klason lignins. See FIG. 3A. When
other lignocellulosic samples such as poplar (FIG. 3B) and
bamboo (FIG. 3C) were applied to the cysteine-SA dissolv-
ing system, similar results were also obtained.

The Absorptivity of Lignin Treated by Cysteine-SA:

[0068] To determine the lignin content from UV absor-
bance readings, the lignin absorptivity (specific absorption
coefficient) needs to be known. This permits calculation of
the lignin concentration via the Beer-Lambert equation:
A=ebc, wherein where “A” is absorbance, “s” is the specific
absorption coeflicient (also known as molar absorptivity or
the extinction coefficient; units L-g~"-cm™"), “b” is the path
length of the sample, usually expressed in cm, and “c” is the
concentration of the compound in solution, expressed in
gram L7,
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[0069] Synthetic lignins, termed DHPs (dehydrogenation
polymers) made from monolignols, were used as lignin
standards to develop the standard curves. Five DHP prepa-
rations including one G-DHP, three GS-DHPs with different
G/S ratios, and one GSH-DHP (Table 1), were synthesized
in a biomimetic system using peroxidase-H,O, combination
as phenol radical initiator according to the conventional
“Zutropf” protocol.**2* The UV spectrum of the G-DHP
treated or dissolved by cysteine-SA solution was similar to
those resulting from loblolly pine wood or its MWL (FIG.
2A). The standard curves produced from the G-DHP had a
slope of 17.25 (see FIG. 2C), which closely matches the
lignin figures obtained from loblolly pine based on its
Klason lignin content. These studies yielded an absorption
coefficient “s” of about 17.25 L-g™"-cm™" is recommended
for the subject method to determine lignin contents in
softwood biomass.

[0070] The UV spectra of the SG-DHPs (DHP-A, DHP-B
and DHP-C) and one SGH-DHP (DHP-D) dissolved in
cysteine-SA had very similar absorptivities at A=283
although their absorptivities varied over wavelengths rang-
ing from 300 nm to 350 nm. See FIG. 4. As G/S increases
the absorptivity of the DHP in this range decreases.
Although the absorptivity values for DHP-A and DHP-B are
almost the same, DHPs with higher G/S ratios generally
have higher absorption coeflicients. Considering that the
G/S ratios for majority of hardwood lignins (SG-lignin) or
grass lignins (SGH-lignin) are equal to or less than 1, an
absorption coefficient of about 11.23 g™'-L-cm™ is recom-
mended to be used for measuring lignin in hardwood or
monocot lignocellulosic materials by the method disclosed
herein.

TABLE 1

Molar ratios and absorptivities (¢, at 283 nm) of DHPs

dissolved in cysteine-SA.

Absorptivity €,

Molar ratios (g'Lem™) Recommended &

of units at 283 nm for lignin quantification
G-DHP 100 G 17.25 £ 0.14 17.25 (G-lignin)
DHP-A 70 S:30 G 11.21 £0.14 11.23
DHP-B 50 S:50 G 11.26 £ 0.23 G/S ratios~1 or less
DHP-C 30 8:70 G 12.20 £ 0.14 12.35
DHP-D 20875 G5 H 12.50 = 0.08 G/S ratios~2 or higher

Absorptivity of Lignin-Related Model Compounds:

[0071] To understand how much the various guaiacyl (G),
syringyl (S), and hydroxyphenyl (H), units in lignin con-
tribute to its UV absorptivity, eight lignin-related model
compounds were treated with cysteine-SA following the
same procedure as used for lignin quantification and their
UV spectra taken. See FIG. 5A (GG-p-O-4 ether, G-glyc-
erol, and ethyl ferulate), FIG. 5B (syringaresinol, S-glycerol,
and ethyl sinapate), and FIG. 5C (H-glycerol and methyl
p-coumarate):
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[0072] The three G-type compounds had similar spectra,
each with a local maximum absorption at around 280 nm and
have the highest absorption coeflicient at 283 nm among the
three types of units (data not shown); When dissolved in the
cysteine-SA solution, syringaresinol has a UV spectrum
similar to those from hardwood lignins or GS-DHPs. The
absorptivity at 283 nm for syringaresinol dissolved in cys-
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teine-SA is 11.02 g~ -L-cm™, close to that obtained from
DHP-A, although the S type monomers, S-glycerol and ethyl
sinapate, had the lowest absorption coeflicients of 3.95 and
3.45 g7'-L-em™ respectively. The local maxima at 280 nm
are less pronounced for the S monomers tested. The spectra
of H type monomeric compounds treated with cysteine-SA
showed local maximum absorption around 276 nm in their
UV spectra, although their absorption coeflicients at 283 nm
were relatively low compared to those of DHPs or lignins.

Effects of Cysteine-SA  Treatment on
Characteristics of Lignin:

Spectral

[0073] To investigate the effect of cysteine-SA treatment
on the spectral characteristics of lignins, three isolated lignin
preparations (loblolly pine MWL, aspen MWL, and bamboo
MWL) were dissolved in cysteine-SA solution under the
general conditions and their UV spectra were compared with
those of the corresponding lignin samples dissolved in
neutral aqueous dioxane solutions. See FIGS. 6A (loblolly
pine), 6B (aspen), and 6C (bamboo). Generally, the cysteine-
SA changes lignin structures resulting in lower absorptivity,
especially for bamboo lignin at A from 275 nm to 350 nm.
Two local maxima absorptions were observed for bamboo
MWL in dioxane solution, one is at A=310 due to the
conjugated double-bond of the hydroxycinnamates, mainly
p-coumarates, present in the lignin; the other one at A=286
nm is caused by aromatic rings of lignin units and hydroxy-
cinnamates. After being dissolved in the aqueous cysteine-
SA solution, the local maximum at 310 nm disappeared and
the local maxima absorption at 286 nm shifted to 282 nm,
indicating that the conjugated double-bond was saturated in
the strong acid environment with the strong nucleophilic
thiol group of the cysteine. This result is consistent with
those from the model compounds mentioned above. The UV
spectrum of aspen MWL in dioxane had a local maximum
at 277 nm, which became a shoulder with lower absorptivity
after the sulfuric acid/cysteine treatment. The UV spectrum
of the loblolly pine CEL, a G-type lignin (FIG. 6A), was
slightly changed by the cysteine-SA treatment, shifting the
local maxima absorption from 281 to 283 nm but otherwise
retaining its characteristics.

Verification of the Proposed CASA (Cysteine-Assisted
Sulfuric Acid) Lignin Method:

[0074] To verify the reliability of the method for lignin
quantitation, the protocol was applied to various lignocel-
lulosic biomass samples, including 7 softwoods, 6 hard-
woods, and 6 grasses (monocots). The results were com-
pared with the acid-insoluble lignin and total lignin contents
obtained by the Klason method (the NREL protocol.*?->
The lignin content as measured by the method disclosed
herein are generally slightly higher than the corresponding
values generated by the Klason method, but correspond very
tightly to the total lignin content as measured by the Klason
method. FIGS. 7A and 7B shows the correlations between
the lignin content measured by the method disclosed herein
and those obtained by the classic Klason method from
various lignocellulose materials. All 19 samples were cor-
related with acid-insoluble lignin contents, and the results
from 9 samples were compared with the total lignin contents
(acid-soluble+acid-insoluble lignin). A very robust coeffi-
cient of determination (R*=0.945) was found between the
lignin content as measured by the method disclosed herein
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and acid-insoluble lignin content as measured by the Klason
method. An even more robust R* of 0.983 was obtained
when the lignin content data as measured by the present
method were correlated with the total lignin content as
measured by the Klason method. These results clearly
indicate that the method is useful for measuring lignin
content in biomass at room temperature.

Discussion of the Results:

[0075] Lignocellulosic biomass is normally not soluble in
any solvent. Although isolated or purified cellulose can be
dissolved in many solvents and lignin can be partially
extracted from lignocellulosic biomass under various con-
ditions, complete dissolution of woody materials requires
severe conditions such as intensive ball-milling and/or high
temperature in ionic liquids. Acetyl bromide (25%) in acetic
acid has been used for dissolving woody materials to mea-
sure lignin contents via UV spectrometry. However, acetyl
bromide is a corrosive, volatile, and irritating compound
such that the experiments are required to be performed
within a fume hood. Discovering the extraordinary ability of
the combination of a strong acid and an amine-thiol to
dissolve lignocellulose materials under otherwise mild con-
ditions (24° C. in 60 min) is striking and wholly unexpected.
The method disclosed herein allows lignin content to be
measured in a quick, convenient format that requires no
heating, a small sample size (1 mg of sample is sufficient),
and minimal amounts of reagents and solvents. This method
is easily adapted for high-throughput analysis.

[0076] By using cellulose, glucose, xylan, and xylose as
model substances, the examples contained herein demon-
strate that carbohydrates dissolved in cysteine-SA solution
under the conditions used (24° C. for 60 min) contributed
little to the UV-absorbance at 283 nm. The UV-absorbance
at 283 nm could therefore be used for determining lignin in
lignocellulosic biomass via spectrophotometry following
dissolution of the sample in cysteine-SA (followed by suit-
able dilution).

[0077] As a spectrophotometric method, the method
requires a reliable standard for developing standard (cali-
bration) curves. This can be accomplished in several differ-
ent ways. In the past, several materials have been tested as
standards for the acetyl bromide method, including pro-
cessed lignins,>%*7 MWLs,>® native lignin,® and lignins
isolated by acetyl bromide or acidic dioxane®®*', all of
which can be used in the current method. The lignin absorp-
tivity can also be estimated by using wood samples of
known lignin content as measured by Klason lignin contents
or total lignin contents.?® Using synthetic lignins (DHPs) as
standards (as described herein) has some advantages: 1) the
synthesized DHPs are pure and can be readily prepared in
adequate quantities; 2) DHPs with varying molar ratios of
units can be assessed to study how G/S ratios affect the
absorptivity of lignin.

[0078] The model studies described herein indicated that
guaiacyl-type compounds have higher UV absorptivity (at
283 nm) than those of syringyl or p-hydroxyphenyl com-
pounds, which is consistent with the observation that soft-
wood lignins have higher absorptivity than hardwood or
monocot lignins.

[0079] The accuracy or reliability of an indirect analytical
method always needs to be verified by comparing or corre-
lating to the established method. In this study, the Klason
lignin method, the best and most used method for lignin
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quantification, was compared to the subject method for
measuring lignin. The test results with three kinds of ligno-
cellulosic biomass (softwoods, hardwoods, and monocots,
with a total of 19 samples) showed that a very good
coefficient of determination (R*=0.945) was found between
the lignin results yielded by the present method and acid-
insoluble lignin contents as measured by the Klason method,
and that an even better R? (0.983) was obtained when the
lignin data using the present method were correlated with
the total lignin contents. The newly developed lignin method
therefore has potential to replace the Klason method, a
popular but time-consuming method that is an analytical
bottleneck.

[0080] In summary, disclosed herein is a novel reagent
combination (strong acids and amine-thiols) that completely
dissolves lignocellulosic biomass under mild conditions.
Also disclosed is a new spectroscopic method for determin-
ing lignin in lignocellulosic biomass that takes advantage of
this phenomenon. Compared with the currently used meth-
ods for lignin determination, the method disclosed herein
has the following advantages: 1) the reagents used are easily
accessible and environment-friendly; 2) the procedure is fast
and is performed without heating; 3) it is sensitive; only a
few milligrams of sample are needed; 4) the method pro-
vided results that are well-correlated to the total lignin
content obtained by the conventional Klason method; 5) the
method can be implemented in a high-throughput mode.

Examples

[0081] The following examples are included herein to
provide a more complete disclosure of the method described
in claimed herein. The examples do not limit the scope of the
claims in any way.

[0082] Materials. All chemicals and reagents are commer-
cial products and used as supplied. 1-cysteine, microcrys-
talline cellulose and xylan were purchased from Sigma-
Aldrich (St. Louis, Mo., USA). Sulfuric acid (72%, 12 M,
SA) was prepared by careful dilution of concentrated (95-
98%) sulfuric acid purchased from Sigma-Aldrich or pur-
chased from Fisher Scientific (Waltham, Mass., USA).
[0083] The lignocellulosic biomass materials were ground
with a Wiley mill (Thomas Scientific, Swedesboro, N.J.,
USA) and sieved to collect the fraction between 40-80 mesh
for analysis. To remove non-cell-wall extractives, the
ground biomass was Soxhlet-extracted with benzene/alcohol
(v/v 2:1) for 4 h, followed by 95% ethanol extraction for 12
h; toluene can replace benzene for safety reasons, and
simply using 80% ethanol extraction alone is quite effective
especially for woody biomass.** For monocot or grass
biomass or non-woody dicots extraction with water under
sonication is recommended first to remove proteins and
other water-soluble components. Each solvent-extracted
biomass sample was kept in a sealed glass bottle after drying
in an oven at 50° C. for 48 h and placed in a vacuum
desiccator over P,Os.

[0084] Monolignols (coniferyl alcohol, sinapyl alcohol,
and p-coumaryl alcohol) were prepared according to the
published methods.**** Milled wood lignins (MWLs) were
prepared from the corresponding biomass according to the
procedure described by Bjorkman.**

[0085] Klason method. The Klason method was per-
formed to measure the acid-insoluble lignin as well as
acid-soluble lignin of biomass samples according to the
NREL protocol (NREUTP-510-42618).'%%3
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[0086] Determination of lignin content by the subject
lignin method. A cysteine stock solution (0.1 g/mL) in 72%
SA was prepared by dissolving 10 g 1-cysteine in 100 mL in
SA (72% sulfuric acid). The solvent-extracted biomass
sample (5-10 mg, weighed to the nearest 0.01 mg) was
placed in a 4 mL glass vial, then 1.0 mL of the prepared
stock solution was added. The mixture was sealed with a
Teflon-lined screw cap and stirred at 24° C. (room tempera-
ture) with a magnetic stir bar (400 rpm) for 60 min, at which
point the biomass had completely dissolved. The solution
was diluted with deionized water to a volume of 50 mL or
100 mL in a volumetric flask, depending on the lignin
content and biomass weight used to allow the diluted
solution to have an appropriate UV-absorbance (<1.0) at 283
nm. Absorbance of the diluted solution was measured at 283
nm (A,g;) in a 1 cm quartz cell using a UV spectrophotom-
eter against a blank solution (1 mL stock solution was
diluted to the corresponding volume). If necessary, a UV-
absorption spectrum was obtained by scanning the absor-
bance from 230-400 nm on the spectrophotometer at 1 nm
intervals. The lignin content (CASA_L %) of the lignocel-
lulosic biomass was calculated based on the Beer-Lambert
law using formula (1). All tests are performed at least in
triplicate, and the mean and standard deviation tabulated.

A283x ¥V 1)
x 100

CASA_L(%) = ————
s

[0087] Wherein where CASA_L (%) is lignin content as
measured by the subject method, A,g; is the UV absorbance
of the diluted solution at A=283 nm; V is the total volume (in
L) of the diluted solution; m, is the mass in grams of the
extractive-free lignocellulosic sample; L is the light path
length, 1 cm here; € is the UV-absorption coefficient (absorp-
tivity, L-mol™"-cm™) of lignin at A=283 nm.
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What is claimed is:

1. A method of dissolving biomass, including lignocellu-
losic biomass, the method comprising contacting an amount
of biomass with an amount of an aqueous solution compris-
ing a strong acid and an amine-thiol, wherein the amount of
the aqueous solution is sufficient to completely dissolve the
biomass.

2. The method of claim 1, wherein the strong acid is
selected from the group consisting of chloric acid (HCIO,),
perchloric acid (HCIO,), hydrochloric acid (HCI), hydro-
bromic acid (HBr), hydroiodic acid (HI), nitric acid (HNOs,),
phosphoric (H;PO,), and sulfuric acid (H,SO,).

3. The method of claim 1, wherein the strong acid is
sulfuric acid.

4. The method of claim 1, wherein the amine-thiol is
cysteine.

5. The method of claim 1, wherein the strong acid is
sulfuric acid and the amine-thiol is cysteine.

6. The method of claim 1, wherein the method is con-
ducted at a temperature of from about 20° C. to 30° C.
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7. The method of claim 1, wherein the aqueous solution
comprises about 12 M strong acid and about 0.1 g/mL of
amine-thiol.

8. The method of claim 1, wherein the aqueous solution
comprises about 12 M sulfuric acid and about 0.1 g/mL of
cysteine.

9. A method of measuring lignin concentration in bio-
mass, the method comprising:

(a) dissolving a sample of biomass suspected of contain-
ing lignocellulose in an aqueous solution comprising a
strong acid and an amine-thiol to yield a first solution;
and

(b) measuring absorbance of the first solution at a wave-
length of about 283 nm; and

(c) determining lignin concentration in the first solution
by comparing the measured absorbance in step (b) to a
standard curve of absorbance values made from solu-
tions of known lignin concentration.

10. The method of claim 9, wherein the strong acid is
selected from the group consisting of chloric acid (HCI1O,),
perchloric acid (HCIO,), hydrochloric acid (HCI), hydro-
bromic acid (HBr), hydroiodic acid (HI), nitric acid (HNO,),
phosphoric (H;PO,), and sulfuric acid (H,SO,,).

11. The method of claim 9, wherein the strong acid is
sulfuric acid.

12. The method of claim 9, wherein the amine-thiol is
cysteine.

13. The method of claim 9, wherein the strong acid is
sulfuric acid and the amine-thiol is cysteine.

14. The method of claim 9, wherein steps (a) and (b) are
conducted a temperature of from about 20° C. to 30° C.

15. The method of claim 9, wherein the aqueous solution
of step (a) comprises about 12 M strong acid and about 0.1
g/mL of amine-thiol.

16. The method of claim 9, wherein the aqueous solution
of step (a) comprises about 12 M sulfuric acid and about 0.1
g/mL of cysteine.



