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1. Introduction

Evaluating the industrial potential of emerging
biomass pretreatment technologies in bioethanol
production and lipid recovery from transgenic
sugarcanef

Narendra Naik Deshavath, 2° Mounika Durga Nenavath,® William Woodruff, & ¢
Baskaran Kannan,®® Hui Liu, ©°¢ Venkataramana R. Pidatala,” Paul Wolski," Dan Xie,?
Kallysa Taylor,9 Yaoping Zhang,}° Trey K. Sato, &9 Alberto Rodriguez, ©

John Shanklin, © ¢ Fredy Altpeter®® and Vijay Singh & *a®

The selection of pretreatment methods is critical to achieving high product yields during bioconversion of
lignocellulosic biomass. Hydrothermal, soaking-in-aqueous ammonia, and ionic liquid pretreatment
methods are viable candidates for minimizing sugar decomposition, permitting the effective hydrolysis of
structural carbohydrates, and producing a fermentable substrate suitable for achieving industrial ethanol
titers and yields. In this study, the effect of these three pretreatment methods on non-modified
sugarcane cultivar CP88-1762 and two transgenic lipid-accumulating sugarcane lines, oilcane 1565 and
oilcane 1566, were investigated and compared in terms of lipid recovery, sugar yield, and ethanol yields
within the lignocellulosic biomass conversion pipeline. Fed-batch enzymatic hydrolysis at high solid
loading yielded hydrolysates capable of supporting industrial bioethanol titers across all conditions. The
highest sugar yields were obtained on ammonia-pretreated biomass hydrolysate (253.73 g L™%), followed
by hydrothermally pretreated hydrolysate (213.10 g L™ and ionic liquid-pretreated hydrolysate (154.20 g
L™Y. Commercially viable ethanol titers of 100.62 g L™, 64.47 g L%, and 52.95 g L™* were achieved from
ammonia, hydrothermal, and ionic liquid pretreated hydrolysate with the corresponding ethanol
productivities of 2.08 g L h™% 053 g L™  h™%, and 0.36 g L™ h™!. The lower acetic acid concentration
in ammonia-pretreated hydrolysate may have enhanced its fermentability relative to the hydrothermal
pretreatment condition, as indicated by the differences in ethanol titer and productivity. Lower sugar
yields and ethanol productivities under the ionic liquid conditions likely resulted from the inhibitory
effect of cholinium lysinate. Oilcane 1565 and oilcane 1566 bagasse accumulated over 16- and 3 times
higher lipids than the non-modified sugarcane CP88-1762. The total fatty acid content in the oilcane
samples was reduced in ammonia and ionic liquid-pretreated bagasse relative to the hydrothermal
pretreatment condition. While all pretreatment techniques tested are industrially viable, the observed
differences in titer, productivity, and lipid content indicate that careful selection and validation of
upstream processing methods can contribute to improved economic and environmental outcomes.

impacts of crude oil extraction and processing, particularly in
the transportation sector." Lignocellulose does not compete

Renewable fuels from lignocellulosic biomass sources can play
a key role in alleviating the negative environmental and climate

“Department of Agricultural and Biological Engineering, University of Illinois at
Urbana-Champaign, Urbana, IL 61801, USA. E-mail: vsingh@illinois.edu; Tel: +1
(217) 333-9510

*DOE Center for Advanced Bioenergy and Bioproducts Innovation, University of
Illinois Urbana-Champaign, USA

‘Department of Chemical and Biomolecular Engineering, University of Illinois at
Urbana-Champaign, Urbana, IL 61801, USA

“Agronomy Department, Plant Molecular and Cellular Biology Program, Genetics
Institute, University of Florida, IFAS, Gainesville, FL, 32611, USA

This journal is © The Royal Society of Chemistry 2025
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available in the form of agricultural crop residues such as wheat
straw, rice straw, corn stover, sorghum stalks, sugarcane
bagasse, and energy cane bagasse.>* The structural carbohy-
drates, which constitute 50% to 65% of a typical lignocellulosic
feedstock, can be converted into monomeric sugars for bio-
ethanol production, although this process has yet to be
commercialized in the US.**

Thermo-chemical pretreatment is necessary to deconstruct
the conglomerate structure of lignocellulosic biomass and
permit enzymatic hydrolysis of structural carbohydrates.
However, the use of standard chemical pretreatment tech-
niques at high temperatures can decompose these molecules
into fermentation inhibitors that interfere with downstream
bioethanol production.® Pretreatment generally occurs between
70 °C and 200 °C, with methods such as dilute-acid-based
pretreatment requiring higher temperatures than alkali-based
pretreatments.” Acid pretreatments such as dilute sulfuric
acid, hydrochloric acid, and phosphoric acid can corrode reac-
tors, reduce the downstream fermentability of hydrolysates, and
necessitate specialized wastewater treatment processes for
hazardous effluent streams.”™* Alkali-based pretreatments, on
the other hand, including aqueous ammonia, sodium
hydroxide, potassium hydroxide, and lime, can more effectively
solubilize the lignin fraction of lignocellulose compared to
other methods; however additional pre- and post-washing
steps, as well as downstream wastewater treatment steps, are
required.®'> Alkali-based pretreatment can also result in major
losses of xylan in the hemicellulose fraction and reduce down-
stream ethanol yields.*

In contrast to these chemical-based methods, hydrothermal
pretreatment does not require the addition of external acid or
alkali reagents, reducing the operational costs and safety
hazards associated with operating these processes at
a commercial scale.** Hydrothermal pretreatment methods,
along with dilute ammonia and ionic liquid (IL) pretreatment
methods, are leading candidates for alternative techniques that
can minimize fermentation inhibitor formation and reduce
costs associated with additional separation or wash steps.” In
hydrothermal pretreatment, hot water or saturated steam is
used to deconstruct lignocellulose with negligible sugar
decomposition.™ In ammonia pretreatment or in pretreatment
with ionic liquids such as cholinium lysinate, the lignin and
hemicellulose fractions of lignocellulose are effectively solubi-
lized and enzyme accessibility during downstream hydrolysis is
enhanced.”'® These pretreatment agents may also be recovered
prior to enzymatic hydrolysis and reused in subsequent
pretreatment, reducing material cost and the amount of waste
generated.'”'

Few studies have compared the viability of these pretreat-
ment techniques as part of the lignocellulosic bioethanol
production pipeline,*>**** and none have been performed using
lipid-accumulating transgenic sugarcane lines termed
oilcane.**?” Previous research on oilcane has focused on
hydrothermal pretreatment (180 °C to 190 °C for 10 min) fol-
lowed by high-solid enzymatic hydrolysis (50% w/v solid
loading) and fermentation, which showed 55% lipid recovery*®
and 59.23 g L' bioethanol production;** however, ammonia

4708 | Sustainable Energy Fuels, 2025, 9, 4707-4719

View Article Online

Paper

and ionic liquid-based pretreatment methods have not been
tested on this feedstock. In this study, the effects of hydro-
thermal, soaking in aqueous ammonia, and ionic liquid
pretreatments on bagasse from two transgenic sugarcane lines,
oilcane 1565 and oilcane 1566, and their parental genotype
sugarcane CP88-1762 (wildtype), were compared in the context
of second-generation bioethanol production and lipid recovery.

2. Materials and methods

2.1. Feedstock and compositional analysis

The stems of non-modified sugarcane CP88-1762 (wildtype) and
two transgenic sugarcane lines, oilcane 1565 and oilcane 1566,
were collected from the experimental field of the University of
Florida, Plant Science and Education Unit (PSREU, Citra, FL) and
squeezed in a laboratory juicer to extract the juice. The long
strands of wet bagasse were hammer-milled to reduce the particle
size, washed, and dried at 49 °C overnight, followed by an addi-
tional hammer-milling step to attain a particle size of 1-2 cm.
According to NREL protocols, bagasse samples from sugarcane
CP88, oilcane 1565, and oilcane 1566 were prepared for compo-
sitional analysis.”** Lipid extraction of raw and pretreated
bagasse samples was carried out as previously described.>
Bagasse generated from the sugarcane cultivar CP88-1762 was
used as a control to determine the disparities in bioprocessing
efficiency of oilcane 1565 and oilcane 1566 bagasse samples, in
terms of deconstruction of the lignocellulosic matrix in the
pretreatment, sugar yield in enzymatic hydrolysis, and ethanol
titer, yield, and productivity during fermentation.

2.2. Pretreatment of bagasse samples

Wildtype sugarcane, oilcane 1565, and oilcane 1566 bagasse
samples were subjected to three pretreatment methods.
Hydrothermal (HT) pretreatment was performed in a fluidized
sand bath (IFB-51 Industrial Fluidized Bath, Techne Inc., Bur-
lington, NJ) using a 70 mL stainless steel tubular reactor at 180 °
C for 10 min with a solid loading of 10% (w/v). The reactor
specifications and experimental setup were as previously
described.** After the pretreatment, the reaction was quenched
by immersing the hydrothermal reactors in ambient water. The
mixture was poured onto a stainless-steel tray without sepa-
rating the solids from the liquid and dried at 48 °C overnight.
Dried samples were stored at 4 °C until enzymatic hydrolysis
was performed. The soaking in aqueous ammonia (SAA)
pretreatment method was performed as described in Barten
et al., 2025.% In brief, 15 g of milled wildtype sugarcane, oilcane
1565 or oilcane 1566 bagasse samples were transferred into four
glass pressure tubes with 60 mL of 18% diluted ammonium
hydroxide added slowly with agitation and sealed tightly. Tubes
were mixed by inversion and rotated in an oven set to 75 °C.
Tubes were mixed manually after 1.5 h and returned to the oven
for an additional 2 h. After incubation, the samples were
unscrewed in a fume hood and dried with compressed air for
48 h. After pressurized drying, SAA-pretreated biomass was
transferred to weigh boats and dried for an additional 5 days in
a fume hood. The four batches of SAA-pretreated bagasse

This journal is © The Royal Society of Chemistry 2025
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samples were pooled together. Ionic liquid (IL) pretreatment
was performed at the Joint Bioenergy Institute (JBEI) in a 10 L
Parr reactor with 15% (w/w) biomass loading and 10% (w/w)
cholinium lysinate at 140 °C for 3 h. The pH of the pretreated
biomass paste was adjusted to 4.8 using 72% (w/w) sulfuric acid,
mixed, and measured at multiple locations to ensure uniformity
of pH. Without a post-pretreatment wash, samples were dried at
40 °C to reach a moisture content below 5%.

2.3. High solid loading enzymatic hydrolysis

Fed-batch enzymatic hydrolysis of HT, AM, and IL pretreated
wildtype sugarcane, oilcane 1565, and oilcane 1566 bagasse was
conducted in 250 mL screw cap conical flasks containing 20 g of
dry solids per 40 mL of liquid media, accounting for 50% (w/v).
Initially, 10% (w/v) of solids and 1.6 mL of 25% PEG 4000 were
loaded into the flask. The pH of the hydrolysis medium was
adjusted to 4.8 using 5 M NaOH/10 N H,SO,. A single dose of
cellulase NS22257 (60 mg of cellulase protein per g of cellulose)
and hemicellulase NS22244 (20 mg of hemicellulase protein
per g of xylan) was added at 10% solid loading to hydrolyze the
glucan and xylan content in 20 g of pretreated biomass. The
enzymatic hydrolysis was performed in a shaking incubator
with an agitation of 185 rpm at 50 °C. Additional solids were
added to increase the loading to 20%, 30%, 40%, and 50% at
12 h intervals. The pH of the hydrolysis medium was monitored
after each addition of solids to maintain the pH of 4.8 via
addition of 5 M NaOH or 10 N H,SO, as needed. The enzymatic
hydrolysis reactions were run for a total of 72 h.** Aliquots were
collected from the enzymatic slurry before each addition of 10%
solids to quantify sugars. The enzymatic hydrolysate samples
were taken at 30% (w/v) solid loading from AM, and HT pre-
treated samples were analyzed via GC/MS for quantification of
phenolics, as previously described.* Because of the high solu-
bility of lignin in cholinium lysinate, hydrolysate samples taken
at 10% (w/v) solid loading were used for phenolics analysis of IL
pretreated biomass.

The percentages of cellulose and xylan hydrolysis were
calculated using the following equation:

(Caug. — Eig.) % (V1 % Cy)
(SC X SL)

Hydq (%) = x 100 @)
where Hyd.. refers to the hydrolysis efficiency of cellulose and
xylan; Egu, (g L") represents the sugar concentration in the
enzyme blank; Cgyg. (g L") denotes cellobiose and glucose or
xylose concentrations in the hydrolysis medium; Vi, is the liquid
volume of the enzymatic hydrolysis medium; CF is the conver-
sion factor (1.10) to account for the relative change in the
hydrolysis volume caused by water consumed by hydrolysis of
cellulose and xylan, and expansion of the hydrolysis reaction
volume by sugar release;* S¢ (g/g) is the structural carbohydrate
(cellulose or xylan) content in the pretreated biomass, and Sy, is
the percentage of solid loading during enzymatic hydrolysis.

2.4. Fermentation

2.4.1. Microorganism and seed culture preparation. A

commercial  genetically engineered  xylose-fermenting
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Saccharomyces cerevisiae strain was used to consume glucose
and xylose in the biomass hydrolysates for bioethanol produc-
tion,* hereafter referred to as engineered S. cerevisiae. An
actively growing culture from YPDX agar medium (containing
10 g L™ ' yeast extract, 20 g L™ ' peptone, 12 ¢ " * glucose, and 8 g
L' xylose) was inoculated into 20 mL of YPDX broth and
incubated at 30 °C for 18 h at 140 rpm. The pH of the media was
adjusted to 5.6 using 5 M NaOH. 0.4 mL of an 18 h grown seed
culture was used as the inoculum for 20 mL of fermentation
medium to provide an initial ODgy, ~ 0.1 with a cell concen-
tration of 0.68 mg/20 mL.

2.4.2. Hydrolysate fermentation. The enzymatic slurry was
centrifuged at 8600 rpm for 15 min to separate the liquid
hydrolysate from the solids and was supplemented with 0.8 mL
of 25x YP solution as an additional nitrogen source. The pH of
the hydrolysate media was adjusted to 5.8 using 5 M NaOH, and
the media was filter-sterilized through a 0.2 pm membrane.
Hydrolysate fermentation began by inoculating a seed culture of
engineered S. cerevisiae, and the cultures were incubated at 30 ©
C and 160 rpm. All the fermentation experiments were con-
ducted in 50 mL screw cap conical flasks containing 20 mL of
media. Samples were collected periodically to quantify sugar
and ethanol concentrations, and the following equation was
used to calculate the ethanol yield:

Ethanol yeild(g,/g;)

Ethanol titer(g L_l)

_ 2
Initial sugars(g L™') — residual sugars(g L™) @)

2.5. Analytical methods

2.5.1. High-performance liquid chromatography (HPLC).
Quantification of sugars, furans, and ethanol was performed
using a Waters HPLC system (Waters e2695 Separation Module,
Waters Corporation, Milford, MA, USA) equipped with a 2414
refractive index (RI) detector and an Aminex HPX-87H column
(300 x 7.8 mm, 9 pm particle size, Bio-Rad Laboratories,
Hercules, CA, USA). The RI detector and column temperatures
were maintained at 30 °C and 65 °C, respectively, and 5 mM
H,SO, was used as the eluent with a 0.6 mL min " flow rate.

2.5.2. Lipid extraction and quantification. Lipid analysis
was performed before and after the pretreatment of bagasse
samples. 1 g (on an oven dry weight (ODW) basis at 105 + 3 °C)
of bagasse sample was mixed with 10 mL of isopropanol and
15 mL of hexane in a 50 mL screw cap centrifuge tube. This
mixture was homogenized (LabGen 700, Cole Parmer, Vernon
Hills, IL) for 2 min at 5000 rpm. The slurry was then rotated with
a wrist action shaker (HB-1000 Hybridizer, UVP LLC, Upland,
CA) for 10 min at ambient temperature. 16 mL of sodium sulfate
solution (6.7% w/v) was added, and the solution was rotated for
an additional 10 min in a hybridizer. This mixture was centri-
fuged at 200 rpm for 20 min, and the top non-polar organic
phase (hexane) was transferred into a pre-weighed centrifuge
tube. The organic solvent was evaporated in an oven at 45 °C
overnight.** The dried, extracted lipid samples were recon-
stituted in 3 mL of a hexane and isopropyl alcohol solution (3 :

Sustainable Energy Fuels, 2025, 9, 4707-4719 | 4709
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2, v/v) and analyzed via gas chromatography-mass spectrometry
(GC/MS) to quantify triglyceride (TAG), free fatty acid (FFA), and
total fatty acid (TFA) content. For TAG and FFA analysis, the
lipid fraction was separated by thin-layer chromatography (TLC)
on silica gel 60 plates (Merck, USA; Cat. No. 1057210001) using
a solvent system composed of hexane, diethyl ether, and acetic
acid (70:30:1, v/v/v). The plates were visualized by spraying
with 0.05% primuline (in 80% acetone), and TAG and FFA
fractions were identified under UV light. These fractions were
excised from the plate and transmethylated into fatty acid
methyl esters (FAMEs) by incubation in 1 mL of boron
trichloride-methanol at 80-85 °C for 60 minutes. Quantification
of TAG and FFA was performed using internal standards. Tri-
heptadecanoin was used for TAG samples containing internal
standards at the extraction stage, while heptadecanoic acid
(C17) was used for TAG and FFA samples without internal
standards at the extraction stage. For TFA analysis, an aliquot of
the total lipid fraction was transmethylated into FAMEs by
incubation in 1 mL of boron trichloride-methanol. Pentadeca-
noic acid (C15) was used as the internal standard for quantifi-
cation. The FAMEs were recovered using 2 mL of hexane: water
(1:1, v/v) solution, evaporated to complete dryness under
a nitrogen stream, and dissolved in 100 pL of hexane for anal-
ysis. The analysis was conducted using gas chromatography

Tablel Compositional analysis of raw sugarcane (CP88 wild type) and
transgenic sugarcane (oilcane 1566 and oilcane 1565) bagasse
samples®

Composition (%) CP88 wild type  Oilcane 1566  Oilcane 1565
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(Agilent Technologies 7890A) equipped with a DB-23 column
(Supelco; 60 m x 0.25 mm) and a 5975C mass-selective detector.

2.5.3. Statistical analysis. Analysis of structural carbohy-
drates, lignin, and lipids was conducted in triplicate before and
after the pretreatment of bagasse samples. Enzymatic hydro-
lysis and fermentation experiments were performed in dupli-
cate. Mean and standard deviations were reported. The effect of
a particular pretreatment technique on structural carbohy-
drates and lignin between feedstocks (wildtype sugarcane, oil-
cane 1565, and oilcane 1566) and sugar yields in enzymatic
hydrolysis was statistically analyzed via one-way ANOVA using
Origin Pro Software (OriginPro, Version 2023. OriginLab
Corporation, Northampton, MA, USA).

3. Results and discussion

3.1. Transgenic sugarcane (oilcane) bagasse contains higher
levels of fatty acids

Compositional analyses of wild-type sugarcane, oilcane 1565,
and oilcane 1566 bagasse are presented in Table 1. The trans-
genic sugarcane bagasse (oilcane 1565 and oilcane 1566) was
observed to have higher extractive and lower cellulose content
than the wild-type sugarcane bagasse as a result of their addi-
tional lipid accumulation. However, no significant (p < 0.05)
difference in xylan and acid-insoluble lignin contents was
observed between the selected feedstocks. Through lipid anal-
ysis, the highest TFA titers were observed in oilcane 1565, over
16 times higher than that in the wild-type sugarcane, while the
titer in oilcane 1566 was 3 times higher (Fig. 1).

The lipid profiles of selected feedstocks are shown in Fig. 1.
The highest TAG (1.153 & 0.027%), FFA (0.14 + 0.01%), and TFA
(1.98 + 0.04%) contents were observed in oilcane 1565. This

Extractive 16.56 20.38 21.99 TFA content would yield 0.594 tons per ha, assuming a biomass
Water 15.57 17.88 18.71 recovery of 200 MT stems per ha and generating 30 MT of
Ethanol 0.98 2:5 3.28 bagasse per ha after processing.***® This represents a 2-fold
Cellulose 37.88 £ 0.21 32.86 £ 0.33  31.90 + 0.21 . . . 1 . .
Hemicellulose 9513 + 0.97 25.66 + 1.01  23.49 + 1,01  lncreasein TFA in oilcane }56.5 compared to prevu?us studies.
Xylan 18.96 + 0.91 19.15 + 0.93 17.44 +0.89 The production cost of biodiesel from transgenic sugarcane
Arabinose 1.57 £ 0.07 1.72 £0.07  1.53 £0.18 containing 2% lipid has been calculated as $0.89 L™, which is
Aceticacid 459 +0.11 4.8 £0.01 451 £0.11  Jower than the cost of biodiesel production from soybeans
Acid insoluble lignin ~ 14.88 £ 0.43 14.61 = 0.21  14.88 £ 0.58 ($1.08 L~").%¢ First-generation bioethanol production cost from
“ Average + standard deviation (n = 3). 2% oilcane can reduce production costs to $0.46 L™ ".*® As such,
1.5 0.20 20
"] Sugarcane CP88 (b) "] Sugarcane CP88 . "] Sugarcane CP88
(@ [ Oilcane 1566 [ Oilcane 1566 (c) [ Oilcane 1566
[ Oilcane 1565 [_]Oilcane 1565 = [_]Oilcane 1565

0.15 4

0.10 1

TAG (% wt)
FFA (% wt)

3

T
Raw HT AM L
Pretreatment

R - V—l_H F“r‘—ﬂ FFWH )
0.0 —ﬂ == 0.00 T m_l—w T T 0.0
Raw HT AM L

Pretreatment

T T T
Raw HT AM IL

Pretreatment

Fig. 1 Levels of (a) triacylglycerol (TAG), (b) free fatty acids (FFA), and (c) total fatty acids (TFA) in sugarcane and oilcane bagasse after hydro-
thermal (HT), ammonia (AM), and ionic liquid (IL) pretreatment. Values are reported as average =+ standard deviation (n = 3). GC-MS analysis of
lipids, extracted through hexane and IPA methods, described in section 2.5.2.
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second-generation bioethanol production from oilcane 1565
may lead to a further reduction in the minimum selling price of
biofuels and an advancement towards the successful commer-
cialization of lignocellulosic biorefineries.

3.2. Effect of different pretreatment techniques on bagasse
composition

Compositional analysis of pretreated bagasse indicated that
cellulose and xylan contents were enriched after HT, AM, and IL
pretreatment regardless of the feedstock variety (Tables 2-4). No
significant increase in acid-insoluble lignin (AIL) was observed
in wildtype sugarcane and oilcane 1566 after HT pretreatment,
while the AIL content of oilcane 1565 was increased to 18.08%
as compared to 14.61% in raw biomass (Tables 1 and 2).
Evaporation of volatiles after pretreatment and drying causes
mass loss and may lead to the enrichment of structural carbo-
hydrates and AIL in the HT pretreated biomass.* A reduction in
the acetic acid component of hemicellulose was observed after
IL pretreatment (Table 4), and no acetic acid remained after AM

Table 2 Compositional analysis of hydrothermally pretreated bagasse
samples”

Composition (%) CP88 wild type  Oilcane 1565  Oilcane 1566

Cellulose 43.59 £+ 0.32 41.16 +=1.11  42.39 £ 0.83
Hemicellulose 30.31 £ 0.76 30.38 £ 0.10  32.06 £+ 0.78
Xylan 22.65 + 0.31 21.54 £ 0.35  24.09 + 0.64
Arabinose 1.59 + 0.34 2.36 = 0.50 0.79 + 0.33
Acetic acid 6.06 + 0.16 6.47 £ 0.27 7.18 £ 0.39
Acid insoluble lignin 14.9 £+ 0.19 18.08 £ 0.76  15.33 £ 0.91

¢ Average =+ standard deviation (n = 3).

Table 3 Compositional analysis of ammonia pretreated bagasse
samples®?

Composition (%) CP88 wild type  Oilcane 1565 Oilcane 1566

Cellulose 41.60 £ 0.46 38.58 £ 0.73 38.99 £+ 0.77
Hemicellulose 24.06 + 0.17 22.97 £+ 0.67 23.29 £+ 0.30
Xylan 24.06 = 0.17 22.97 £ 0.67 23.29 £ 0.30
Arabinose NF NF NF

Acetic acid NF NF NF

Acid insoluble lignin ~ 7.37 £ 0.37 9.36 & 0.40 7.69 = 0.71

“ NF, not found. ? Average + standard deviation (n = 3).

Table 4 Compositional analysis of ionic liquid pretreated bagasse
samples”

Composition (%) CP88 wild type Oilcane 1565  Oilcane 1566

Cellulose 37.44 £0.28 33.44 £0.92 34.56 £ 1.07
Hemicellulose 24.21 £ 0.2.71 26.56 £+ 0.73 26.45 £ 2.06
Xylan 22.80 £ 0.28 20.96 £ 0.0.29 21.47 £+ 2.36
Arabinose 4.75 + 0.74 3.97 £ 0.15 4.44 + 0.19
Acetic acid 3.4 £0.0.74 2.82 + 0.59 2.81 £ 0.11
Acid insoluble lignin ~ 9.01 + 0.14 10.24 £ 0.06 11.33 £ 0.012

¢ Average =+ standard deviation (n = 3).

This journal is © The Royal Society of Chemistry 2025
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pretreatment (Table 3). Ammonia reacts with the acetate in
hemicellulose to form ammonium acetate, which is highly
volatile and evaporates during the drying process.’” It was
observed that AM and IL pretreatment greatly improved lignin
solubility, decreasing the acid-insoluble lignin (AIL) fraction in
AM pretreated biomass (35% to 50.47%) and IL pretreated
(23.8% to 39.44%) biomass (Tables 3 and 4). During the
compositional analysis of pretreated biomass samples, the acid-
soluble fraction (ASL) was observed to have the greatest color
intensity (darker) in IL pretreated biomass, followed by AM
pretreated and then HT pretreated biomass. Thus, the acid-
soluble lignin of these samples was not reported due to inter-
ference in the required UV-vis spectroscopy measurements.*
Among all three pretreatment techniques, AM pretreatment
most effectively solubilized the lignin fraction and enriched the
cellulose and xylan content of the bagasse samples.

A reduction in measured lipid contents was observed in the
pretreated biomass across all methods and feedstocks. Reduc-
tion in measured TAGs was more significant than that of TFA or
FFA, with the TAG content of oilcane 1565 being reduced from
1.153 £ 0.027% to 0.144 £ 0.007%, 0.041 + 0.005%, and 0.029 +
0.003% following HT, AM, and IL pretreatments, respectively
(Fig. 1). A slight decrease in TFA was observed from 1.98 +
0.04% to 1.65 + 0.03% after HT pretreatment of oilcane 1565,
while a more significant reduction was observed with the AM
(0.92 £ 0.05%) and IL (0.28 + 0.04%) pretreated oilcane 1565, of
53.13% and 85.45% respectively. Hydrolysis of TAGs can occur
at high temperatures, such as those found during biomass
pretreatment, and is facilitated by the release of organic acids
from the breakdown of lignocellulose.®® In the case of HT
pretreatment, glycerol and fatty acids are formed by the break-
down of ester bonds in the TAG, known as a hydrolysis reaction.
The released fatty acids bind with salts and amino acids in the
lignocellulosic biomass to form fatty acid salts and fatty acid
amines.*® These salts will preferentially dissolve in the aqueous
layer during the lipid extraction process, reducing the measured
lipid content of the biomass after pretreatment. The reduction
in lipids seen in the AM (soaking in aqueous ammonia) and IL
(cholinium lysinate) pretreatment conditions was likely the
result of saponification of lipids under alkaline conditions,
where free hydroxides disrupt the ester bonds between glycerol
and fatty acids to form glycerol and free fatty acid salts. These
salts are formed due to the substitution of a hydrogen atom in
the carboxylic group of the fatty acid with an ammonium ion
and are water-soluble.” Similar to the aqueous ammonia
pretreatment method, aqueous cholinium lysinate pretreat-
ment occurs at an alkaline pH.** As a result, the hydroxyl group
of cholinium lysinate is able to break down the ester bonds
between glycerol and fatty acids. Fatty acid amine conjugates
are then able to form through the condensation reaction
between the fatty acid carboxyl groups and the amine groups of
cholinium lysinate.*>** These condensates are soluble in the
aqueous phase of lipid extraction and will be partitioned
accordingly. During the pretreatment, TAGs are preferentially
partitioned into glycerol, fatty acid salts, and fatty acid amine
conjugates, which are soluble in the aqueous layer during lipid
extraction, thus reducing the measured lipid content of
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pretreated biomass. However, the actual mechanism of lipid
reduction still needs further investigation. Of all the tested
methods, however, HT pretreatment had the least impact on the
measured lipid fraction of pretreated biomass.

3.3. Effect of pretreatment on high solid loading enzymatic
hydrolysis

The results of enzymatic hydrolysis under high solid loading of
pretreated biomass across all conditions and feedstocks are
shown in Fig. 2. Following hydrolysis at 50% (w/v) solid loading,
AM pretreated biomass yielded between 222.8 g L™' and
253.73 g L' of sugars, compared to HT pretreated biomass,
which yielded between 205.72 ¢ L' and 213.1 g L™" of sugars.
AM pretreatment may increase sugar yields due to the increased
porosity of the biomass substrate following the solubilization of
lignin, allowing more access to enzymes during hydrolysis.>
From one-way ANOVA, no significant differences in sugar yields
(p < 0.05) were observed across feedstocks for HT pretreated
bagasse samples, with 205.72 +1.49 g L', 210.30 £ 4.19 ¢ L™},
and 213.1 + 7.12 g L™ " of sugars obtained at 50% solid loading
of wildtype sugarcane, oilcane 1565, and oilcane 1566 bagasse,
respectively.

The lowest sugar yields (115 g L™ to 154 g L~ ") were observed
following enzymatic hydrolysis of IL pretreated biomass at 50%
(w/v) solid loading. The presence of ionic liquids in the

View Article Online
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enzymatic hydrolysis medium inhibits the catalytic activity and
stability of the enzymes over time, including denaturation at
high concentrations.**™*® Sugar concentrations were more
similar between the pretreatment conditions at lower solid
loadings, with IL pretreated biomass yielding 68 ¢ L " to 76 g
L' of sugar at 10% solid loading, compared to 79.61 g L ™" to
82.3 g ! for AM pretreatment and 61.78 g ™" to 66.4 g L * for
HT pretreatment (Fig. 2). Following the addition of each
increment of 10% (w/v) solids, hydrolysis of HT and AM pre-
treated biomass yielded an additional 40 g L™" to 70 g L™" of
sugars. However, during the hydrolysis of IL pretreated
biomass, as solid loading was increased from 10% to 50% (w/v),
only an additional 10 g L™ " to 15 g L ™" of sugars were obtained
from the addition of each increment of 10% (w/v) solids. To
account for sugars released by the IL pretreatment alone,
a portion of IL pretreated biomass at 10% (w/v) solid loading
was agitated at 50 °C without enzymes for 12 h, which yielded
5g L " of sugars (3 g L™ " glucose and 2 g L™ " xylose). Excluding
this amount, only 5 g L™" to 10 g L™" of additional sugars were
obtained from each addition of solids. This is likely the result of
enzyme inactivation caused by the increase in the IL concen-
tration at higher solid loadings, since the IL was not removed
prior to enzymatic hydrolysis, combined with a prolonged
exposure to the IL. It has been reported that enzyme inactiva-
tion is predominantly caused by anions with high H-bond
basicity, as nucleophilic anions can coordinate with the
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Fig. 2 Effect of fed-batch high solid loading enzymatic hydrolysis on sugar yields of soaking in aqueous ammonia pretreated [(a) sugarcane
CP88, (b) oilcane 1565, and (c) oilcane 1566], hydrothermally pretreated [(d) sugarcane CP88, (e) oilcane 1565 and (f) oilcane 1566] and ionic
liquid pretreated [(g) sugarcane CP88, (h) oilcane 1565 and (i) oilcane 1566] biomass samples. Values are reported as average =+ standard deviation

(h =2).

4712 | Sustainable Energy Fuels, 2025, 9, 4707-4719

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00519a

Open Access Article. Published on 23 ervence 2025. Downloaded on 08.11.2025 16:41:00.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

positively charged surface residue and cause conformational
changes in enzymes, leading to denaturation.** Instead of
a single enzyme dose, adding enzymes along with fed-batch
solid loading or lowering the IL concentration in the pre-
treated biomass may improve the sugar yield. Acetic acid
concentrations, which are a proxy for the extent of hydrolysis of
the acetylated xylan backbone of amorphous hemicellulose,
increased from 2.69 & 0.03 g L™ " to 11.03 + 0.04 g L " as the
solid loading was increased from 10% to 50% (w/v) in fed-batch
enzymatic hydrolysis of HT pretreated biomass. In IL pretreated
biomass, the corresponding change was from 1.16 + 0.08 g L™
to 3.11 & 0.05 g L' between 10% (w/v) and 50% (w/v) solid
loading. This difference reflects the inactivation of the enzymes
by the ionic liquid. Even lower concentrations of acetic acid
(0.31 £ 0.01 to 0.89 + 0.01 g L™") were observed in AM pre-
treated biomass, which may indicate mass loss during the
drying and ammonia recovery processes.

The highest cellulose conversion efficiency was observed in
the AM and IL pretreated biomass at 10% (w/v) solid loading:
94.73 £ 6.01% to 98.86 £ 0.58% for IL pretreated and 92.31 +
0.59% t0 99.63 & 0.019% for AM pretreated biomass. The extent
of cellulose hydrolysis was gradually reduced as the solid
loading was increased (Fig. S1t). For example, 98.32 + 1.99%
cellulose hydrolysis was observed at 10% (w/v) solid loading of
AM pretreated oilcane 1565, while 66.64 + 5.64% was observed
at 50% (w/v) solid loading. Similarly, for the IL pretreated oil-
cane 1565, cellulose hydrolysis was reduced from 98.65 + 0.58%
to 41.79 £+ 0.25% as the solid loading was increased from 10%
(w/v) to 50% (w/v). The lowest cellulose conversion efficiencies
were observed for HT pretreated sugarcane CP88 (46.54 =+
0.26%), oilcane 1565 (51.67 + 0.96%), and oilcane 1566 (51.13 +
0.53%) at 10% (w/v) solid loading. In contrast to the AM and IL
pretreated biomass, cellulose hydrolysis did not continuously
increase during enzymatic hydrolysis of HT pretreated biomass
but decreased after a certain point. For example, cellulose
hydrolysis was increased to 59.04 £+ 0.80% at 20% (w/v) solid
loading of HT pretreated oilcane 1565 and was gradually
reduced to 54.43 + 0.49%, 54.68 £ 0.66, and 46.96 £ 0.98% at
30% 40% and 50% solid loadings, respectively. Ultimately,
cellulose and xylan hydrolysis efficiencies at 50% solid loading
were lower than at 10% solid loading. The observed trend may
be due to the effects of pretreatment on cellulosic crystallinity.
AM and IL pretreatment methods can effectively solubilize
lignin and reduce the crystallinity of cellulose by breaking
intermolecular hydrogen bonds between cellulose chains
within the microfibril structure.” Hydrothermal pretreatment,
on the other hand, solubilizes a smaller fraction of lignin than
the other methods, restricting the enzyme accessibility of
cellulose by leaving it in crystalline form.*” The hydrolysis of
crystalline cellulose proceeds more slowly than that of amor-
phous cellulose, requiring stepwise adsorption to break down
the crystalline network of cellulose to expose the individual
cellulose chains. Fragmentation of these chains yields oligo-
mers, which are hydrolyzed into cellobiose and finally glucose.*®

Overall, the fraction of cellulose embedded within the lignin
matrix restricts cellulase accessibility in HT pretreated biomass,
reducing overall cellulose hydrolysis across all solid loadings

This journal is © The Royal Society of Chemistry 2025
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compared to AM pretreatment. IL pretreatment, on the other
hand, achieves a lower fraction of cellulose hydrolysis than ex-
pected due to enzyme inactivation. Across all pretreatment
methods, the highest fraction of xylan hydrolysis was observed
in the HT pretreated biomass for all solid loadings, while the
lowest was observed in IL pretreated biomass (Fig. S1}). Xylan
hydrolysis was higher in HT pretreated biomass across nearly all
solid loadings and feedstock varieties (Fig. S17). Overall, cellu-
lose hydrolysis and xylan hydrolysis were reduced by increasing
the solid loading due to mass transfer limitations and the
competitive inhibition of enzymes by phenolic lignin
derivatives.>*>°

3.4. Effect of pretreatment on the fermentability of bagasse
hydrolysates

Industrial ethanol titers (>40 g L™') were achieved during
fermentation of all hydrolysates, regardless of feedstock variety
and pretreatment methods used. The highest titers were
observed during the fermentation of hydrolysates derived from
AM pretreated biomass, followed by hydrolysates of HT and
then IL pretreated biomass (Fig. 3). Ethanol titers of 94.74 +
0.10 g L' to 100.62 + 0.52 g L™ ' were observed after 72 h of
fermentation on AM pretreated hydrolysates, with 95.36 +
1.93 gL', 92.09 + 0.26 g L' and 100.13 4 0.50 g L™ observed
after 48 h of fermentation from hydrolysates of oilcane 1566,
sugarcane CP88 and oilcane 1565, respectively (Fig. 3a). The
additional fermentation time was insignificant, given the slight
difference between 48 h and 72 h. Overall, ethanol productiv-
ities were calculated to be 1.91 = 0.01 gL " h™" t02.08 £ 0.01 g
L~ h™". The higher ethanol yield, titer, and productivity on AM
pretreated biomass may be explained by the lower concentra-
tions of inhibitors such as acetic acid (0.63 & 0.02 g L™ " to 1.01
+ 0.07 g L") and furfural (0.13 & 0.01 g L™ ' to 0.15 & 0.08 g
L), and absence of 5-HMF, formic acid, and levulinic acid in
these hydrolysates. These values exceed the theoretical ethanol
yields on the three feedstock varieties (0.54 + 0.002 g,/gs for
oilcane 1565, 0.51 4 0.003 g,/gs for oilcane 1566, and 0.51 =+
0.003 gp/gs for wildtype sugarcane) as a result of continued
action of enzyme activity and hydrolysis of cello and xylo-
oligomers during hydrolysate fermentation, as hydrolysate
was not heat sterilized to prevent xylose decomposition, which
has been observed in previous studies.* Cellobiose hydrolysis
during the fermentation is a proxy for the continued action of
enzymes (Fig. S21). However, quantifying the cello- and xylo-
oligomers is impractical as they are rapidly hydrolyzed in
a sequential process following the initial fragmentation of the
cellulose chains.?**® A conversion factor of 1.05 accounted for
cellobiose hydrolysis to glucose. As hydrolysis activity is
product-inhibited at high sugar concentrations, overall cellu-
lose and xylan hydrolysis is reduced at higher solid loadings
(Fig. S17); however, during fermentation, the consumption of
sugars relieves this inhibition and permits additional hydrolysis
of cello- and xylo-oligomers.>® For example, the cellobiose
concentration decreased from 21.37 + 0.31 g L' to 2.39 +
0.31 g L' in oilcane 1566 at 50% (w/v) solid loading over the
course of fermentation, while the yeast strain used in this study
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Fig.3 Sugar consumption and ethanol production profiles during fermentation of soaking in aqueous ammonia pretreated [(a) sugarcane CP88,
(b) oilcane 1565, and (c) oilcane 1566], hydrothermally pretreated [(d) sugarcane CP88, (e) oilcane 1565 and (f) oilcane 1566] and ionic liquid
pretreated [(g) sugarcane CP88, (h) oilcane 1565 and (i) oilcane 1566] biomass samples. Values are reported as average =+ standard deviation (n =

2).

is not capable of directly fermenting cellobiose. Previous
studies have implemented a simultaneous saccharification and
fermentation protocol to avoid this inhibitory effect, where
yeast was inoculated at a glucose concentration of 76.7 g L™"
and 77.3 g L' to avoid glucose inhibition on the Accellerase
1000 enzyme, which produced 51 and 43.9 g L™ " ethanol titers.*
The theoretical ethanol yield is calculated based on the amount
of product produced (g,) and the amount of sugar consumed
(gs) by microbes, excluding the residual sugars. Product inhi-
bition was observed between 94.74 + 0.10 ¢ L™ and 100.62 +
0.52 g L™ ! of ethanol, with 26 to 54 g L' xylose remaining in the
fermentation medium. Based on the highest ethanol titers
attained from AM pretreated hydrolysates, sugar concentrations
can be adjusted to 190 to 200 g L™ " by diluting the hydrolysates
before fermentation in future experiments, which will allow for
complete consumption of sugars and a greater ethanol yield per
ton of biomass.** Ethanol titers of 37.9 g L™ " to 46.1 g L™ " were
obtained from ammonia-based pretreatment technologies, with
a minimum ethanol selling price (MESP) between $1.15 and

4714 | Sustainable Energy Fuels, 2025, 9, 4707-4719

$1.49 gal~".%* Production of 92 to 100 g L™ " ethanol titer within
48 h through soaking in an aqueous ammonia process would
significantly reduce the 2 G ethanol production cost. Addition-
ally, extracting the lipids from oilcane before SAA pretreatment
would make the process more economical.

Fermentation of HT pretreated hydrolysates produced
ethanol titers of 58.8 ¢ L™" to 64.4 g L™ " with a yield of 0.39 to
0.42 g,/gs. Higher concentrations of acetic acid (9.89 & 0.14 g
L' t0 10.91 + 0.09 g L") may have reduced the fermentability
of this hydrolysate, resulting in these lower yields and produc-
tivities."* The presence of formic acid (0.39 + 0.02 to 0.67 +
0.01 g L") and furfural (0.07 £ 0.01 to 0.19 + 0.01 g L™ ') may
have also inhibited fermentation in combination with the high
acetic acid concentration. During fermentation of HT pre-
treated hydrolysates of sugarcane CP88, oilcane 1566, and oil-
cane 1565, titers of 8 g L' to 10 g L ™" of ethanol were reached
after 24 h, 36 h and 48 h, respectively (Fig. 3b). Higher
concentrations of mono- and di-unsaturated fatty acids in oil-
cane 1565 (48.82 £ 3.02% and 18.19 =+ 0.64%, respectively) and

This journal is © The Royal Society of Chemistry 2025
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1566 (21.10 £ 2.39% and 21.44 + 1.18%, respectively) may have
further reduced the fermentability of these hydrolysates (Fig. 4).
However, the ethanol titers reached by 60 h of fermentation
(50.38 g L for oilcane 1565 and 51.84 g L™ for oilcane 1566)
were still above the threshold for industrial bioethanol
production. Production of 8.44% and 7.20% (v/v) ethanol titer
through hydrothermal pretreatment (190 °C) based lignocellu-
losic biomass conversion processes results in a MESP between
$1.78 L' and $1.90 L™'.% Similar ethanol titers of 58.8 g L™"
(7.45% v/v) to 64.4 g L' (8.16% v/v) were attained from this
study, while accounting for lipid production will further reduce
the cost of the overall conversion process. The engineered S.
cerevisiae produces ethanol titers of 40.86 g ™" to 52.95 g L "
from the IL pretreated enzymatic hydrolysate. Furfural and 5-
HMF were not observed in the fermentation medium, and acetic

acid concentration (3.5 g L™ ') was below the inhibitory limits of
yeast.>»* However, a long lag phase was observed during the
fermentation, reducing the ethanol productivity. This may have
been due to the presence of the ionic liquid and phenolic lignin
derivatives such as syringaresinol, propanoic acid, 1,2-benze-
nediol, 2-(4-hydroxyphenyl)-2-oxoacetic acid, 3-vanilpropanol, 4-
(1-methylbutyl) phenol, 4-ethyl-2,6-dimethoxyphenol, p-
hydroxyacetophenone, sinapyl alcohol and vanillin,** which
were not found in the hydrolysates of AM and HT pretreated
biomass (Fig. 5, and Table S1f). The alkaline conditions
produced by cholinium lysinate may have altered the lignin
solubility and increased the concentrations of phenolic
compounds in the resulting hydrolysate relative to the other
pretreatment conditions. Individual phenolic compounds
become inhibitory at concentrations ranging from 0.5 to 1.5 g
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Fig. 5 Relative concentrations of lignin-derived phenolic compounds in hydrothermal (a—c), ammonia (d—f),

enzymatic hydrolysates.
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L~ for vanillin and hydroxybenzoic acid, 1.5 g L™ " for ferulic
acid, syringaldehyde, and coumaric acid, although fewer
studies have explored combinatorial inhibitory effects of these
compounds in S. cerevisiae.”>*” Ionic liquids impede yeast
fermentation by disrupting the cell wall and damaging the
cellular organelles. Additionally, the permeability of IL into the
cell can facilitate the blocking of essential metabolic pathways
in yeast.® Although cholinium-based ionic liquids are
biocompatible,* the yeast required a long lag phase to accli-
mate to cholinium lysinate and phenolic derivatives. In addi-
tion, even lower concentrations of acetic acid inhibited the
growth of yeast in the presence of IL and phenolic compounds.
Among all IL-pretreated hydrolysates, CP88 (3.02 + 0.07 g L")
had the highest acetic acid concentration, followed by oilcane
1566 (1.16 + 0.04 g L") and oilcane 1565 (0.36 4+ 0.01 g L"),
therefore, yeast started to produce ethanol at 48 h, 66 h, and
72 h from oilcane 1565, oilcane 1566, and CP88 hydrolysates,
respectively. Also, 2-(4-hydroxyphenyl)-2-oxoacetic acid and p-
hydroxybenzaldehyde concentrations were approximately
doubled in CP88 relative to oilcane 1566 and oilcane 1565. The
acetic acid concentration in IL-hydrolysates was a critical factor
in the prolonged lag phase of the yeast, as the IL (10 wt%) load
was the same for all the feedstock pretreatments. Despite higher
concentrations of acetic acid, the fermentability of HT pre-
treated hydrolysates was higher than that of IL-hydrolysates,
indicating that the presence of IL, even with lower concentra-
tions of acetic acid, is inhibitory to fermenting yeast. Despite
the lower ethanol titers and productivities, ethanol yields (0.46
+ 0.001 to 0.48 & 0.002 g,/gs) were higher than those observed
on HT pretreated hydrolysates. Previous studies have demon-
strated that recovery of IL before enzymatic hydrolysis using
water/ethanol solutions can also lead to solubilization and loss

(a) 1 kg of OCL 1566
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of up to 46.7% of biomass material in the IL recovery stream.>
However, in this study, industrial bioethanol titers were ach-
ieved from IL pretreated biomass without such a step and were
higher than those reported in other one-pot pretreatment and
fermentation processes involving cholinium lysinate treatment
of poplar and switchgrass.®” Membrane-based pervaporation
technologies have been demonstrated as an effective way to
recover and recycle the ionic liquid (>99.9 wt%) after ethanol
distillation,** which minimizes the environmental burden
during wastewater treatment. Scale-up demonstration of one
pot processing of corn stover using cholinium lysinate as
a pretreatment agent achieved a maximum of 27.7 g L™ " ethanol
titer with an MESP of $8.8/gge (gasoline gallon equivalent) and
reducing the enzyme load can reduce the MESP to $3/gge.®
Attaining 41.1 g L™ " ethanol through a one-pot process has
further reduced the MESP to $2.8 gal '.** These one-pot
processes include pervaporation unit operation downstream
of IL recovery after ethanol distillation. Recovery of lipids before
the IL pretreatment, and the 52.9 g " ethanol titer obtained in
this work, could potentially reduce the overall cost of ethanol
compared to previously reported IL-based processes.

3.5. Mass balance

A mass balance was determined per kg of pretreated biomass
based on the enzymatic hydrolysis efficiencies of cellulose and
xylan at 50% (w/v) solid loading and ethanol yields (g,/gs)
attained from the hydrolysate fermentation. For example,
hydrolysis of 70.67% cellulose and 62.04% xylan from AM pre-
treated oilcane 1566 resulted in 275.5 g of glucose and 145.6 g of
xylose per kg of pretreated biomass. 80% of hydrolysate was
recovered by centrifuging the enzymatic slurry, containing
220.43 g of glucose and 115.5 g of xylose. Accounting for 0.51 g/

Recovery: 80%

Cellulose: 389.9 g

EH: 50% (w/v) SL

Xylan: 2329 g

AM pretreated

(b) 1 kg of OCL 1566

Cellulose: 4239 ¢g
Xylan: 2409 g

Hydrolysis (%)
Cellulose: 70.67%
Xylan: 62.04%

EH: 50% (w/v) SL

Glucose: 275.5 g
Xylose: 1445 ¢

Centrifugation

HT pretreated

(¢) 1 kg of OCL 1566

Cellulose: 345.6 g
Xylan: 214.7 g

Hydrolysis (%)
Cellulose: 44.78%
Xylan: 67.48%

EH: 50% (w/v) SL

Glucose: 189.8 g
Xylose: 162.5¢g

Glucose: 22043 g
Xylose: 1155 ¢

Fermentation

IL pretreated

l

Hydrolysis (%)
Cellulose: 49.94%
Xylan: 40.61%

Glucose: 1725 g
Xylose: 87.2 g

|

Ethanol: 184.6 mL
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Loss:20% Ethanol yield
Glucose: 55.1 g 0.51 g /g, Unfermented
Xylose: 28.8 g Xylose: 504 g
Recovery: 70%
Centrifugation . Fermentation
£ Glucose: 132.8 ¢ Ethanol: 110.4 mL
Xylose: 113.7 g l
Loss:30% Ethanol yield
Glucose: 56.9 g 0.39 g /g, Unfermented
Xylose: 48.7 g Xylose: 232 g
Recovery: 88%
Centrifugation : Fermentation
& Glucose: 1518 g Ethanol: 115.8 mL
Xylose: 76.7 g l
Loss:12% Ethanol yield
Glucose: 20.7 g 0.47 g /g, Unfermented
Xylose: 10.4 g Xylose: 35.1 g
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Fig. 6 Mass balance for bioethanol yields from (a) ammonia, (b) hydrothermal, and (c) ionic liquid pretreated oilcane 1566 biomass.
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gs ethanol yield and excluding the 50.41 g of residual xylose in
the fermentation, 144.09 g or 184.6 mL of ethanol was produced
per kg of AM pretreated oilcane 1566. Correspondingly,
182.6 mL and 180.1 mL of ethanol were obtained from AM
pretreated CP88 and oilcane 1565, respectively (Fig. S3a and
S4at). In general, separate hydrolysis and fermentation resulted
in lower ethanol yields per kg of biomass. While separating
these processes allowed for a more thorough evaluation of the
effect of different pretreatments on hydrolysis efficiency and the
fermentability of hydrolysates, using a semi-integrated process
incorporating enzymatic hydrolysis and fermentation in
a single step will result in improved bioethanol yields.** Simi-
larly, ethanol yields were calculated for HT and IL pretreated
biomass (Fig. 6b, ¢, S3b, S3c, S4b and S4ct). With 44.78%
cellulose and 67.48% xylan hydrolysis, 70% hydrolysate
recovery, and 0.39 g,,/gs ethanol yield, 110.4 mL of ethanol was
produced per kg of HT pretreated oilcane 1566 (Fig. 6b). IL
pretreated oilcane 1566 produced 115.8 mL of ethanol per kg,
with 49.94% cellulose and 40.61% xylan hydrolysis, 88%
hydrolysate recovery, and 0.47 g,/gs; ethanol yield (Fig. 6c).
Despite lower cellulose and xylan hydrolysis efficiencies in the
IL-pretreated biomass, similar ethanol yields to HT-pretreated
biomass were obtained due to higher hydrolysate recovery
(Fig. S3b, S3c, S4b and S4cf). However, HT pretreatment
permits greater lipid recovery compared to IL and AM
pretreatments, where losses occur due to saponification. Ulti-
mately, the highest ethanol titers (g L"), productivities (g L"),
and yields (gp,/gs and per kg) were achieved from AM pretreated
biomass.

4. Conclusion

Hydrothermal and soaking in aqueous ammonia pretreatments
of sugarcane and oilcane biomass yielded high sugar concen-
trations during fed-batch enzymatic hydrolysis at high solid
loadings. Lower sugar yields were obtained from ionic liquid
pretreated biomass due to anions of cholinium lysinate coor-
dinating with the positively charged surface residues of
enzymes and causing conformational changes, leading to
denaturation. This may be overcome by replenishing the
enzyme cocktail during hydrolysis as additional solids are
added and reducing the IL concentration in the pretreated
biomass. Despite reducing the TFA content, SAA and ionic
liquid pretreatment methods were capable of producing
hydrolysates that supported the fermentation of industrial
bioethanol titers from lignocellulosic biomass with comparable
or higher yields than hydrothermally pretreated hydrolysates.
Recovery of lipids before ammonia and ionic liquid pretreat-
ments improves the process economics. In particular, the lower
concentrations of fermentative inhibitors in ammonia-
pretreated hydrolysates supported the production of 100 g L™
of ethanol within 48 h of fermentation. Ethanol titers of 52.94 ¢
L' were achieved without separation and recovery of choli-
nium lysinate from the fermentation media, allowing for cost
savings by reducing the number of unit operations and pre-
venting the loss of structural carbohydrates post-pretreatment
wash, although additional study is needed to evaluate the

This journal is © The Royal Society of Chemistry 2025
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long-term effects of ionic liquid accumulation over multiple
batches on fermentation stability, as well as combinatorial
inhibitory effects of ionic liquid in the presence of lignin and
acetic acid. The highest ethanol titers were achieved at 72 h,
120 h, and 144 h on ammonia-pretreated, hydrothermally pre-
treated, and ionic liquid-pretreated hydrolysates, respectively.
Ethanol productivities were lower in the hydrothermally pre-
treated and IL pretreated hydrolysates due to the higher acetic
acid, ionic liquid, and lignin-derived phenolic concentrations.
This study is the first to report ethanol titers greater than 100 g
L' with high yield and productivity from lignocellulosic
biomass.
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