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ABSTRACT

Ionic liquids (ILs) have emerged as important solvents for conversion of lignocellulosic
feedstocks to fuels and chemicals due to their ability to enable efficient biomass deconstruction
and fractionation. Woody biomass derived from forest and agricultural residues has the potential
to be used for production of biofuels and it’s removal from forests can help mitigate disastrous
wildfires in fire-prone states like California. This study evaluated woody biomass types (pine,
almond, walnut, fir) from California as potential biofuel feedstocks. The feedstocks were
pretreated with the ILs cholinium lysinate ([Ch][Lys]) and ethanolamine acetate ((EOA][OAc])),
followed by enzymatic hydrolysis and fermentation of lignocellulosic sugars to produce ethanol.
Under optimal conditions, [EOA][OAc] pretreatment and enzymatic hydrolysis generated
glucose and xylose yields in the range of 24-82% and 14-80%, respectively, while glucose and
xylose yield for the [Ch][Lys] ranged between 28-83% and 23-80%, respectively. Maximum
fermentable sugar was released from almond wood and the lowest amount was from pine and fir.
Blends of feedstocks were also explored and a blend with a mass ratio of 2/2/1
(almond:walnut:pine) resulted in maximum glucose and xylose (> 90%) yields using [Ch][Lys].
Fermentation of this hydrolysate using a C5-utilizing strain of Saccharomyces cerevisiae resulted
in a maximum ethanol concentration of 17.9 g/L. for mixture biomass hydrolysate, corresponding
to 60.8 % fermentation efficiency. This study represents the first demonstration of the use of
these ILs for pretreatment of woody biomass blends that resulted in a high overall conversion

efficiency for ethanol production.
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1. INTRODUCTION

Deconstruction of lignocellulosic biomass and conversion into biofuels and bioproducts is key
route towards a sustainable bioeconomy, paving the path for economic growth, mitigating
climate change, ensuring future energy security, and improving human and ecological health.'
Lignocellulose deconstruction is a critical step to enable efficient downstream processing, and
requires a pretreatment step to reduce the recalcitrance to enzymatic hydrolysis of lignocellulosic
polysaccharides.> > Over the last two decades, an array of pretreatment technologies have been
developed, facilitating cellulose accessibility to hydrolytic enzymes by increasing surface area,
disrupting the rigid cell wall structure, and/or removing lignin and hemicelluloses.*® Major
challenges to attaining scalable biomass conversion include water and power consumption,
consolidation of unit operations, utilizing mixed biomass, maximization of hexose and pentose
sugar yields, solvent recycling, and lignin upgradation.” ® Among all the pretreatment
technologies, ionic liquids (ILs), a group of molten salts (melting point < 100 °C) with unique
physicochemical properties, have shown significant promise.’ ILs are often referred as designer
or task-specific solvents due to their ability to combine different cations and anions to tune their
functional properties, and have therefore garnered significant interest for researchers in the
biofuel industry.'* "

Since the discovery of certain imidazolium ILs’ ability to dissolve cellulose, application

of imidazolium ILs on lignocellulosic biomass increased exponentially.'>'* Typically, these



classes of ILs can dissolve lignin and cellulose, and the cellulose-rich fraction can be regenerated
from the IL by addition of an antisolvent. In addition to other interactions, strong hydrogen-
bonding basicity is known to be a critical parameter for ILs in achieving biomass dissolution.'>"
Although precipitation of the dissolved material was effective, IL cost, recycling and
biocompatibility for downstream processing remains a challenge."* To overcome cost and
biocompatibility issues, certain choline-based aprotic ILs were investigated and have been
demonstrated for compatibility with both enzymes and microbes, allowing the transition
towards a one-pot reaction system where all the steps of the process are carried out in a single
vessel without any separations.'” [Ch][Lys] has been effectively used and achieves high cellulose
to glucose conversion yields in grasses and more recently in hardwoods and softwoods.' To
date, we have demonstrated that [Ch][Lys] is effective at promoting high glucose yields in
switchgrass (96.5%) and corn stover (>80%)." *° Another category of ILs, called protic ILs
(PIL), has also been investigated. The development of protic ILs formed by reversible proton
(ion species) transfer precedes the development of aprotic ILs where ion formation results from
covalent bond formation and breaking.?' The susceptible proton inherent to protic ILs is a barrier
in lignocellulosic biomass dissolution because of weaker hydrogen-bonding basicity interaction.
Hence, whole lignocellulosic biomass dissolution has not been widely demonstrated in a protic
IL. However, certain protic ILs can dissolve lignin from biomass and this appears to enable
efficient enzymatic deconstruction.” In addition, certain protic ILs have been labeled as low cost
largely due to more simple synthesis. In our prior findings we reported that a one-pot integrated
bioconversion with a low-cost IL (~$1 per kg): ([EOA][OAc]) resulted in a glucose yield of

85% from switchgrass.?



Apart from pretreatment, biomass selection and logistics plays a vital role in the
effectiveness of a biorefinery. Woody biomass feedstocks are promising raw materials due to
their availability, fast growth, and adaptability.” Unlike herbaceous biomass, woody biomass has
diverse sources including forest residues, timber and milling residues, agricultural residues, and
furniture waste, which are available throughout the year to reduce the long-term storage cost.? %
In California, woody biomass has the potential to be a feedstock for production of biofuel and
bioproducts, with an estimated projection of there being 38 million bone dry tonnes available
annually by 2050.%° Utilization of woody biomass from forest residues can provide a beneficial
end use to mitigate wildfire occurrences while providing employment in the local community.
Compositionally, woody biomass has higher carbohydrate content compared to herbaceous
biomass, making it economically attractive for biofuel conversion. However, woody biomass is
more recalcitrant than herbaceous biomass due to higher lignin content and provides challenges
in biomass pretreatment owing to high cellulose crystallinity and the presence of toxic
extractives.” Therefore, to exploit the value of softwood and hardwood to the maximum extent,
effective fractionation of its constituents through green and sustainable processes is essential.””

In this work, various California-based woody biomass feedstocks were studied and
optimized to efficiently release fermentable sugars via IL pretreatment and enzymatic hydrolysis.
Two IL pretreatment methods were studied during process optimization and scale up, 1) IL
pretreatment with 100 wt% [EOA][OAc, called “neat” IL pretreatment and 2) an aqueous IL
method using 10 wt% [Ch][Lys] in water. This latter process can be implemented in a bioprocess
where all the steps of pretreatment, hydrolysis, and fermentation are combined into a single
vessel, called “one-pot”. The effects of temperature, solid loading, enzyme loading, reaction

time, and particle size were then investigated to maximize glucose and xylose yields. Next, the



one-pot process was scaled-up to 10 L using both pine alone and a 2/2/1 mixture of almond,
walnut, and pine, then fermentation was performed on the resulting hydrolysates using C5-

utilizing strain of Saccharomyces cerevisiae to produce ethanol.

2. MATERIALS AND METHODS

2.1. Materials

Pine, fir, walnut, almond, were donated by Ametis, Inc. (Cupertino, CA, USA) and used as
received. They are all California woody biomass obtained from Paddock In. in Oakdale, CA. The
almond and walnut wood waste were procured from local orchards, while the pine wood was
obtained from forest thinning. The biomass was dried for 24-48 h in a 40 °C oven. Subsequently,
it was a knife-milled with a 2 mm screen (Thomas-Wiley Model 4, Swedesboro, NJ). The
resulting biomass was then placed in leak-proof bags and stored in a cool dry place.
Additionally, a small portion of the pine and fir were further sieved (mesh #270 with ~ 50 micron
opening) to obtain a separate fraction with smaller particle sizes. The following chemicals were
purchased from Sigma Aldrich (St. Louis, MO) and used as received: hydroxyethylamine, (ACS
reagent, 99.0% purity), acetic acid (ACS reagent, 99.7% purity), Choline hydroxide (46% in
H,0). L-lysine monohydrate was purchased from VWR and hydrochloric acid (36-37.5%) was
purchased from J.T. Baker (Phillipsburg, NJ) and used without further purification. The enzymes

(Cellic® CTec3 and HTec3) were procured from Novozymes North America (Franklinton, NC).

2.2. Methods



2.2.1 Chemical Synthesis

2.2.1.1 Aprotic lonic Liquid ([Ch][Lys])

Lysine monohydrate (0.4 mol, 65.68 g) was weighed into a 500 mL round bottom flask and
dissolved in 100 mL deionized water at room temperature to obtain a clear solution (light lime-
yellow). Then the flask was mounted on an ice-bath (3-5 °C) and N, was purged for 20-30 mins.
Next 46 wt% of choline hydroxide in water (0.4 mol, 105.15 g) was added dropwise to lysine
solution while maintaining the temperature of the ice-bath (3-5 °C). The mixture was stirred for
48 h at room temperature. Excess water was removed under reduced pressure and the mixture
was added to acetonitrile/methanol (9:1, v/v) to remove the excess starting materials. Finally, the
solvents were removed under reduced pressure and the mixture was freeze-dried to get the final
product (Yield~ 95%, light orange). The product, thus obtained, was characterized by 1H-NMR

(Fig. ST1) using MeOD as an external lock solvent.

2.2.1.2. Protic lonic Liquid (Ethanolammonium Acetate)

[EOA][OAc] was synthesized by the equimolar addition of the acid and bases as neat reagents
(based on the stoichiometric requirements) to eliminate both the need for solvent and the
introduction of incidental water. The [EOA][OAc] was synthesized using a round-bottom flask
equipped with two addition funnels; one for the acid and one for the base. The reagents
(ethanolamine and acetic acid) were slowly added into the flasks and homogenized with a
magnetic stirring bar. The flask was mounted in an ice/water bath (~4 °C) to prevent heat

buildup during the reaction. After complete addition, the reaction was continued for 24 h. The



final product was characterized with 1H-NMR (Fig. S2) using DMSO-d6 as an external lock

solvent.

2.2.2 Biomass pretreatment

2.2.2.1. One pot pretreatment and enzymatic hydrolysis

Biomass pretreatment was carried out at a solid loading of 15 wt% in a one-pot configuration.
Typically, 0.75 g of biomass was mixed thoroughly with 4.25 g of IL in a pressure tube (15 mL,
Ace Glass Inc., Vineland, NJ), followed by heating in an oil bath at 140-160 °C for 3-6 hours.
Post pretreatment, 10 M HCl was added to adjust the pH of the biomass slurry to 5.
Subsequently, 20-30 mg protein/ g of biomass of commercial enzyme mixtures, Cellic CTec3
and HTec3 (9:1 v/v) was added to the biomass slurry to carry out saccharification at 50 °C for 72
hours at 48 rpm in a rotary incubator (Enviro-Genie, Scientific Industries, Inc.). After hydrolysis,
liquid samples were collected and centrifuged at 12,000 rpm for 2 minutes and the supernatant
was filtered using 0.45 pm centrifuge filters before performing sugar analysis, as described

below.

2.2.2.2. Conventional pretreatment and enzymatic hydrolysis

For the PIL, the pretreatment was carried out using the conventional method that involves
washing to remove the IL after pretreatment. In a typical experiment, biomass and ionic liquid
were loaded into an ace pressure tube (50 mL, Ace Glass Inc., Vineland, NJ) and homogenized.
The solid loading was set at 15 wt % solids (based on a 1 g biomass scale) and heated in an oil
bath set to 140 °C for 3 h. After cooling for 30 min, the mixture was washed with 200 mL

deionized water. The solid fraction was recovered via centrifugation, then lyophilized for further



use. Enzymatic hydrolysis of the pretreated biomass was carried out in 0.1 M citrate buffer (pH
5), 1 V/IV% NaNj; and 30 mg protein/g biomass using a 9:1 mixture of the CTec3/Htec3. The
mixture was subsequently incubated at 50 °C for 72 h. at 50 rpm in a rotary incubator (Enviro-
Genie, Scientific Industries, Inc.) The amount of sugars released from the supernatant were

quantified using HPLC after the incubation was completed.

The selection of different pretreatment time for both the pretreatment corresponds to the severity

factor (10og Ry) calculated as described by equation 1.%

log ROZIOg[t xexp|(T— 100)/14.75"]}(1)

Where, ¢ is the treatment time (min), 7 is the reaction temperature (°C). All the pretreatment
experiments were performed in duplicates and standard deviation was estimated to represent

€ITors.

2.2.3 Compositional Analysis and Analytical techniques

The dried biomass samples were extracted sequentially using solvents (water (W), 80% ethanol/
water (E), and acetone, (A)).* Typically, 1 g of biomass was combined to a tube containing 40
mL of the solvent of choice. The mixture was then homogenized, sonicated for 20 minutes, and
then centrifuged (10 min, 4000 RPM) to separate the extracts/solvents from the residual biomass.
This extraction cycle was carried out 5 times for each biomass/solvent. Finally, the residual
biomass was dried overnight at 40 °C and utilized for the compositional analyses. Compositional
analysis of the untreated sorghum was performed to determine the glucan, xylan, and klason
lignin following the two-step acid hydrolysis procedure described by NREL.*" ** In summary,

300 mg of the dry extractive-free biomass was exposed to 3 mL of 72% w/w H,SO,. at 30 °C for



1 hour, followed by secondary hydrolysis at 4% w/w H,SO, at 121 °C for 1 hour. After the two-
step acid hydrolysis, acid-insoluble lignin was obtained by filtering the hydrolysates through
filter crucibles. Klason lignin was determined by subtracting the weight of oven-dried residual
solids (105 °C) and the ash content (575 °C). Monomeric sugars (glucose and xylose) were
determined by HPLC using an Agilent 1200 series instrument equipped with a refractive index
detector and Bio-Rad Aminex HPX-87H column, coupled with a guard column assembly.
Product separation was obtained at 60 °C with 4 mM H,SO, as a mobile phase at a flow rate of

0.6 mL/min.

Phenolics were analyzed using an HPLC-ESI-TOF-MS as previously described.* * A 6-
point calibration curve of pure chemical standard was used for the absolute quantification of each
corresponding analyte. The theoretical m/z of the deprotonated analytes were used to quantify
the phenolics of interest; ferulic acid (193.050632), 4-hydroxybenzoic acid (137.024418),
protocatechuic acid (153.019332), vanillic acid (167.034982), salicylic acid (137.024418),
syringic acid (197.045547), p-coumaric acid (163.040068), vanillin (151.040068),
sinapinaldehyde (207.066282), 4-hydroxycinnamyl aldehyde (147.045153), and coniferyl

aldehyde (177.055718).

2.2.4 Scale-up of ionic liquid pretreatment and enzymatic saccharification

After the optimization of the pretreatment and saccharification conditions at bench-scale,
one-pot ionic liquid pretreatment and saccharification process was scaled-up to 10 L in a
Hastelloy C276 Parr vessel (Parr Instrument Company, model: 4555-58, Moline, IL, USA). Two

biomass solid loading conditions were evaluated (15% and 25% solid loading) with a 3 Kg final



working weight. Pine and a mixture of pine, almond and walnut (1:2:2) were used as substrate.
Pretreatment conditions for all experiments were: 10% wt. [Ch][Lys], 160°C, 50 rpm for 3 h.
After pretreatment, the reaction was cooled down to room temperature and 50% (w/w) H,SO,
was used to adjust the pH to 5. Saccharification step was conducted at 50°C with agitation at 50

rpm for 72 h. Enzyme loading for each process was 30 mg/g biomass with CTec3:HTec3 ratio of

9:1.

2.2.5 Yeast strain and seed cultivation

The xylose utilizing yeast strain used for this study, Saccharomyces cerevisiae NZ 22202,
was engineered by Novozymes and maintained in a 25% (w/v) glycerol stock solution at -80°C.
Cells were cultured in a two-tiered seed train. First, cells were grown in 250 mL baffled flasks
containing 50 mL YPD media (10 g.L.™* yeast extract, 20 g.L.! peptone, 20 g.L.™* glucose and 10
g.L.7! xylose) inoculated with cell suspension from glycerol stock. Seed 2 was inoculated using
a 10% (v/v) inoculum size with cells grown in the YPD media in 250 mL baffled shake flasks
with 50 mL of 50:50 mixture of YPD and filtered hydrolysate. In both steps, the cells were
incubated at 30°C at 220 rpm for 24 h. The YPD media and hydrolysate were filtered sterilized
with 0.2 mm pore filters and 100,000 U/L Penicillin and 100 mg/L Streptomycin were added
prior inoculation. Microbial growth was measured by optical density at 600 nm in a

spectrophotometer (Thermo Scientific™ GENESYS™ 10S UV-Vis Spectrophotometer.

2.2.6 Fermentation

Fermentation experiments were carried out in 100 mL sealed glass bottles with 80 mL

working volume. Each bottle was aseptically batched with 72 mL filtered/unfiltered hydrolysate



and 8 mL inoculum from Seed 2. All experiments were performed at 100 rpm for 6 days and
50,000 U/L Penicillin and 50 mg/LL Streptomycin were added prior fermentation. Filtered
hydrolysate was prepared by centrifuging the hydrolysate at 4000 xg for 20 min to remove the

solids and filtered-sterilized (0.2 mm) prior to use.

3. RESULTS AND DISCUSSION

3.1 Biomass composition and extractives

Compositional analysis (Table 1) of the biomass was determined, first examining the extractives,
then the polysaccharide and lignin content. The total extractives for almond, pine, fir, and walnut
were 38.4, 17.5, 34.3, 34.0 % of biomass, respectively. The extractives in woody biomass
(softwood and hardwood) are typically composed of free sugars, terpenoids, fatty acids, and
phenolics.* * Free phenolics tend to be major constituent of the extractives and are attractive

due to their potential utility as bioactives, such as antioxidant and anti-UV agents.*’

Figure 1 shows the composition of the phenolic extractives recovered from the biomass using
ethanol and water. The ethanol extract from softwoods contained predominantly protocatechuic
acid, vanillic acid, salicylic acid and p-coumaric acid with trace amounts of syringic acid, p-
coumaric acid, sinapine aldehyde, and coniferyl aldehyde. On the other hand, the hardwoods
generated a larger amount of phenolics with both water and ethanol. The water extracts were
predominantly 4-hydroxybenzoic acid, protocatechuic acid, vanillic acid, and syringic acid for
almond, while walnut comprised of ferulic acid, protocatechuic acid, vanillic acid, and syringic
acid. Similarly, the ethanol extract consisted mainly of protocatechuic acid and salicylic acid for

almond, whereas walnut extractives composed of ferulic acid, protocatechuic acid, vanillic acid,



salicylic acid, and coniferyl aldehyde. For additional extractive characterization, different
solvents and different analytical techniques could be used to determine the complete composition

of components, such as free sugars, terpenoids, fatty acids etc., that are present within the raw

biomass.
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Figure 1. Extractive composition (phenolic content) for four woody biomasses using water (W)

and 80% (v/v) ethanol (E).

Examining the polysaccharide content, the highest glucan content of 33.0% was observed in
pine, while almond had lowest glucan content of 22.3%. The xylan content of almond (11.1% of
biomass) and walnut (10.6 % of biomass) were very similar, while pine (14.0% of biomass) and
fir (12.0 % of biomass) were significantly different. Combining both glucan and xylan, the total
fermentable sugars for the four biomasses ranged from 33.3-47.0 % of dry biomass. In addition

to cellulose and hemicellulose, lignin is another vital building block of the plant cell wall that



accounts for approximately 10-30% of the biomass. Lignin content for almond, pine, fir, and
walnut were 20.0, 27.4, 23.4, 20.0 % of biomass, respectively. The presence of high lignin
content has been associated with biomass recalcitrance to deconstruction into fermentable sugars,
so these feedstocks are expected to be challenging material for conversion to biofuel.*® One
positive aspect of a higher lignin content is that provides the opportunity for upgrading it into
value added products such as phenols, activated carbons, composites, energy storage materials,
and antimicrobial agents, to name a few.***' Overall, the results illustrate that compositionally
woody biomass is a promising feedstock for the production of biofuels and platform chemicals;
however, differences in composition could lead to variability in the process design and

performance, and in the product streams that are generated.

Table 1. Chemical composition of four woody biomass

Biomass Extractives Glucan Xylan Klason Ash
(%) (%) (%) Lignin (%) (%)
Almond 38.4+4.0 223+23 11.1+£1.2 200+24 0.0+£0.0
Pine 17.5+0.5 33.0+£1.0 14.0+04 274 +4.1 0.1£0.0
Fir 343+0.3 28.5+0.3 12.0+£0.2 23.4+£19 0.1+£0.0
Walnut 340+0.3 26.5+0.3 10.6 +0.3 200+ 1.5 0.1£0.0

3.2 Fermentable sugar yields from woody biomass using ionic liquids

To establish a baseline to compare the performance of different pretreatment methods, glucose
and xylose yields from the four biomasses was determined by performing enzymatic hydrolysis
at 20 and 30 mg protein/g biomass of enzyme without any pretreatment (Fig. S3). Glucose yields

(Fig. S3 A) for the biomasses at 20 mg enzyme protein/ g biomass were between 11.5-15.6% of



dry biomass. Under similar enzymes loading xylose yield ranged between 4.5-6.9% of dry
biomass. The total sugar released for all the biomass varied between 16.0-21.8 % of dry biomass,
with lowest and highest total sugar yields obtained from walnut and pine, respectively. Similarly,
glucose yield (Fig. S3 B) for almond, pine, fir, and walnut at 30 mg enzyme protein/ g biomass
ranged between 16.5-21.5% of dry biomass, while xylose yield fell between 6.5-13.1% of dry
biomass. There is a slight increase in xylose release for almonds as the enzyme loading is
increased. The total sugar released for all the biomass varied between 23.0-34.6 % of dry
biomass, with lowest and highest total sugar yields obtained from walnut and almond,

respectively.

To improve the fermentable sugar released, all the biomasses were pretreated with [Ch][Lys] and
[EOA][OAc] with three different pretreatment severity factors (SF) of 3.4, 4.0, and 4.3
corresponding to different reaction time and temperature. The selection of different pretreatment
time for both the pretreatment corresponds to the severity factor Log R, calculated as described
by equation 1. The pretreatment severity range was chosen from past experience that suggested it
would give the highest total glucose plus xylose yields from the combined operations of

pretreatment and enzymatic saccharification.

3.2.1 Impact of [Ch][Lys]

Unlike traditional biomass conversion technologies, “one-pot” conversion of lignocellulosic
biomass to fuels can reduce the operating cost by consolidating three (pretreatment,
saccharification, and fermentation) unit operations and reduces the energy input for the mass

transfer between reactors.”” Previous studies have shown that the IL [Ch][Lys] diluted into water



can be as effective as the pure IL for pretreating biomass and extracting lignin.*** In addition to
its ability to solubilize lignin when diluted in water, it also has low enzyme inhibition and low
toxicity to microbes, making it an ideal candidate for one-pot approach.”® Figure 2A lists the
glucose and xylose yields from all the four biomasses at 140 °C, 3 h, (SF=3.4) and 20 mg
protein/g biomass of enzyme. Results show that under the SF of 3.4, glucose yield for the four
biomasses ranged between 22.5 (pine)-76.5 (almond & walnut) % of dry biomass. Similarly,
xylose yield fell between 17.6 (pine)-94.4 (walnut)% of dry biomass. Further increasing the
pretreatment severity to 4.0 (Fig. 2 B) and keeping 20 mg protein/g biomass of enzyme loading
constant lead to an increase in the fermentable sugar release for almond and pine, while a
decrease was noticed for fir and walnut. The average sugar released from all the four biomasses
varied between 20.4-81.5% of dry biomass, with pine showing the highest 17% increase in total
sugar released, whereas fir showed a 25% decrease in the average sugar released. Keeping the
pretreatment severity (4.0) constant, an increased enzyme loading of 30 mg protein/g biomass
led to a significant increase in glucose yield for almond and pine (Fig. 2 C). Glucose yield for
almond, pine, fir, and walnut were 83.0, 28.2, 29.3, 58.2% of dry biomass, respectively, while
xylose yield for almond, pine, fir, and walnut were 80.0, 22.5, 28.1, 77.0 % of dry biomass,
respectively. Taken together, pretreatment at 160 °C, 3 h, (SF= 4) and 30 mg protein/g biomass
of enzyme was selected as the best condition to maximize fermentable sugars from almond, pine,

and fir, which was used as a benchmark for further optimization experiments.
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Figure 2. Glucose and xylose yield from enzymatic hydrolysis of [Ch][Lys] pretreated samples:
A) 140 °C, 3 h, and 20 mg protein/g biomass of enzyme; B) 160 °C, 3 h, and 20 mg protein/g

biomass of enzyme; C) 160 °C, 3 h, and 30 mg protein/g biomass of enzyme.

3.2.2 Impact of [EOA[OAc]

The use of PIL for biomass pretreatment is a cost competitive option that has been reported to

reduce ethanol selling process by up to 40% as compared to more conventional ILs.* In



particular, the biocompatible PIL ([EOA][OAc]) is associated with a low cost (~$1 per kg) and
has been used for the integrated biofuel production (without pH adjustments, water-wash and
solid-liquid separations). Figures 3 A-C show the glucose and xylose yields from the enzymatic
hydrolysis of [EOA][OAc] pretreated biomass at 140 and 160 °C, using 20-30 mg of enzyme
protein/ g of starting biomass. Figure 3 A illustrates the glucose and xylose yields from all the
four biomasses at 140 °C, 3 h, (SF=3.4) and 20 mg protein/g biomass of enzyme. The results
show that under the SF of 3.4, glucose yield for almond, pine, fir, and walnut were 35.0, 18.7,
21.0, 38.3 % of dry biomass, respectively. Similarly, xylose yield for almond, pine, fir, and
walnut were 27.9, 11.3, 15.5, 49.2 % of dry biomass, respectively. Despite the improvement in
sugar release, neither of the processes employed could fully release the sugars present within the
biomass (see Table 1). Therefore, additional optimization was carried out by further increasing
the pretreatment severity to 4.0 and keeping 20 mg protein/g biomass of enzyme loading
constant. This led to an increase in the fermentable sugar release for almond and walnut, while
there was a negligible change for pine and fir. This represents an average improvement of 29%
and 32% for glucose and xylose yields respectively (compared to SF=3.4). Keeping the
pretreatment severity (4.0) constant, an increased enzyme loading of 30 mg protein/g biomass
was employed and led to a significant increase in glucose yield for almond and walnut (Fig. 3 C).
The glucose yield for the four-biomass ranged between 24.2 (pine)-82.4 (almond)% of dry
biomass, while xylose yield ranged between 14.3 (pine)-79.8 (walnut)%. This indicates an
average of 31% total sugar increase (amongst all four biomasses), because of the increased

enzyme loading. Based on these results, pretreatment at 160 °C, 3 h, (SF= 4) and 30 mg protein/



g biomass of enzyme was selected as the best pretreatment condition to maximize fermentable

sugars and was used as a benchmark for further optimization experiments.
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Figure 3. Glucose and xylose yields after enzymatic hydrolysis of [EOA]J[OAc] pretreated
samples: A) 140 °C, 3 h, and 20 mg protein/g biomass of enzyme; B) 160 °C, 3 h, and 20 mg

protein/g biomass of enzyme; C) 160 °C, 3 h, and 30 mg protein/g biomass of enzyme.

Overall, [Ch][Lys] and [EOA][OAc] pretreatment on woody biomass were effective at releasing

fermentable sugars. Results show that under tested conditions both the IL’s were able to unlock



the highest sugar releasing threshold for almond and walnut. However, under those conditions
pine and fir showed little or no change in total sugar yield. Hence, further optimization to

experimental conditions were performed to improve the sugar yields for pine and fir.

3.3 Optimization of sugar release from pine and fir

Due to their recalcitrance to deconstruction, further process optimization via the severity factor,
enzyme loading, and particle size was carried out for the softwoods (Pine and Fir) to improve
fermentable sugar release. Figures S4 A-B show the glucose and xylose yields from the
enzymatic hydrolysis of [Ch][Lys] and [EOA][OAc] pretreated biomass at SF of 4.3 using 30 mg
of enzyme protein/ g of starting biomass. The average sugar yields for pine and fir in presence of
the ILs at SF of 3.4 and 4.0 showed little or no change. However, further increasing the SF to 4.3
resulted in a decrease in average sugar yields for both pine and fir, which can be attributed to the
degradation of sugars and polysaccharides at the more severe pretreatment condition.® Enzyme
doses and pretreatment conditions need to be optimized to make the conversion process
economically viable.** Although high yields can be realized by applying high enzyme loadings
post biomass pretreatment, from a commercial and economic standpoint, the lowest possible
amount of enzyme must be used to maximize fermentable sugar release.* Figures S5 A-B show
the glucose and xylose yields from the enzymatic hydrolysis of [Ch][Lys] and [EOA][OACc]
pretreated biomass at 160 °C, 3 h, using ~ 27 mg of enzyme protein/ g of starting biomass at a
ratio of 7/3 Ctec3/HTec3. Results for both the ILs illustrate that, under the constant cellulase
enzyme loadings, a decrease in glucose yield was observed. However, under the high xylanase

enzyme loadings, xylose yield for pine and fir with [Ch][Lys] showed little or no change, but



after pretreatment with [EOA][OAc] an increase of 24% and 22% in xylose yields for pine and

fir, respectively was observed.

It is commonly known that biomass particle size can substantially affect the efficiency of
pretreatment and subsequent enzymatic hydrolysis. Particle size reduction enhances the effective
surface area to volume ratio, facilitating enzyme accessibility into their substrates within the
feedstocks.*”*® Figure S6 A show the glucose and xylose yields from the enzymatic hydrolysis of
[Ch][Lys] pretreated biomass at 50 um, 160 °C, 3 h, using 30 mg of enzyme protein/ g of starting
biomass at a ratio of 9/1 Ctec3/HTec3. There was a significant increase in the average sugar
yield for pine (43.4% of dry biomass) and fir (44.4% of dry biomass), which accounts for an
increase of 62% for pine and 48% for fir compared to results at 2mm particle size. For the [EOA]
[OAc] pretreated biomass, there was an 85% vs 16% and 89% vs 26% increase in glucose vs
xylose yields for pine and fir, respectively, compared to the analogous 2mm particle size
pretreatments. The reduction in particle size improves mass transfer and allows the IL’s to
penetrate the biomass’ cell wall to disrupt the lignin carbohydrate complex. Nevertheless,
biomass comminution is an energy intensive strategy that is not practical at larger scales.
Overall, the decrease in particle size was effective at further deconstructing the biomass,
reducing its recalcitrance, thereby, improving the sugar yields. However, modification of the
pretreatment severity and the ratios of the biomass-deconstructing enzyme cocktail did not

improve the fermentable sugar release.



3.4 Mixed biomass and intermediate scale up

In order for a biorefinery to maintain productivity and profitability, it must use feedstocks that
are readily available at an affordable price.* * The available feedstocks in a biorefinery will
most likely be a mixture of different plants with variable composition and fluctuating prices that
will change over time. Therefore, it is highly desirable for the biorefineries to be able to
effectively process mixed biomass feedstocks with minimal adverse impact on overall
performance, including sugar and fuel titers. In this study three different mixed biomass were
studied by varying the weight fraction of almond (A), walnut (W), pine (P) and fir (F). Figure 4
A shows the effect of mixed biomass on glucose and xylose yields after [Ch][Lys] pretreatment
and enzymatic hydrolysis. The glucose and xylose yield for a mixture containing equal fraction
(1/1/1/1) for all the four biomasses were 49.1 and 50.1 % of dry biomass, respectively.
Interestingly, when fir was eliminated from the mixture while keeping equal fractions (1/1/1/0)
for almond, pine, and walnut, a significant increase in glucose (58.6 % of dry biomass) and
xylose (61.7 % of dry biomass) yields were obtained. Further modification of the mixture ratios
to 20% pine and 40% of both almond and walnut resulted in a slight increase in glucose (62.3 %
of dry biomass) and xylose (66.6 % of dry biomass) yields. For the [EOA][OAc] pretreated
biomass (Figure 4B), the results show that glucose vs xylose yields for mixed biomass were 54.0
vs 56.6, 45.2 vs 43.3, 39.7 vs 39.6 % of dry biomass for mass ratio of 2/2/1/0, 1/1/1/0, and
1/1/1/1 A/W/P/F, respectively. The overall sugars released were ~12% less than the expected
amount (based on the ratios for the pure biomass streams). Nevertheless, once this slight
reduction has been accounted for, the response was very close to that of a linear correlation

between biomass ratios and sugar yields.
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Figure 4. Glucose and xylose yield from enzymatic hydrolysis of 2 mm particle sized mixed
biomass (MB) (weight fraction of Almond/Walnut/Pine/Fir are listed in the figure as A/W/F/P)
of 160 °C, 3 h, and 30 mg protein/g biomass of enzyme for (A) [Ch][Lys]; (B) [EOA][OAc]

pretreated samples; (C) larger scale Parr reactor (30g-scale) via [Ch][Lys].

The combined results show that both the IL’s were effective in pretreating biomass mixture of
almond, walnut, pine, and fir. Under optimal pretreatment conditions, biomass mixture of 20%
pine and 40% of both almond and walnut resulted in highest fermentable sugar release. At this

mixture, the average sugar yields for [Ch][Lys] and [EOA][OAc] were 64.4 and 55.3% of dry



biomass, respectively. Despite the effectiveness for sugar release from [EOA][OAc], further
process scaleup was carried out using [Ch][Lys] because of its biocompatible nature that enables
a simpler process configuration. Figure 4 C shows the results from a 30 g scale process using
[Ch][Lys] and pine or 2/2/1 A/W/P. Glucose and xylose yields for pine were 39.5% and 38.2%,
respectively, resulting in 19.6 g/L glucose and 8 g/L. of xylose in the hydrolysate. The average
sugar yield for the mixed biomass resulted in a 62% increase compared to small scale (2 g,
Figure 4 A). Glucose and xylose yield for the mixed biomass were near theoretical, resulting in a
41.5 g/L titer of glucose and 19.6 g/L. of xylose in the final hydrolysate. The increase in
fermentable sugar yields can be attributed to better mixing of the biomass in the reactor vessel
leading to improved mass transfer. The decline in hydrolysis efficiency when using pine
compared with the feedstock blend is likely due to a higher lignin content and a higher
proportion of C-C linkages in pine.’' It is known that lignin is the most recalcitrant component of
the plant cell wall, thus the higher the proportion of lignin the lower the bioavailability of the

substrate.?® 3

3.5 Scale Up and Fermentation of mixed biomass

Using the best parameters determined at the bench-scale, the process was scaled to 10L
using both pine and the 2/2/1 A/W/P feedstock blend. At this scale, a rapid glucose and xylose
release at the beginning of the saccharification was observed followed by a decrease in the
hydrolysis rate over the next 48 hours. As expected, sugar concentrations were higher for the
mixed biomass condition, resulting in a maximum of 39.5 g/L. glucose and 19 g/L. xylose in the

final hydrolysate (Fig. 5A). Glucan conversion was 91.7%, while xylan conversion was complete



(Fig. 5B). Glucose and xylose titers from pine were 21.6 g/L. and 11.1 g/L, respectively, which

corresponds to 39.7% and 48.2% glucan and xylan yields, respectively.
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Figure 5. Sugars released (A) and sugars conversion (B) during enzymatic hydrolysis of Pine
and Pine/Almond/Walnut with [Ch][Lys] pretreated biomass at 15% solid loading. Enzyme

loading: 30 mg/g biomass; temp.: 50°C; pH

5

Since the feedstock blend resulted in higher conversion at scale compared to the single

biomass condition, it was used to study the effect of biomass loading on the one-pot ionic liquid

pretreatment and saccharification process. Figure 6 shows that an increase of initial solids from

15% to 25% lead to a decrease in glucan conversion from 91.7% to 53% while xylan conversion

declined 44.3%. This reduction was likely due to mass transfer limitations, difficulties in mixing

and absorption and retention of liquid hydrolysate by residual non-hydrolyzed biomass resulting




in a diminution of the available volume.”* 3* In addition to reduced hydrolysis yield and lower
sugar concentrations at the end of saccharification, the higher solids loading results in an
increased concentration of fermentation inhibitors like acetic acid and phenolic lignin
degradation products, which can hamper the performance of the conversion host. For this reason,
the hydrolysate at 15% solid loading was selected for fermentation testing of both pine and the

blended feedstock hydrolysates.
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Figure 6. Glucan and xylan conversion during enzymatic hydrolysis of mixed biomass
(Pine/Almond/Walnut) at 15% and 25% solid loading. Enzyme loading: 30 mg/g biomass; temp.:
50°C; pH 5

To reduce the effect of hydrolysate toxicity on the S. cerevisiae strain used for
fermentation, a two-stage seed train was employed with yeast cells propagated initially in YPD
media and subsequently in a 50% YPD/50% filtered hydrolysate mixture. The 50/50 mixture
helps the strain adapt to the hydrolysate prior to the fermentation. Since separation of residual

lignin is costly, particularly at large scale, we opted to use unfiltered hydrolysate for the



fermentation process. Glucose utilization was complete for all conditions while approximately
50% xylose was not consumed after 6 days of fermentation when the hydrolysate from the
blended feedstock condition was used (Fig. 7). Higher initial sugar concentration improved

ethanol titers, with maximum ethanol concentration of 17.9 g/L. for the mixture biomass

hydrolysate.
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Figure 7. Batch ethanol fermentation of Pine and Pine/Almond/Walnut hydrolysates pretreated
with [Ch][Lys]. Temp.: 30°C; pH 5, S. cerevisiae NS 22202

4. CONCLUSIONS

This study is the first to demonstrate that pretreatment of residual woody biomass (pine, fir,
walnut, and almond) using the ILs [Ch][Lys] and [EOA][OAc] can enable efficient conversion of
these feedstocks and their blends to ethanol. Compositional analysis of these feedstocks
demonstrates that they have large variations in glucan (22-33%), xylan (11-14%), lignin (20-
27%) and extractives (18-38%), which will result in hydrolysates with a range of maximum

potential sugar titers. Pine has the highest sugar content but is the most difficult to deconstruct, so



we explored whether blending it with other feedstocks could enable its efficient deconstruction.
To do this, pretreatment process parameters for [Ch][Lys] and [EOA][OAc] were optimized to
maximize fermentable sugar release. Under the optimal conditions (temperature 160 °C, time 3h,
and 30 mg protein/g biomass of enzyme), a > 80% yield of glucose was obtained for almond and
walnut, but both pine and fir performed poorly. The lower saccharification efficiency of the
softwoods can be attributed to its lignin type (abundant G units). To enable conversion of the
more recalcitrant feedstocks, various woody biomass blends were pretreated via IL and under
optimal conditions and a 2/2/1 (almond: walnut: pine) blend achieved a >90% yield of
fermentable sugars. The process was then scale-up to 10 L using [Ch][Lys] pretreatment on
either pine or the 2/2/1 (almond: walnut: pine) blend. With better mixing at scale, resulting in a
titer of 39.5 g/L. glucose (91.7% glucan conversion) and 19 g/L. xylose (complete xylan
conversion) in the hydrolysate. For pine, glucose and xylose titers were 21.6 g/L (39.7% glucan
conversion) and 11.1 g/LL (48.2% xylan conversion), respectively. Overall, blending hardwood
with softwood synergistically increased the conversion efficiency of the mixed feedstock.
Fermentation of the hydrolysate using Saccharomyces cerevisiae resulted in an ethanol titer of
17.9 g/L from the blend hydrolysate, corresponding to a 60.8 % fermentation efficiency. These
results are promising and with further process optimization, they indicate that this process has

potential for commercialization.
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Synopsis: Deconstruction of woody biomass via ionic liquids and conversion of hydrolysates to

ethanol using a C5-utilizing strain of Saccharomyces cerevisiae.
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