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Abstract

In this study, we propose a complete biomass fractionation strategy where all three
major biopolymers, namely cellulose, hemicellulose and lignin, are separated with higher
efficiency and purity. Sequential treatment of hybrid poplar wood using autohydrolysis
(160 °C, 60 min) and 1-ethyl-3-methylimidazolium acetate activation (60 °C, 3 h) resulted
in significantly improved enzymatic saccharification and fractionated 85% cellulose and
67% hemicellulose. The resulting solid fraction contained 90 % (w/w) lignin, which was
equal to 71% yield based on the original biomass composition. The proposed two-step
pretreatment process improved lignin yield by 77% and 23% compared to single-stage ionic
liquid activation or autohydrolysis, respectively. Structural characterization by 2D nuclear
magnetic resonance spectroscopy and small-angle neutron scattering revealed that the
isolated lignin sustained minimal modifications to inter-unit linkages, and exhibited high
thermotolerance as well as unique functionality, thereby highlighting the benefits of this

process for lignin fractionation.

Keywords: Autohydrolysis; [Comim][OAc]; ionic liquid activation; enzymatic saccharification;

lignin; biomass fractionation; hybrid poplar; 2D-HSQC NMR; SANS.
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1. Introduction

Lignocellulosic biomass has been investigated as a renewable resource to generate
fuels, chemicals, and other bio-products. However, the complex structural and chemical
properties of lignocellulosic biomass render it highly resistant to fractionation via
biochemical, physico-chemical and thermo-mechanical platforms.! To overcome this
recalcitrance, a variety of pretreatment processes have been developed that target cellulose
crystallinity, biomass porosity and dissolution of matrix polysaccharides.? Autohydrolysis
pretreatment, for example, is reported to improve the conversion of cellulose into
fermentable sugars by 42 to 86%,* * where the biomass recalcitrance is reduced via partial
hemicellulose removal. However, lignin and hemicellulose that form majority of the plant
cell wall are not effectively fractionated and recovered during these processes resulting in
large amounts of low value by-products. A desirable biomass conversion process should
facilitate maximization of biorefinery outputs, while minimizing its environmental impact.
To achieve this goal, horizontal integration of biorefineries has been proposed, which
follows the model of petrochemical industries and integrates low value-large volume fuel
production with the generation of high value chemicals from the primary components of
lignocellulosic feedstock.’ Novel processes that satisfy integrated biorefinery requirements
must demonstrate effectiveness for selective separation of each lignocellulosic component,
while providing high purity of the isolated fractions. Ionic liquid (IL) processes have

received significant attention as a potential technology to meet these requirements.

Ionic liquids (ILs) are molten salts with low melting points, high boiling points, and
remain in liquid state at room temperature.® Continued research has brought down the bulk
chemical costs ($1.24/kg) of ILs, and when coupled with efficient solvent recycling design,

IL-based processing has immense potential for sustainable conversion of lignocellulosic



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

biomass.” The majority of IL processes have been proposed at high temperatures to either
pretreat or fractionate lignocellulosic biomass and improve its ability to release fermentable
sugars.® ° The removal of lignin and hemicellulose, which generates a cellulose-rich
fraction, contributes to the rapid dissolution of biomass at high pretreatment temperatures,
especially above 150 °C.!° Interestingly, pretreatment of wheat straw with 1-ethyl-3-
methylimidazolium acetate at 140 °C was reported to generate high purity fractions of
cellulose, hemicellulose, and lignin, however the lignin recovery was less than 50%.!!
Reducing the IL pretreatment duration from 6 to 2 h, at 140 °C, resulted in higher lignin
recovery of 90% from sugarcane bagasse, however the total carbohydrate recovery was
only 54%.'2 Milder IL pretreatment conditions of 60 °C, for 1 to 72 h, was reported to
significantly reduce the recalcitrance of lignocellulosic biomass, while simultaneously
minimizing the degradation of its major biopolymers.!® This indicates that, ‘mild’ IL

pretreatment has greater potential for efficient fractionation of lignocellulosic biomass.

Frequently, the use of IL as pretreatment resulted in lignin and hemicellulose
fractions being underutilized, mostly due to degradation and distribution in other product
streams.!® 14 For example, in a one-pot IL saccharification system, which liberated 81.2%
of glucose and 87.4% of xylose in 72 h, a part of the lignin was depolymerized and
dissolved in the liquid stream, whereas the rest ended up in the solid stream with <70%
purity.!* More recent methods developed for the separation of lignocellulosic biomass into
three distinct lignin, cellulose, and hemicellulose-rich fractions still had drawbacks,
specifically inefficient recovery of highly pure lignin.!* !¢ IL-dissolution of biomass was
reported to recover 70-80% of the carbohydrates, but only about 10-18% of lignin.'® To
maximize lignin recovery from pretreated residues, a sequential resin adsorption and

supercritical CO2 extraction was proposed, however the process only yielded 42% of
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lignin.!” High-purity lignin with preserved functionality has valuable applications in the
development of platform chemicals and bio-based materials, but most of the available
fractionation techniques result in the degradation of native lignin structure, reduction of
molecular weight, increase in polydispersity, and decrease in functionality.'® Hence, a
direct and complete fractionation of biomass into individual biopolymers with high purity
and yield remains a challenge. Integrated technologies could enhance the economic
viability of biorefineries by producing three valuable co-product streams from

lignocellulosic biomass and IL-based routes may rise to the challenge.

To our knowledge, there is potential for improving the fractionation yields by
deploying ILs. The incremental increase in yield and purity, however small, is still valuable
for enhancing the economic feasibility and sustainability of biorefineries. The main goal of
this study is to develop a strategy to sequentially fractionate hybrid poplar (HP) biomass
into cellulose, hemicellulose and lignin with high yield and purity. A two-step
autohydrolysis and IL-activation pretreatment is proposed and evaluated with respect to its
effectiveness on biomass fractionation. Powder X-ray diffractometry (XRD) is used to
assess cellulose structural changes and subsequent enzymatic saccharification is performed
to evaluate the recalcitrance of the treated biomass. Finally, the isolated lignin fraction (IL-
lignin) is characterized by wet chemistry, differential scanning calorimetry (DSC), small
angle neutron scattering (SANS), and 2D-HSQC (heteronuclear single quantum coherence)

NMR spectroscopy to assess its purity and changes in physico-chemical properties.
2. Experimental Section

2.1. Materials and Chemicals
Hybrid poplar (Populus deltoides) (HP) wood was obtained from the Center for

Renewable Carbon (University of Tennessee, Knoxville, TN). The biomass was air-dried
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and chipped into less than 1 c¢m?® particle size. The ionic liquid, > 95% 1-ethyl-3-
methylimidazolium acetate or [Comim][OAc], was purchased from lolitec Inc. (Tuscaloosa,
AL) and used without further purification. Dimethyl sulfoxide-ds (99.9%), pyridine-ds
(99.5%), acetic acid-ds (> 95%) were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA). Deionized (DI) water was employed throughout the experiments.

Partially deuterated ionic liquid, [Comim][OAc]-d3, was synthesized based on a
modified protocol!” that wutilized deuterated acetic acid. Briefly, 1-ethyl-3-
methylimidazolium ethylsulfate was passed through a vertical column packed with an anion
exchange resin (Ambersep® 900 hydroxide form) and then eluted with water. The eluted
fractions having a pH > 13 were neutralized with deuterated acetic acid and the resulting
product was concentrated under reduced pressure to remove excess water. The pale yellow,
oily liquid was further extracted with diethyl ether and dried to constant weight under
reduced pressure. The 'TH NMR (400 MHz, DMSO-dg) results of the product were: & (ppm)
=1.38 (3H, t, CH3 in ethyl), 3.84 (3H, s, N-CH3), 4.21 (2H, q, CH>—N), 7.75 (1H, t,=CH-),
7.84 (1H, t, -CH=), and 9.92 (1H, s, -CH=).
2.2. Autohydrolysis and Biomass Characterization

Autohydrolysis of HP woodchips was carried out in an in-house constructed 10 L
Hastelloy C276 pressure reactor, which was heated by band heaters and monitored and
controlled with LabVIEW 8.6 software (National Instruments, Austin, TX). The chips
(187 g) were transferred into a Teflon basket which was then inserted into the reactor.
Subsequently, the reactor was sealed and placed under vacuum for 20 min. Afterwards, DI
water at 1:19 (w/v) solid to liquid ratio (~3470 mL) was added into the reactor under
vacuum and heated to 160 °C. The extraction was performed at 160 °C for 60 min under

an autogenous equilibrium pressure of 0.717 MPa. At the completion of the experiment,
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the reactor was cooled down and the liquid hydrolysate was carefully collected. The solid
material (autohydrolyzed HP) was dried at 40 °C until constant moisture (less than 10% by
weight), then milled with a Wiley mill (Thomas Scientific, Model # 3383-L 10, Swedesboro,
NJ) and passed through a 40-mesh screen (0.425 mm).

The chemical composition (glucan, xylan, arabinan, galactan, mannan, acid-soluble lignin,
acid-insoluble lignin, acetyl, ash and moisture content) of all untreated and pretreated biomass was
determined by following the National Renewable Energy Laboratory (NREL, Golden, CO)
standard protocols TP-510-42618 (2011), TP-510-42621 (2008) and TP-510-42622 (2008). The
total carbohydrates content of the liquid autohydrolyzate fraction was quantified according to
NREL/TP-510-42623 (2008), where it was autoclaved with 4% sulfuric acid at 121 °C for 60 min.
The concentration of monomeric sugars before and after autoclaving was determined using a
PerkinElmer (Waltham, MA) high performance liquid chromatography and refractive index
(HPLC-RI) detection system, fitted with a Bio-Rad Aminex HPX-87P analytical column
(Richmond, CA) and a deashing guard column (Biorad, Hercules, CA), maintained at 85 °C. DI
water was used as the mobile phase at a flow rate of 0.25 mL/min. The amount of lignin removed

in the liquid autohydrolyzate fraction was calculated using the following equation:

. . Miignin, HP — Mlignin,autohydrolyzedHP
Lignin (%) = —* g ey (1)
Mlignin HP

where miignin, Hp represents the oven-dry weight of lignin contained in the starting biomass, and

Miignin, autohydrolyzedrip 18 the oven-dry weight of lignin remaining in the autohydrolyzed biomass.

2.3. Activation and Regeneration of Biomass in [C:mim][OAc]
The moisture contents of HP and autohydrolyzed HP used in the IL-activation step
were 5% and 3% (w/w on dry basis), respectively. Prior to adding the biomass,

[Comim][OAc] was heated at 100 °C for 20 min to remove any water traces and then cooled
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down to 60 °C. Approximately, 10% (w/w) i.e., 40 g of biomass (HP or autohydrolyzed
HP) were added to [Comim][OAc] (360 g) maintained at 60 °C and mechanically mixed in
a 0.9 L glass reactor at 600 RPM for 3 h. At the end of the IL-activation, room temperature
DI water was quickly added to the biomass-IL system as an anti-solvent and the mixture
was stirred for three additional minutes. The IL-activated biomass was filtered and washed
with room temperature DI water to remove any traces of IL and finally recovered by
centrifugation. The sample was then dried at 40 °C. The complete removal of IL was
confirmed by monitoring a characteristic infrared band of [Comim][OAc] (vc=~nat 1565 cm”
") in the regenerated biomass using a PerkinElmer Spectrum One FT-IR spectrometer
(Waltham, MA).
2.4. XRD Analysis of Hybrid Poplar Cellulose Structure

Powder XRD was used to determine the impact of autohydrolysis, IL-activation, and
the combination of both on cellulose structure in the resulting biomass. Each sample
(control, IL-activated, autohydrolyzed, and autohydrolyzed + IL-activated HP) was
mounted on a low-background quartz holder and a PANalytical Empyrean X-ray
diffractometer (PANalytical Inc., Westborough, MA) with a Cu tube (A % 1.5405 A) was
used to collect the data. The radiation was generated at 40 mA and 45 kV. A step increment
of 0.01° was used for measuring the scattering angle 26 in the range 9 — 41°. Crystallinity
index (Crl) of the biomass samples was determined using peak deconvolution method,?°
where the X-ray diffractograms were fitted with pseudo-Voigt function for the crystalline
area and InvsPoly function for the amorphous area using OriginPro 2020 software
(Northampton, MA). Crl was calculated as the percentage of total crystalline area (1-10,

110, 200, 004) over the total area as given in the equation below.

Crl (%) _ Peak aredcrystalline cellulose I or I1 x 100 (2)
Peak aredcrystailine cellulose I + Peak aredcrystailine cellulose 11 + Peak areagmorphous
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2.5. Enzymatic Saccharification of Hybrid Poplar

Enzymatic hydrolysis of the control HP, IL-activated, autohydrolyzed, and
autohydrolyzed + IL-activated HP was carried out in duplicate according to the NREL
standard protocol TP-510-42629 (2008). Briefly, 2% (w/w) of biomass sample (10 g) were
hydrolyzed using a mixture of multicomponent cellulases (CTec2 @ 60 FPU/g cellulose)
and hemicellulases (HTec2 @ 59 U), graciously provided by Novozymes (Franklinton,
NC). The saccharification was performed at 50 °C in a 0.9 L fermenter with constant
stirring (140 RPM) and a 50 mM citrate buffer at pH 5.5. The carbohydrates conversion
was monitored by measuring the monomeric sugar concentration in aliquots of the
saccharification hydrolysates. Aliquots of 1.5 mL taken at 0, 1, 2, 3, 6, 24, 48 and 72 h were
boiled for several minutes to denature the enzymes and centrifuged to separate the solid
residues. The aliquots were then filtered with a 0.45 pm nylon membrane filter
(MilliporeSigma, Billerica, MA) and analysed using the previously described HPLC-RI
system. After 72 h hydrolysis, the solid fraction was recovered from the saccharification
hydrolysate by centrifugation and further washed with DI water to remove the buffer and
enzymes. This fraction, termed as IL-lignin, was then dried at 40 °C prior to detailed
characterization. The total lignin content of this fraction was determined using the two-step
sulfuric acid hydrolysis (Klason) procedure described in NREL/TP-510-42618 (2011).
Ultimate analysis of IL-lignin was performed in triplicate using the Elemental Analyzer ECS4010
(Costech Inc., Valentia, CA) in order to measure %C and %N, whereas a high temperature
conversion elemental analyzer (Thermo Finnigan, Palmer, MA) was employed to measure the %0.
2.6. Thermal Analysis of IL-Lignin by DSC

Thermal analysis of the isolated IL-lignin was conducted using a PerkinElmer

(Shelton, CT) Diamond differential scanning calorimeter (DSC). The system uses two 1 g
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furnaces, which allows the fastest heating and cooling rates of up to 500 °C/min and
provides an improved baseline and a better resolution of heat capacity transition. In brief,
approximatively 2.5 mg of IL-lignin were placed in an indium DSC pan and sealed with a
lid punctured on top to allow for any volatiles to escape. Each heating cycle ranged from 0
to 250 °C at a rate of 100 °C/min, followed by a cooling cycle from 250 to 0 °C at the same
rate. The end condition was set to cool the samples to 25 °C. The heating cycle was repeated
three times, whereas the cooling cycle was repeated twice to eliminate any thermal history.
The glass transition temperature (7y) was determined at the midpoint of heat capacity
change during the third heat flow.
2.7. 2D-NMR Spectroscopy of Biomass and IL-Lignin

A sub-sample of the starting HP chips were ground (40 mesh) then extracted in an
Accelerated Solvent Extractor (ASE 350, Dionex, Sunnyvale, CA) to remove any non-
structural compounds (extractives) following the NREL standard protocol TP-510-42619
(2008). Afterwards, the extractives-free HP was ball milled according to a published
protocol.?! The milled sample (40 mg) was transferred to a 5 mm (&) NMR tube and then
500 uL of solvent mixture composed of DMSO-ds and pyridine-ds at 4:1 (v/v) ratio were
carefully introduced along the sides of the NMR tube. The sample was then sonicated for
~1 h until a gel with a homogeneous appearance was formed. The same methodology was
employed to prepare an IL-lignin gel, since this fraction was sparingly soluble in common
organic solvents (<0.5% w/v in ethyl acetate, methanol, DMF) even at elevated
temperatures of > 50 °C (8% w/v in DMSO). Two-dimensional 'H-*C HSQC NMR
spectra of the extractives-free HP and IL-lignin samples were acquired using a Bruker AV-
IT (Billercia, MA) NMR spectrometer operating at 600.13 MHz. A semi-quantitative

analysis was performed by integrating the correlation peaks in different regions of the
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HSQC spectra with MestReNova (v14.2, Mesterlab Research, Compostela, Spain). The
relative quantity of side chains involved in different inter-unit linkages (e.g., B—aryl ether)
was expressed as number per 100 (syringyl + guaiacyl) aromatic units.
2.8. Small Angle Neutron Scattering (SANS) of IL-Lignin

IL-lignin was dissolved in partially deuterated [Comim][OAc]-d3 by stirring at 60 °C
for up to 12 h, at concentrations ranging between 1 and 7.5% (w/w). These dissolved IL-
lignin solutions were syringed into assembled 1 mm path-length titanium cells for SANS
studies. Small-angle neutron scattering (SANS) measurements of these samples were
performed at the Bio-SANS (CG-3) instrument located in the High Flux Isotope Reactor
(HFIR) facility at the Oak Ridge National Laboratory.?? A single instrument configuration
was used to acquire data over the Q-range of 0.003 to 0.85 A~!. The sample-to-detector

distance of the main detector array was 15.5 m and the west wing detector was at 1.4°. The

wave-vector Q is related to wavelength (A) and scattering angle (26) by Q = 4Tﬂsin 6. The

reduced scattering intensity profile, /(Q) versus O, was normalized to monitor counts and
corrected for detector dark current, pixel sensitivity, solid angle and background scattering
prior to azimuthal averaging. SANS data analysis was performed using the IRENA package
implemented in the commercially available Igor Pro Software (WaveMetrics, Inc., Portland,
OR) on the solvent subtracted 1D SANS profiles.??> Curve fitting of the SANS spectra was
performed using a single level Unified Fit function (eqn. 3) which consists of a Guinier

exponential and a structurally limited power law function.?* 2

1(Q) = Gexp (—Q°R3/3) +B(Q")™® (3)
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where G and B are the scaling factors of Guinier and power-law functions of the Unified

Fit function, respectively; a is the power-law exponent, R, is the radius of gyration, and
3

Q" =Q/|lerf(QR,/V6)| .

3. Results and Discussion

3.1. Quantitative Analysis of Autohydrolysis and IL Activation of Hybrid Poplar

Our previous work?® had demonstrated that a large amount of HP hemicellulose
could be autohydrolyzed into soluble sugars, with minor degradation to lignin and cellulose,
at 160 °C for 60 min. Therefore, these conditions were adopted in this study to partially
extract hemicellulose from HP. During autohydrolysis of lignocellulosic biomass, the
hydrolytic cleavage of hemiacetal linkages between hemicellulose polysaccharides results
in the formation of acetic acid, which is turn catalyzes further depolymerization of the

carbohydrates.

Table 1. Chemical Composition of Different Process Streams During the Sequential

Fractionation of Hybrid Poplar (HP)

Chemical composition (% ODW)*

Treatment Total
Cellulose Hemicellulose Ash
lignin
HP (control)”* 47.0 (0.2) 23.6 (0.1) 25.8(0.2) 1.1 (0.0)
Autohydrolyzed HP 55.4(0.7) 12.5(0.3) 27.7(0.1) 0.3(0.1)

Autohydrolyzed + [L-activated HP  59.6 (0.3) 9.4 (0.2) 29.1 (2.0) 0.4 (0.0)

IL-lignin 4.3 (0.0) 2.0 (0.1) 90.1 (0.0) 0.5 (0.0)

*Oven dry weight; “Extractives-free biomass; fSum of acid-soluble and acid-insoluble lignin; IL —

ionic liquids. Means and standard deviations (in parenthesis) are provided for N = 3.
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The chemical composition and mass balance of the control and autohydrolyzed HP
are shown in Table 1 and Figure 1. Based on the total solid weight differences between HP
and autohydrolyzed HP, the mass closure after autohydrolysis was determined to be 74%
(Figure 1). Sugar quantification of the liquid hydrolysate revealed that 43.6% of the HP
hemicellulose were hydrolyzed and recovered from the starting material (Figure 1). A large
amount of xylan (54.1%) and the majority of galactan (95.7%) and arabinan (82.7%) were
extracted during this step. Small amount of glucose was also detected, which could have

originated from the hydrolysis of glucuronoxylans.

Total solids 100 g
*Cellulose: 47 g
* Hemicellulose: 24 g

Total solids 77 g
* Cellulose: 44 g
* Hemicellulose: 11 g
e Lignin: 21

Total solids 70 g
*Cellulose: 42 g
* Hemicellulose: 7 g
e Lignin: 21

* Cellulose: 40 g
* Hemicellulose: 6 g

Fermentable
Autohydrolysis IL-activation Enzymatic sugars
160 °C, 60 min 60°C,3h hydrolysis, 72 h
Liquid hydrolysate IL-lignin

Glucan: 0.6 g
Xylan: 7.8 g
Galactan: 0.8 g

Total solids: 20.2 g
Cellulose: 0.9 g

Hemicellulose: 0.4 g
Lignin: 18.2 g
(Purity 90.1 %)

Arabinan: 0.3 g
Mannan: 0.8 g
Lignin: 4.5 g

Figure 1. Quantitative analysis of the sequential fractionation process of hybrid poplar. Mass
closures are based on the oven dry weight of biomass. Fractionation recoveries were: 84.6%
cellulose in the enzymatic hydrolyzate, 43.6% hemicellulose in the autohydrolyzate, 23.6%

hemicellulose in the enzymatic hydrolyzate, and 70.6% lignin in the enzymatic hydrolysis residues.

In addition to hemicellulose removal, the autohydrolysis step led to a significant
reduction in ash content by 72%. It is worth noting that biomass with lower ash content is
desirable feedstock for biorefineries since the inorganics present in biomass can cause

problems with reactor equipment, such as slagging, fouling, and corrosion,?’ and in this
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study, reduce the recyclability of ILs. In summary, the first step of our sequential
fractionation process efficiently removed HP non-structural components, hydrolyzed a

large portion of hemicellulose, and generated biomass enriched in cellulose and lignin.

In the next step, the control and autohydrolyzed HP were subjected to IL-activation
in order to reduce the substrate recalcitrance. The chemical composition of resulting
material is given in Table 1. During IL-activation, the hemicellulose content of the
autohydrolyzed HP declined further from 12.5 to 9.4% (Table 1), demonstrating that even
milder IL reactions induced hemicellulose hydrolysis. A previous study reported only 5%
losses under similar conditions;?® higher hemicellulose losses observed in this study could
be attributed to the weakening of lignin-carbohydrate complexes or holocellulose
interlinkages during the initial autohydrolysis step. Consequently, the autohydrolyzed + IL-
activated HP had lower amount of hemicellulose and was enriched in cellulose and lignin.
3.2. Changes in Cellulose Crystallinity

The control, autohydrolyzed, and IL-activated HP exhibited diffraction patterns
typical to that of cellulose If (Figure 2).2° The major peak for these three samples was at
260 = 22.3° and secondary peaks at 20 = 14.6° and 16.3°, corresponding to the
crystallography planes of (200), (1-10) and (110), respectively. The crystallinity index (CrI)
was calculated based on eqn. (2) as shown in supplemental Table S1. The CrI of the control,
autohydrolyzed, and IL-activated HP was 58%, 59% and 52%, respectively. In contrast to
autohydrolysis, IL-activation reduced the crystallinity of HP, which is in agreement with
previous reports where IL pretreatment at 90 °C was reported to decrease the Crl of
herbaceous feedstocks by up to 46%.2% [Comim][OAc] is highly basic in nature and
therefore, readily forms hydrogen bonds with the OH groups of cellulose resulting in

swelling and subsequent loss of crystallinity when the biomass is regenerated.?® Although
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the autohydrolysis pretreatment partially removed the amorphous fractions of HP i.e.,
43.6% hemicellulose and 19.5% of lignin, the resultant autohydrolyzed HP did not exhibit
a significant increase in Crl. The observed increase, however small, fell within the 2-24%
range predicted in previous reports for HP.3% 3! The autohydrolyzed + IL-activated HP, on
the other hand, displayed different diffraction pattern than all other treatments (Figure 2d),
where the peaks corresponding to (1-10) and (110) planes shifted to 12.0° and 20.4°,
respectively, indicating the appearance of cellulose II. Peak fitting using the pseudo-Voigt
function (Supplemental Figure S1) showed that, this sample indeed contained a mixture of
cellulose I (Crl —25%) and cellulose II (CrI — 31%). This observation corroborates previous
reports, where [L-activation of herbaceous feedstocks at comparatively higher severity (90
°C for 6 h) was shown to result in 1) decrease in cellulose crystallinity and 2) formation of
transitional, lower order crystalline structure which was a mixture of cellulose I and 11.2%-2°
In this study, lower order transitional state of HP crystalline cellulose was achieved even at
a low severity of IL-activation (60 °C for 3h) mainly because the biomass was initially
subjected to autohydrolysis. Thus, the two-step pretreatment was highly effective in
introducing disorder in the crystalline structure of cellulose which would play a critical role

in the subsequent enzymatic saccharification stage.
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Figure 2. Powder XRD spectra of (a) untreated hybrid poplar and after (b) IL-activation,

(c) autohydrolysis, (d) autohydrolysis + IL-activation.

3.3. Comparison of Saccharification Yields

The final step in our sequential fractionation process was the enzymatic
saccharification that generated a fermentable sugar stream and a lignin-rich stream (termed
as IL-lignin). Enzymatic saccharification was carried out for the autohydrolyzed, IL-
activated, and autohydrolyzed + IL-activated HP. Of these, the two-step pretreatment was
found to be more efficient in reducing the recalcitrance and improving the digestibility of
HP than either autohydrolysis or IL-activation (Figure 3). Over the same reaction period,
much lower cellulose conversion was observed for the autohydrolyzed HP (25%) and IL-
activated HP (18%). After 72 h, only 68% of the cellulose present in the autohydrolyzed
HP and 32% in the IL-activated HP were converted to glucose (Figure 3a). On the other
hand, the autohydrolyzed + IL-activated HP exhibited the best performance (Figure 3a)

with 87% of cellulose being hydrolyzed to glucose within 3 h. The cellulose conversion
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efficiency reached a peak of 93% within 6 h, which is significantly shorter than the 24 —
72 h duration it normally takes to achieve over 90% conversion for IL-pretreated
materials.?? 33 A cellulose conversion efficiency of 91% has been reported for IL-pretreated
wheat straw after 72 h,!! whereas IL-pretreated bagasse released about 95% of glucose after
48 h.>> Compared to these IL processes, our approach exhibited superior cellulose

conversion rate.

a
100 - IL-activated HP
IL-activated HP ; —e— Autohydrolyzed HP
—e— Autohydrolyzed HP 80 4 —&— Autohydrolyzed+IL-activated HP
—a— Autohydrolyzed+IL-activated HP

Cellulose conversion (%)
Hemicellulose conversion (%) ©

0 1 I2 2I4 3I6 418 6I0 7I2 0 1 I2 214 3I6 4I8 6I0 7I2
Time (h) Time (h)
Figure 3. (a) Cellulose and (b) hemicellulose conversion (%) during enzymatic hydrolysis of

pretreated hybrid poplar (HP) biomass as a function of time (error bars represent standard errors

for N =3).

It is worth noting that the autohydrolyzed + IL-activated HP also exhibited the best
hemicellulose conversion within the treatment groups. The hemicellulose conversion
efficiency was 43% after 6 h, which was higher than that of autohydrolyzed HP (30%) or
IL-activated HP (8%) over the same reaction period. After 72 h, the sequentially pretreated
material reached 68% hemicellulose conversion, whereas the autohydrolyzed and IL-
activated HP achieved 64 and 22% conversion, respectively (Figure 3b). Studies have

shown that, washing the IL-activated biomass could dramatically improve hemicellulose
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conversion since the hydrolytic enzymes are more sensitive to the presence of ionic liquids,

as well as to inhibitors such as humins that are generated during IL-activation.33 34

The partial removal of hemicellulose and lignin during autohydrolysis and the
structural changes undergone by cellulose during IL activation, together resulted in higher
carbohydrate conversion of the sequentially pretreated HP. Cellulose structure has been
reported to have a significant impact on enzymatic saccharification kinetics, where
cellulose IT was more digestible than cellulose 1.28 Accordingly, the two-step pretreated HP
exhibited better digestibility due to its partially transitioned cellulose crystal structure.
Although the trend in enzymatic saccharification contradicted the XRD results, where the
more crystalline autohydrolyzed HP (Crl = 59%) provided better carbohydrate conversion
than IL-activated HP (Crl = 52%), it also made clear that biomass digestibility is not only
a function of crystallinity index but also influenced by the barrier properties of
hemicellulose and lignin. Partial removal of these matrix polymers reduces the physical
protection to cellulose and enhances its accessibility to cellulolytic enzymes. In summary,
autohydrolysis + IL-activation resulted in significantly faster saccharification rates, gearing
towards a complete conversion of cellulose and hemicellulose, thereby generating a liquid
fraction rich in fermentable sugars.

3.4. Quantitative Analysis of IL-Lignin Yield and Purity

After enzymatic saccharification, the solid fraction was isolated and characterized.
Chemical compositional analysis showed that it was a lignin-rich fraction with a purity of
90.1% and contained minor residues of cellulose (4.3%) and hemicellulose (2.0%)
(Table 1). Ultimate analysis showed that the IL-lignin fraction contained 57.0 = 0.1% of
carbon, 35.3 + 0.3% of oxygen, 0.2 £ 0.0% of nitrogen and an estimated 6.3 + 0.0% of

hydrogen. The elemental composition is similar to that of milled wood lignin and enzymatic
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mild acidolysis lignin®* reported in previous studies and the low nitrogen content shows
that the post-enzymatic hydrolysis purification step was effective in reducing any protein
contamination. Overall, the autohydrolysis + IL-activation treatment facilitated the
fractionation of HP into carbohydrates- and lignin-rich fractions, with high yield and purity.
The process afforded 43.6% of hemicellulose in the form of mono- and oligo-saccharides
after autohydrolysis, 23.6% of hemicellulose and 84.6% of cellulose in the form of
fermentable sugars after enzymatic saccharification, and finally, 70.6% of lignin in the
enzymatic hydrolyzate (Figure 1). About 20% of original lignin was extracted during
autohydrolysis and 10% was lost during IL activation and regeneration steps. Although the
total recovery was lower than previous reports, where 82 to 91% recoveries have been
reported for protic ionic liquid’ and hot water pretreatments,*® the quality of IL-lignin
obtained in this study was higher due to conserved inter-unit linkages and lower dispersity
as shown in the ensuing sections.
3.5. IL-Lignin Characterization Using 2D-HSQC NMR

Any fractionation process influences the structural properties of the isolated
lignin.?% 37 IL pretreatment was shown to cleave the inter-unit linkages, especially p-O-4,
in lignin.”-*® Hot water pretreatment, on the other hand, was reported to significantly reduce
the aromatic groups, specifically the p-hydroxybenzoate region, of HP lignin.>® To assess
the changes in lignin structure during our sequential fractionation process, we employed
2D-HSQC NMR to compare with the inherent properties of lignin found in untreated HP.
The NMR spectra of HP (starting material) and IL-lignin (Figure 4) were divided into two
regions; aromatic and side-chain. In the aromatic region of NMR spectra, native HP lignin
showed syringyl (S), guaiacyl (G), p-hydroxybenzoate (P), and cinnamyl alcohol groups

(Figure 4a and Table 2). As observed in Figure 4b, except for a slight reduction in oxidised
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syringyl (S’) groups, the signals for S, G, and P units were present in the IL-lignin, thereby

demonstrating that the fractionation process did not significantly affect these aromatic

units. On the other hand, cinnamyl alcohol end groups were not detected in IL-lignin

(Figure 4b), which is most likely due to their cleavage during the autohydrolysis process.*’
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Figure 4. 2D-HSQC NMR spectra depicting the aromatic regions of (a) untreated hybrid poplar

(HP), (b) IL-lignin, and the side-chain regions of (¢) HP and (d) IL-lignin.

In the side chain region, there was a significant reduction in the cross-peak signals

corresponding to polysaccharides in IL-lignin when compared to untreated HP, indicating

its high degree of purity (Figure 4c and d). The sequential fractionation process was

successful in purifying the lignin when compared to that of independently IL-activated,

autohydrolyzed or cellulolytic enzyme-treated lignins reported in previous studies.*>®4° The

predominant inter-unit linkages observed in HP were B-aryl ether, phenylcoumaran, and

resinol (Figure 4c); their relative quantity is reported as number per 100 aromatic (S+G)

units in Table S2. The IL-lignin also displayed strong cross-peak intensities for B-aryl ether

and resinol sub-structures, however, the phenylcoumaran (-5) sub-structures were
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significantly reduced (Figure 4d and Table S2). Previous studies have shown that ionic
liquid activation could degrade these structures,*! which could result in the subsequent
formation of stilbenes (SB) via reverse aldol reaction*? or p-hydroxyphenyl groups (P)
with a-OH functionality. The choice of ionic liquids has had a significant effect on the
structure of isolated lignin; bio-based and protic ILs have been reported to degrade the
principal inter-unit linkages (B—O—4', B—B’) of regenerated lignin.’® On the other hand,
autohydrolysis has been shown to increase the amount of phenylcoumaran (B-5) due to
recondensation or repolymerization of the solubilized lignin.*! Our results demonstrated
that the B-aryl ether inter-unit linkages were reduced by only 10% in IL-lignin when
compared to native HP lignin (Table S2). Hence, unlike previous reports, the sequential
fractionation technique only caused minor degradation to IL-lignin sub-structures,
prevented repolymerization or condensation, as well as preserved most of the original inter-
unit linkages. The mild severity of the autohydrolysis and IL-activation processes has to be
the underlying reason for the conservation of native linkages in IL-lignin.

Table 2. 2D-HSQC NMR Assignments and Annotations for Lignin

6 13C, 'H (ppm) Assignment
Aromatic region

131.8,7.7 .

131.7.7.6 C2,6/H26 in P(H) benzoate
130.2, 7.0 . .
128.5.7.3 C2,6/H26 in P(H) with a-OH
127.9,7.0 Cap/H op in SB

120.7,7.5 Cs/Hg in G with a-C=0
119.4,6.9 Ce/He in G

115.6,7.1 Cs,5/Hs5 in P(H)

115.6, 6.9 Cs/Hsin G

112.1,7.3 Cs/Hs in G with 4-ether
112.0, 7.1 Co/H2in G

107.1,7.4 Ca6/H26 in S with a-C=0
104.3, 6.8 Co6/Hrein S

Side-chain region
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87.3,4.2 Cp/Hp in p-O-4 in S
86.8,4.3 Cp/Hp in B-O-4 in G
85.7,4.7 Co«/Hq in resinol (B-B)
84.7,4.4 Cp/Hg in B-O-4 in P(H)
72.7,5.0 Co/Hg in B-O-4

71.6,3.9 and 4.2 C,/Hy in resinol (B-B’)
62.2,3.8 and 4.3 C,/Hy in y-acetylated p-O-4’

59.7,3.4-3.7 C,/H, in B-O-4
56.2,3.7 methoxy
54.3,3.1 Cp/Hp in resinol (B-B’)

3.6. Thermal Analysis of IL-Lignin

The thermal features of IL-lignin were analysed by DSC (Figure 5) and a glass
transition temperature (7) of 181 °C was determined, which was higher than that of ball-
milled lignin (148 °C) and organosolv lignin (135 °C) produced in-house from the same
HP feedstock. The glass transition occurred within a narrow temperature range of about
20 °C, which is lower than previously reported ranges of 30 to 50 °C for technical lignins,
thereby indicating a comparatively lower dispersity for the IL-lignin.?% 37 Unfortunately,
we could not substantiate this claim by measuring the molecular weight distribution,
because the IL-lignin was insoluble in most organic solvents even after derivatization via
acetylation or aceto-bromination. Previous studies have shown that the 7, of lignin may
vary depending on the nature of the feedstock, extraction process, extraction severity, type
of functional groups and intermolecular linkages.*% 37 In general, lignins with higher degree
of condensation and lower degree of methoxylation exhibited higher 7, values.3®
Preservation of the stable -’ (resinol) sub-structures in IL-lignin (Figure 4d), along with

the minor degradation of methoxylated S° groups (Figure 4b), could explain the observed

higher 7 value.
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Figure 5. Differential scanning calorimetry profile of IL-lignin, isolated via sequential
autohydrolysis, ionic liquid activation and enzymatic saccharification.
3.7. Physical Characterization of IL-Lignin by Neutron Scattering

Small-angle neutron scattering (SANS), a valuable technique for elucidating the
structural features of hierarchical systems, was applied to investigate IL-lignin dissolved in
[Comim][OAc]-d;. Partially deuterated [Comim][OAc] was employed in order to reduce
incoherent background contribution. All hydrogenated solvents, aqueous or organic, have
a large incoherent background contribution to the total scattering unless their deuterated
versions are used. SANS data for 7.5% (w/w) IL-lignin dissolved in [Comim][OAc]-d3
displayed a linear profile on a log-log plot (Figure 6a); the slope of the linear profile
represents the bulk morphology of lignin polymer. In the low-g region, a slight deviation
from the linear trend is observed and therefore, the SANS data were fitted with a Unified
function that consists of Guinier and power-law regimes. Although, the Unified fit function

allows to extract two structural parameters, i.e., the power-law exponent, o, and the radius

of gyration, R, only the trend in the former parameter is discussed. The later parameter is
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not used for interpretation because the Guinier region of IL-lignin falls in the inaccessible
g-region (Q < 0.003 A1).

The power-law exponent of IL-lignin in [Comim][OAc]-d; was determined to be
2.03 £0.04; an a of 2 indicated that IL-lignin chains conformed randomly in the given
solvent. The power law exponent did not change significantly even when the IL-lignin
concentration was varied from 1.0, 2.5, 5.0 to 7.5% (w/w) (Figure 6b). The fact that, solitary
polymer chain conformations were observed is indicative of molecular level interactions
between IL-lignin and [Comim][OAc]-ds.** Similar molecular level interaction has been
previously reported between cellulose and ILs, where the formation of electron donor-acceptor
complexes was proposed to be the underlying mechanism.** However, the mechanism of
interaction between IL-lignin and [Comim][OAc] is yet to be deciphered. Moreover, IL-lignin was
recalcitrant to dissolution in DMSO, DMF and other molecular solvents with comparable hydrogen
bond basicity (), which indicates that further research is needed to explore this unique property

of IL-lignin, its functionality and interactions with ILs.

a 10 ! e ILlignin ] b4
— Unified fit 1S
— T gy, e Guinier plot - & 3_
'S Power-law plot §
< o1k 4 2
g E 2 % L * °
N s
0.01 W %
0.001 bl 4 =1 ' ' '
U3 4 56789 2 3 4 56789 2 4 6 8
0.01 Q( A'1) 01 Lignin concentration (% w/w)

Figure 6. (a) Small-angle neutron scattering profile (green solid circles) and Unified fit (solid
black line) of 7.5% IL-lignin dissolved in [Comim][OAc]-ds; (b) Power law exponent (o) plotted

as a function of IL-lignin concentration in [Comim][OAc]-ds.
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4. Conclusions

Lignocellulosic biomass was successfully fractionated into carbohydrate and lignin-
rich fractions by employing a sequential autohydrolysis, mild IL-activation and enzymatic
saccharification process. Approximately, 84.6% of cellulose, 67.2% of hemicellulose, and
70.6% of lignin were fractionated and isolated through this method, with a high degree of
purity and minimal mass loss. The autohydrolysis step improved the accessibility of
cellulose, whose crystalline structure was then transformed during the IL-activation step
resulting in a significantly higher enzymatic digestibility. The sequential fractionation
process also generated a lignin-enriched fraction with 90.1% purity, higher thermal stability
(181 °C) and minimal degradation to inter-unit linkages which demonstrated that the
proposed strategy has minimal adverse impact on lignin structure and chemistry. Thus, the
sequential fractionation process resulted in better-quality lignin that could be integrated
with value-added chemical and material manufacturing. Developing such processing
technology that achieves the recovery of usable lignin is in line with horizontal biorefinery
integration and promotion of bio-based product synthesis from primary lignocellulosic

components.
Supporting Information

Figure S1- X-ray diffractograms of hybrid poplar wood powder deconvoluted using
Pseudo-Voigt function and InvsPoly function in OriginPro 2020; Table S1- Calculation of
cellulose crystallinity index (Crl) of pretreated and untreared hybrid poplar wood powder
following the peak deconvolution method; Table S2- Semi-quantitative estimation of inter-

unit linkages in hybrid poplar lignin using 2D HSQC NMR analysis.
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