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Abstract: In this study, delignification of water hyacinth (WH) using a mild ionic liquid-like chemical
deep eutectic solvent (DES) synthesized using choline chloride and urea was conducted and the
process parameters were optimized by Box–Behnken design (BBD)-based response surface method-
ology (RSM). From the results, a delignification of 64.32 ± 4.08% (w/w) was obtained under 1:12.5
(biomass:DES ratio), 4.63 h (time) and 87 ◦C (temperature). Further, a dilute sulphuric acid (2%, v/v)
hydrolysis was carried out to destabilize the hemicellulose that resulted in 23.7 ± 0.50 g/L of xylose.
Fermentation of the obtained xylose was carried out using a red oleaginous yeast, Rhodosporidium
toruloides NCIM 3547, with free and Ca2+-alginate-immobilized cells for xylitol production under
microaerophilic conditions and obtained yields of 4.73± 0.40 g/L (168 h) and 9.18± 0.10 g/L (packed
bed reactor with a retention time of 18 h), respectively. Further, when the same fermentation was
performed under aerobic conditions about 40.93 ± 0.73% lipid accumulation was observed with free
cells. For saccharification, Aspergillus-niger-derived cellulase was used and this resulted in a yield of
27.45 ± 0.04 g/L of glucose. The glucose-enriched hydrolysate was supplemented for fermentation
under nitrogen starved conditions from which 46.81 ± 2.60% (w/w) lipid content was obtained.

Keywords: water hyacinth; deep eutectic solvent; delignification; xylose; xylitol; lipids

1. Introduction

Water hyacinth (WH) (Eichhornia crassipes) is an invasive aquatic weed that spread
rapidly on water bodies. It has been estimated that in a span of 8 months, these plants
could propagate at a high rate that covers almost 0.4 ha of water surface, thus obstructing
fishing and navigation [1]. It also decreases dissolved oxygen levels and prevents exposure
and penetration of sunlight into water bodies, putting primary producer organisms such
as phytoplankton at high risk. Even after the life cycle of the plant biomass, the natural
decomposition of dead material that happens under the subsurface tends to reduce the pH
to the acidic range, further lowering the dissolved oxygen with an emission of greenhouse
gases such as CH4, CO2 and hydrogen sulphide [2]. These chemical changes to the aquatic
ecosystem influence consequent fluctuations in the population of invertebrates and fish
to depauperate communities [3]. Bai et al. [4] have made a consolidated framework
for assessing the impact of invasive weeds with an index range of 1–4 based on social,
economic and ecological implications. According to their report, it has been elucidated
that WH scored 4 in terms of impact index and 3 for spread index, which reflects its
negative impact on the ecosystem [5]. Consequently, WH should be eradicated from water
bodies. At the same time, to strike the balance between the ecological and environmental
sustainability, it is wiser to implement a valorization strategy or add value to the harvested
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weed to get an economic advantage from the waste generation. WH contains significant
cellulose (26.90%, w/w) and hemicellulose (24.50%, w/w), which prompts its usage as
an effective feedstock for fermentative-driven value-added product synthesis. Several
potential applications have been reported for WH such as phytoremediation, cellulose
nanocrystals, composting, animal feed and even as a carbon source to produce biofuels,
such as biodiesel, biogas and bioethanol [6,7].

A recent shift in the consumer preference for low glycemic index food products has
triggered the market for alternative sweetener like xylitol. Xylitol’s apparent effect on oral
healthcare, especially as a sweetener in chewing gums, has created a rise in demand for
xylitol in the market. It has been estimated that in 2020 the market occupancy of xylitol is
about $0.901 billion and is expected to reach $1.10 billion by 2028, growing at a compounded
annual growth of 2.59% from 2021 to 2028 [6]. Catalytic conversion of wood-based xylose
to xylitol is the conventional strategy adopted to meet the market demand. Acid hydrolysis
of biomass generates hemicellulosic hydrolysate consisting of xylose that is isolated and
hydrogenated to produce xylitol. Resources such as birch bark, corn cob, pulp and paper
waste are being used as a raw material for the xylose. However, the biotechnological
method offers the possibilities of lowered cost and energy compared with the chemical
methods [7]. D-Xylose metabolism by yeasts has been widely researched because of its
high xylitol yield. Yeasts use xylose reductase (XR) and xylulose dehydrogenase (XDH) to
reduce xylose to xylitol. The genus Candida (C. guilliermondii, C. tropicalis and C.mogii), has
previously been shown to be capable of synthesizing xylitol from xylose generated from
hydrolyzed agricultural biomass [8]. Rhodosporidium toruloides, an oleaginous yeast, has
been reported to produce xylitol, arabitol from xylose and galactitol from galactose along
with single cell oil (lipids) synthesis [7,8].

Though the WH contains significant holocellulose, the presence of lignin (5–8%, w/w)
impedes the enzyme accessibility for saccharification, which prompts the adoption of a
suitable pretreatment strategy. The increase in demand for cost effective and eco-benign
pretreatment processes has led to the emergence of novel green solvents and ionic liquids
(IL). Deep eutectic solvents (DESs) are a kind of an IL that has gained a recent prominence
for pretreatment of lignocellulosic biomass (LCB) among the researchers as an alternate
to harsh chemicals (acid/alkali) with the recovery of lignin by precipitation for its appli-
cation to synthesize green chemicals [9]. DESs possess the benefits of IL, and moreover,
they are affordable, biodegradable, simple to prepare, recyclable and produce less-toxic
byproducts [10]. DESs in biorefinery are advantageous due to their versatility with pre-
treatment, extraction of lignin and catalysis capabilities in biomass/biowaste-to-biorefinery
conversion processes, though its use in delignification is still in its nascent stage [11,12].

In this study, an attempt has been made to synthesize a DES using choline chloride
(ChCl) (trimethyl ammonium chloride) and urea to delignify the WH biomass, which has
not been reported elsewhere. Multivariate analysis of various independent parameters that
significantly affect the DES treatment on different LCBs were investigated by Xu et al. [11]
and Massayev and Lee [12]. It has been indicated that high treatment temperature with
corresponding holding time and ratio of DES with biomass because of the viscous nature
of the solvent were deemed to affect the lignocellulose treatment. Therefore, in this study,
process parameters such as biomass (WH): DES ratio, treatment temperature (◦C) and time
(h) for maximum delignification were chosen for optimization using Box–Behnken Design
(BBD)-based Response Surface Methodology (RSM). As hemicellulose and cellulose are
the major polysaccharides that yield pentose (C5) and hexose (C6) sugars, respectively, a
two-step saccharification was adopted as follows:

(i) A mild sulphuric acid (2%, v/v) for xylose (C5 sugar) recovery from hemicellulose;
(ii) Enzymes (a combination of cellulase and xylanase) derived from Aspergillus niger

for hydrolysis of holocellulose to yield glucose and xylose as reported earlier by our
research group [13].

To have complete utilization of these two forms of sugars (glucose and xylose) from
WH hydrolysates, an effective fermentative process with Rhodosporidium toruloides NCIM
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3547, an oleaginous red yeast that has been reported to produce xylitol from xylose and
lipids from glucose, has been employed [14,15]. This yeast has been extensively used for
LCB-derived sugar fermentation to lipids (40–70%, w/w) due to its tolerance for the effect of
inhibitors present in the crude acid hydrolysate [16]. The accumulation of these by-products
and their efflux has been postulated as an overflow metabolism under oxygen-limited
conditions contributing to the redox balancing during xylose catabolism [17]. Therefore, it
has been strategically planned to perform the fermentation of xylose derived from WH hy-
drolysate to xylitol under microaerophilic conditions and creating a nitrogen limitation for
lipids synthesis from glucose. To the best of our knowledge, this is the first study to report
a comprehensive treatment of WH with a DES and co-production of sugar alcohol (xylitol)
and lipids using the Rhodosporidium toruloides NCIM 3547, as represented in Figure 1.
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Figure 1. Flow of process adopted in the strategic utilization of cellulosic and hemicellulosic fractions
of WH for xylitol and lipid synthesis using Rhodosporidium toruloides NCIM 3547.

Various parameters, including growth conditions, initial substrate concentration and
the presence of inhibitors in the hydrolysates may affect xylitol synthesis by yeast [17].
Therefore, an alternative strategy of Ca2+ alginate immobilization and operating the xylitol
fermentation in a packed bed reactor (PBR) has been attempted to test its effectiveness over
the free-cell fermentation process, which has another advantage of reusing of the microbial
inoculum for repeated cycles thereby increasing the fermentation efficiency.

2. Materials and Methods
2.1. Substrate: Water Hyacinth (WH)

Fresh WH was collected from a lake (Potheri: 12◦49′03.6′′ N 80◦02′45.3′′ E), Tamil
Nadu, India. This lake serves as a natural habitat for migratory birds [18] and part of the
lake has been infested with WH due to eutrophication (Supplementary material: Figure S1).
Therefore, frequent eradication of WH from the lake to conserve the biodiversity is being
routinely practised by the public authorities. For effective utilization of this discarded and
unutilized WH biomass, a biovalorization route has been formulated through this study.
The harvested WH was washed several times with tap water to remove adhering dirt and
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then cut into pieces, solar dried to remove excessive water content and then oven dried
and powdered. The biomass powder was sieved through a mesh to a particle size of 22 µm
and this was used for further studies. The biomass was characterized for proximate and
biochemical parameters and the results are tabulated in Table 1.

Table 1. Characterization of substrate, DES and enzymes employed in this study.

Components Parameters Value

Substrate - WH

Moisture content (%, w/w) a 94.20 ± 0.75
Total solids (%, w/w) a 5.80 ± 0.75
Ash content (%, w/w) b 21.50 ± 0.20

Volatile solids (%, w/w) b 78.44 ± 0.20
Cellulose (%, w/w) b 26.90 ± 1.76

Hemicellulose (%, w/w) b 24.50 ±1.71
Lignin (%, w/w) b 5.68 ± 0.24

DES (Choline chloride: urea)

Density (g/mL) 1.116 ± 0.02

Solubility

Miscible
Acetic acid, Ethanol, Water

Immiscible
Toluene, Chloroform

Enzyme activity(Aspergillus niger)

Carboxy methyl cellulase
(CMC-ase) (IU/mL) 6.23

Filter paper units (FPU/mL) 0.77
Xylanase (IU/mL) 2.21

a wet weight basis; b dry weight basis. The values represent mean ± standard deviation.

2.2. Microorganism and Inoculum Preparation

Rhodosporidium toruloides NCIM 3547, a red yeast of oleaginous nature was obtained from
the National Collection of Industrial Microorganisms (NCIM), Pune, India. YEPD agar me-
dia (Yeast extract—10 (g/L); peptone—10 (g/L); dextrose—20 (g/L); and agar—20 (g/L))
was used for routine subculturing and maintenance of the mother culture. Further, to
make the strain adaptable to the desired carbon source an enrichment media that contained:
xylose—5% (w/v); yeast extract—3 g/L; MgSO4—2 g/L; NaCl—2 g/L; KH2PO4—1.5 g/L,
was used.

2.3. Adaptive Laboratory Evolution (ALE) Strategy for Rhodosporidium toruloides NCIM 3547 to
Produce Xylitol

ALE strategy aids in the adaptation of fermentative microbes to the actual complex
hydrolysate sugars that might be mixed with other intermediates [19]. ALE was carried
out with successive subculturing of the inoculum at an interval of 96 h for a period of
30 days in broth that contained 15% (v/v); 25% (v/v) and 40% (v/v) of WH hydrolysate
with 20 ± 5 (g/L) of xylose and 5 ± 1.5 g/L of glucose obtained from 2% (v/v) H2SO4 acid
treatment. The adaptation phase included the induction of microaerophilic conditions by sup-
plementation of sodium thioglycollate 1 mL/L into the growth medium that induced xylitol
synthesis. The xylitol production by Rhodosporidium toruloides NCIM 3547 under the ALE was
confirmed by the HPLC analysis of the fermented broth (Supplementary material: Figure S2)
based on the retention time of a xylitol standard (Sigma Aldrich, 99.9% pure). The loga-
rithmic phase culture broth at 40% (v/v) WH hydrolysate supplementation that had an
O.D = 1.5 (36 h) was used as an inoculum for xylitol fermentation experiments.

2.4. Synthesis of DES and Pretreatment

The DES was prepared with choline chloride (ChCl) as Hydrogen Bond Acceptor
(HBA) and urea as Hydrogen Bond Donor (HBD). The DES components were taken at a mo-
lar ratio of 1:2 and heated at 60 ◦C until a homogeneous colourless liquid was formed [20].
Solvent characteristics such as density and miscibility with different solvents were de-
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termined based on standard methods [20]. The characteristics of the synthesized DES
have been tabulated in Table 1. Further, Fourier Transform Infrared (FTIR) spectrometer
(Agilent Technologies, Cary 600 Series, Santa Clara, CA, USA) was used to confirm the for-
mation of the DES based on the functional groups present in the pure compounds (ChCl
and urea) and the synthesized DES in the range of 400 to 4000 cm−1.

2.5. Pretreatment of WH by DES and Recovery of Lignin

Selection of a range of variables from the chosen parameters for DES pretreatment
was performed via the OVAT (one variable at a time) approach. Different ratios of WH:DES
(ranging from 1:5 to 1:25, g/g), reaction periods (2 to 6 h) and temperatures (70 to 95 ◦C)
were selected and pretreatment was carried out. DES pretreatment was performed below
95 ◦C in contradiction to reported recommended high temperature conditions (>100 ◦C)
to minimize energy input, which is beneficial for industrial processes [21]. In addition,
Procentese et al. [22] reported that high solid recovery was possible with ChCl:urea when
the temperature is maintained at 80 ◦C. The pretreated biomass was recovered by filtration
and dried. Lignin content of raw WH and DES-pretreated WH was estimated by the
titration method [23].

Delignification percentage was calculated using the Equation (1).

Delignification% (w/w) =
(Lignin% in raw WH− Lignin% in treated WH)

Lignin% in raw WH
× 100 (1)

2.6. Statistical Optimization of DES Pretreatment by BBD-RSM

BBD followed by RSM was used to predict the influence of independent experimental
factors and their interaction for maximum delignification with different input values of
the factors. A three-level-three-factor BBD was employed to generate 17 experiments by
considering the process parameters (factors) with boundary conditions obtained after OVAT
(Supplementary material: Figure S3a–c) as follows: biomass:DES ratio of 1:10 to 1:20; time
of 3 h to 5 h; and temperature of 80 ◦C to 90 ◦C. All the run order experiments were carried
out in triplicate. The experimental data obtained through BBD was used to generate the
best-fit second-order polynomial quadratic regression equation as given in Equation (2).

Y = β0 + β1A + β2B + β3C + β11A2 + β22B2 + β33C2 + β12AB + β23BC + β13AC (2)

where, Y is the dependent variable (delignification % of WH), β0, β1, β2 and β3 are the coef-
ficients of linear terms, β11, β22 and β33 are quadratic coefficients and β12, β23 and β13 were
interaction coefficients. A, B and C represent the selected independent variables/factors
biomass:DES ratio, treatment time (h) and temperature (◦C), respectively. The effect of the
parameters and their interaction on the response has been studied by conducting significance
tests and analysis of variance (ANOVA) on each response to check the adequacy of the model.
The optimized variables for the process have been chosen through the response optimizer
function of MINITAB 14 software. Validation experiments were conducted in triplicates based
on the optimal process parameters and the observed delignification was compared with the
predicted delignification to estimate the standard error %.

2.7. Recovery of Delignified WH and Lignin after DES Pretreatment

Recovery of lignin from the DES pretreatment process under optimized conditions
was performed as reported in the literature [24]. The WH:DES reaction was stopped with
the addition of 100 mL of ethanol as an anti-solvent, after which the warm mixture was
filtered through a sintered filter attached with a vacuum filtration unit and the solid residue
was washed with warm water followed by drying at 60 ◦C until constant weight attainment
that represented the delignified WH biomass. As lignin recovery is an important step in
DES pretreatment, to the ethanol–DES filtrate about twice the volume of water (~200 mL)
was added and the solution was acidified with 1 N HCl. This suspension was allowed
to stand overnight for the lignin to become precipitated. After checking the precipitated
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lignin, either the suspension can be vacuum filtered or centrifuged at 10,000 rpm for 15 min.
The obtained lignin solid was washed with a water–ethanol (9:1) mixture to remove traces
of DES and dried in an oven at 60 ◦C until a constant weight was obtained.

2.8. Characterization of Raw and Treated WH

The morphology of the raw and DES-pretreated WH was analysed using scanning
electron microscopy (SEM) at 30 kV ( SNE- 3200M, SEC- DESKTOP Mini-SEM). X-ray
diffraction (XRD) spectrometry (Malvern Panalytical, AERIS-High-resolution benchtop
XRD, Malvern, UK) was employed to ensure the amorphous lignin removal and exposure
of crystalline cellulose. The crystallinity index (CrI) was determined to calculate the
percentage of crystalline material in the biomass as given in Equation (3) [25].

CrI% = (I002 − Iam)/I002 × 100 (3)

where, I002 = maximum intensity at 22◦, Iam = minimum intensity at 18◦.
The raw and DES-pretreated WH were analysed using FTIR within the wavelength

range of 4000–400 cm−1 using FTIR spectrometer (Agilent Technologies, Cary 600 Series,
USA) to understand the chemical transformation after DES pretreatment.

2.9. Hemicellulosic Hydrolysate Preparation

Dilute acid hydrolysis of DES-pretreated WH was performed using 2% (v/v) of sul-
phuric acid at a solid-to-liquid ratio of 1:10 (w/v) for 20 min at 121 ◦C to obtain a hemi-
cellulosic hydrolysate as reported by Narisetty et al. [26]. The glucose and xylose present
in the hydrolysates were estimated using standard biochemical assays, viz., the dinitros-
alicylic acid (DNS) method [27] and the orcinol method that involves Bial’s reagent [28],
respectively. The Bial’s reagent was prepared by dissolving 0.3 g orcinol and 0.05 g fer-
ric chloride in 100 mL concentrated hydrochloric acid. To 0.5 mL hydrolysate, 1 mL of
reagent was added and incubated in a boiling water bath for 5 min. The xylose standard
graph was plotted with 100–500 µg of xylose. The colour intensity that developed was
read at 617 nm in a spectrophotometer. The concentration of xylose was calculated us-
ing the linear equation of the standard plot with a regression coefficient (R2) of 0.9829
(Supplementary material Figure S4a).

2.10. Enzymatic Cellulose Hydrolysis of DES Delignified WH

Crude enzymes (cellulase and xylanase) derived from Aspergillus niger were em-
ployed for cellulose hydrolysis of DES-pretreated WH biomass using a solid-to-liquid ratio
1:18 (w/v) at 50 ◦C for 6 h. In this study, DES-pretreated WH biomass was mixed with the
crude enzymes at a ratio of 1:18 (w/v); the obtained optimal cellulase and xylanase activity
is given in Table 1. After incubation, the biomass was separated from the reaction solution
by centrifugation at 8000 rpm for 15 min. The resulting supernatant (hydrolysate) was
analysed for reducing sugars (glucose and xylose).

2.11. Fermentation of Hemicellulosic and Cellulosic Hydrolysate for Co-Production of Xylitol
and Lipids

As the candidate yeast Rhodosporidium toruloides is capable of utilizing the xylose
and glucose by exhibiting a diauxic growth pattern [29], the fermentation was performed
in three ways, as represented in Figure 1, for co-production of xylitol and lipids. The
xylose fermentation media for xylitol and Yeast Basal Media (YBM) for lipid synthesis were
adapted from Narisetty et al. [26] and Alankar et al. [30], respectively. Xylitol production in
Rhodosporidium (Rhodotorula sp.,) is reported to be oxidative stress induced [15]. Therefore,
in this study, under shake-flask (100 mL) fermentation, microaerophilic conditions were
deployed by adding 1 mL/L of sodium thioglycolate (10%, w/v) in 25 mL of the WH acid hy-
drolysate along with the following minimal media components (g/L): CuSO4.5H2O—0.001,
KH2PO4—2, MnSO4.H2O—0.003, MgSO4.7H2O—0.4, and yeast extract—1.5. The fermenta-
tion was carried out for a period of 168 h until there was a stability in the biomass yield and the
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xylose consumption pattern. Intermittent analysis of the sugars (xylose and glucose), xylitol
and biomass growth were performed. For lipid synthesis, ‘nitrogen (N)’ limitation conditions
were induced by reducing the yeast extract from 3 g/L to 0.5 g/L and adding ammonium
sulphate (1 g/L) as an inorganic ‘N’ source while retaining the rest of the composition.

2.12. PBR Studies with Immobilized Rhodosporidium toruloides for Xylitol Production

Immobilization of R. toruloides was carried out via the cell entrapment method using
sodium alginate (2% w/v) and calcium chloride (0.3 M) with 10% (v/v) of yeast. In this study,
in order to check the efficiency of the immobilized cells for further reuse, the fermentation
process was carried out in two cycles with fresh hydrolysates deployed for each cycle in
a PBR. The Ca2+-alginate-immobilized beads were packed in the PBR for fermentation of
WH sugar hydrolysates. The WH hydrolysate with 23.7 ± 0.50 g/L of xylose as the major
‘carbon (C)’ source was used as a feed for the PBR. After the first cycle of fermentation for
18 h (no drastic change in xylose depletion), fresh hydrolysate was fed to the PBR to check
the adequacy of the immobilized cells for repeated production cycles.

2.13. Product Analytical Methods
2.13.1. Xylitol Analysis: Colorimetric Method and HPLC

The xylitol produced during the fermentation was estimated by the colorimetric
method adapted from Sánchez [31] and involving periodate oxidation followed by the
Hantzsch reaction. The fermented broth was incubated at room temperature for 60 s
with reagent 1 (0.5 mL of 0.5 M formate (pH 3.0) and 0.3 mL of 5 mM sodium perio-
date). To this solution, 0.3 mL of reagent 2 (0.1 M acetylacetone, 2 M ammonium acetate
and 0.02 M sodium thiosulphate) was added and incubated in the boiling water bath
for 2 min. The solution was cooled and the colour intensity measured at 412 nm. The
same procedure was adapted to plot the standard graph using a 50–200 µg/mL con-
centration of xylitol. The concentration of xylitol in the fermented broth was calculated
using the linear equation of the standard plot with a regression coefficient (R2) of 0.9942
(Supplementary material Figure S4b).

Further confirmation of xylitol in the broth was conducted using High Performance
Liquid Chromatography (HPLC). The samples were filtered through a 0.22 µm nylon
syringe filter (RanDisc syringe filter). The analysis was carried out with the Shimadzu LC-
20AD HPLC system and an NH2-reverse phase (RP) column (4.6 mm × 250 mm × 5 µm)
with a refractive index detector (RID). The mobile phase consisted of acetonitrile:water
(80:20) with a flow rate of 0.8 mL/min at ambient temperature. An injection volume of
20 µL was maintained for both standard and hydrolysate samples.

2.13.2. Lipid and Fatty Acid Methyl Ester (FAME) Analysis by GC-MS

Extraction of lipids from R. toruloides was carried out by the method described by
Bligh and Dyer [32]. Lipid content as a percentage of biomass dry weight was calculated
using the formula given in Equation (4).

Lipd content (%) =
Lipid weight (g)

dry cell weight(g)
× 100 (4)

The resulting lipids from the oleaginous yeast obtained through the fermentation
were treated with a 2:1 ratio of n-hexane and methanolic KOH (2 M) and incubated for
20 min at 70 ◦C. After incubation, about 1.2 mL of 1 M HCl was added with gentle stirring
followed by addition of n-hexane (1 mL) for the phase separation. The upper aqueous layer
containing the fatty acid methyl ester (FAME) was subjected to gas chromatography–mass
spectrometry (GC-MS) (GCMS-Shimadzu QP2010 system, Japan) with an Sh-Rtx-5 column
(30 m × 0.25 mm × 0.25 µm). The column temperature was maintained at 50 ◦C to 300 ◦C
at a rate of 7.5 ◦C/min and a hold-time of 2 min. Helium as a carrier gas was provided and
maintained at a constant flow rate of about 3.0 mL/min with a 1:10 split ratio. The data
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obtained were evaluated using the NIST/EPA/NIH Mass Spectral Library (NIST 14) and
the NIST Mass Spectral Search Program (Version 2.2).

2.13.3. Kinetic Studies on Different Fermentative Strategies

In this study, an attempt has been made to analyse the dynamics in the kinetic be-
haviour of the fermentation when xylose and glucose enriched WH hydrolysates were
supplemented and its effect towards the biomass yield, growth rate, xylitol production
and lipid accumulation using R. toruloides NCIM 3547 through the Luedeking–Piret model
equation [33], as represented in Equation (5).

Xt =
Xo × Xmaxeµmaxt

Xmax − Xo + Xoeµmaxt (5)

where, X (g/L) is the biomass concentration at any time t (h); µmax (h−1) is the maximum
specific growth rate; Xmax (g/L) is the maximum biomass concentration in the fermentation
medium; Xt and X0 are biomass during fermentation period of ‘t’h and initial (‘0’)h’,
respectively. A non-linear regression solver method using MS Excel was used to solve the
kinetic model equation and obtain parameters such as Xmax and µmax.

The following equations were used to calculate substrate uptake efficiency
(Equation (6)), xylitol productivity (Equation (7)) and xylitol and lipid yield coefficient
(Equations (8) and (9), respectively).

Efficiency of utilization of substrate (%) =
[S]i − [S] f

[S]i
× 100 (6)

where, reducing sugar substrate—glucose and xylose; [S]i = initial sugar concentration (g/L);
[S]f = final sugar concentration (g/L).

Xylitol productivity
( g

L .h

)
=

Maximum concentration of xylitol (g/L)
Fermentation time (h)

(7)

Further, xylitol and lipid yield coefficients were calculated based on Equations (8) and (9).

Xylitol yield coefficient [Yp(X)
s
] =

∆P
∆S

=
P− P0

S− S0
(g/g) (8)

Lipid yield coefficient [Yp(L)
s
] =

∆P
∆S

=
P− P0

S− S0
(g/g) (9)

where, ∆P = change in xylitol/lipid concentration (g/L); ∆S = change in substrate
concentration (g/L).

3. Results
3.1. Proximate and Biochemical Analysis of the WH

WH being considered as an LCB differs from other terrestrial biomass due to its
excessive moisture content (94.20%, Table 1) and might need drying before its storage until
further processing. Solar drying of wet biomass was performed that could alleviate 80%
of the moisture, which was further removed to obtain the dry biomass (5.80%, w/w, wet
weight basis). From the proximate analysis, it has been observed that WH contained 78.44%
(w/w, dry weight basis) of volatile solids that exemplify the rich organic matter capable of
valorization through the biological route that corroborated with the characteristics study
on WH by Alankar et al. [30]. However, these parameters depend on the maturing stage
of the plant and its geographical location and thereby differ slightly from other reported
literature regarding WH [34,35]. From the biochemical analysis, it has been observed that
cellulose (26.90%, w/w) and hemicellulose (24.50%, w/w) are almost in equal proportion and
that paves the way for valorizing both pentose and hexose sugars through fermentation.
As WH has been explored mostly on their cellulosic sugar components for diversified
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products [36–38], tapping its hemicellulose potential along with its cellulosic fraction for
multi-product development seems to be promising in complete utilization of this biomass.

The biochemical composition of WH aligns with the reported range by Wauton et al. [39].
The holocellulosic (cellulose and hemicellulose) portion of WH is bound by recalcitrant lignin
(5.68%, w/w), which necessitates an efficient pretreatment strategy. To address this issue of
lignin and to enable digestion of the carbohydrate polymers easily, a suitable pretreatment
procedure is necessary [40,41]. Though a variety of delignification options are available, a
good pretreatment strategy should not only increase the digestibility of lignin components
but also facilitate the recovery of holocellulose and lignin [40]. Hence, the DES method was
adopted by considering the aforementioned factors for biomass pretreatment.

3.2. Properties of Synthesized DES Using ChCl:Urea

The ChCl:urea-based DES synthesized in this study was subjected for analysis to
ensure the nature of it towards the WH pretreatment. From the results (Table 1), it has been
observed that the density of the DES formed was 1.116 g/mL at 30 ◦C, which is in agreement
with the result reported by Zhang et al. [42,43]. The fact that DESs contain both cationic
and anionic species, as well as non-ionic species, has facilitated their capacity to dissolve in
a wide variety of solvents. It was observed that the ChCl:urea DES was miscible in water,
acetic acid and ethanol and immiscible in toluene and chloroform. The results show that the
synthesized DES might be categorized as a hydrophilic DES as reported by Shafie et al. [44].
Further, the formation of the DES and the interaction between the two compounds (ChCl
and urea) was inferred based on the FTIR spectra (Supplementary material: Figure S5a–c).
The band spectra around the 3300 cm−1 regions were observed to be broader in the DES
compared to that in the ChCl and urea, which indicated the formation of hydrogen bonds
between the HBA and HBD [45,46]. The band in choline chloride around the 1080 cm−1 and
950 cm−1 regions, that also appeared in the synthesized DES, shows that the -CH structure
has not been altered [47]. Wang et al. [46] studied the effect of an acetate (CH3COO−)-
based IL and ChCl:urea-based DES for solubilization of xylan through molecular dynamic
simulation. It was concluded that ChCl:urea in a 1:2 ratio had an efficient interaction of
highly condensed molecular networks in xylan and lignin because of their effective HBA
and HBD combination.

3.3. Effect of Process Parameters Ascertained by OVAT Analysis

For delignification of WH three significant process parameters, biomass:DES ratio,
process time and temperature were selected. From the obtained results, it can be seen that
delignification increased when the WH:DES ratio increased from 1:5 to 1:10 and 1:15 (g/g).
This increase can be explained by the fact that the increase in the WH:DES ratio resulted
in more DES available to react with WH. The delignification is due to the hydrogen bond
formation between the donor and acceptor, which led to the formation of the DES, that
caused the cleavage of the β-O-4 bonds between lignin monomers and between the lignin–
hemicellulose complex. Further, a hydrogen bond is formed between lignin monomers and
chloride anions, which enhances the solubility of the lignin in the DES [46,47]. However, in
WH:DES ratios of 1:20 and 1:25 there was a decrease in the delignification percentage. This
might be due to the reason that a high concentration of DES might cause a highly viscous
nature and limit the interaction of DES on biomass, as reported in the literature [48,49].
There was an increase in the delignification percentage with an increase in time (up to
4 h) and temperature (up to 90 ◦C). The increase in time and temperature enhanced the
dissociation of the components of WH, which might lead to the solubilization of lignin in
the DES. At a longer time (6 h) and a higher temperature (95 ◦C), there was a decrease in
delignification that might possibly be due to the condensation of lignin that resulted in a
decrease in its solubility in the DES as reported by Wang et al. [50]. Based on the range
chosen from the OVAT for the selected parameters, further optimization was performed
using the BBD-RSM.
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3.4. Optimization of DES Pretreatment by BBD-Based RSM

BBD was employed in the process optimization to generate higher-order response
surfaces with fewer required runs for determining the global optima than the factorial-
based methods. In this study, process optimization was performed with the boundary
conditions as follows: biomass:DES ratio (A) (1:10 to 1:20), temperature (B) (80 to 90 ◦C)
and time (C) (3 to 5 h). Based on the design, 17 experiments were carried out and deligni-
fication percentages were determined as tabulated in Table 2. The statistical significance
of the chosen variables towards the delignification was analysed based on the ANOVA,
as indicated in Table 3. From the Table 3, it can be observed that the model F-value of
273.61 implies the model is significant. p-Values <0.05 indicate model terms (factors) are
significant towards the delignification. In this study, A, B, C, BC, B2, C2, A2C and AB2 are
found to be significant, demonstrating the individual and interactive effect of the variables
on WH delignification. Values greater than 0.1 indicate the model terms are not significant.
The lack-of-fit F-value of 2.49 implies that the lack of fit is not significant relative to the
pure error. A non-significant lack of fit is good and therefore the model is deemed to be fit.
The regression coefficient (R2), which denotes the fitness of the model, was 0.9983 after the
removal of insignificant interactions such as AC, A2 and C2 based on the ANOVA (Table 3)
and the adjusted R2 was 0.9947 (Figure 2d), thereby justifying the suitability of BBD-based
RSM for finding the global optima for DES-based WH delignification. The residual plots
obtained for the regression model have been presented in Supplementary Figure S6. The
quadratic equation (Equation (10)) for regression was obtained as follows:

WH Delignification (%) = 50.30 + 2.52× A + 3.57× B− 6.20×
C – 0.6225× AB + 2.80× BC + 9.11× B2 + 5.51×A2C− 8.12×AB2 (10)

where, A represents the biomass:DES ratio, B represents the temperature and C represents
the time of DES pretreatment. The optimized process parameters predicted through point
prediction were: biomass:DES—1:12.5; time—4.63 h; and temperature—87 ◦C, and resulted
in a maximum delignification of 64.32 ± 4.08% (w/w), which is close to the predicted value
of 68.96% (w/w). The 3D surface plots representing the interaction of the parameters are
shown in Figure 2a–c that depict the correlation of biomass:DES, time and temperature to
be an influencing factor towards delignification. It has been proven that the solvation and
dissolution of biomass by DES is strongly dependent on the operating temperature and
time [51]. From the response surface plot (Figure 2c) and Table 3, it has been observed that
the temperature and time had a positive interactive effect towards the dependent parameter,
i.e., delignification. When there is an increase in temperature with concomitant time, there
was found to be an increase in the delignification % from 48% to 69%. Upon reaction of DES
with any LCB there might be a possibility of different reactions such as hydrogenolysis,
dehydration, hydrogenation, decarboxylation, aromatization or isomerization that prompts
random cleavage of C–C and C–O bonds in the representative units of biomass that could
yield different degradation products [51]. Procentese et al. [22] demonstrated the efficiency
of three different DES with ChCl as the HBA and glycerol, urea and imidazole as an HBD
upon corn cob pretreatment with various temperatures from 80 to 150 ◦C by keeping a
constant 1:15 solid-to-liquid ratio. The results indicated that only ChCl:urea was found
to be effective at the reduced temperature of 80 ◦C and high solid recovery was possible
only when the temperature was maintained below 120 ◦C for DES-based pretreatment;
above this temperature there is a change in the viscous nature of the biomass:DES mixture
that impedes the solid recovery after the pretreatment (Figure 2c). From the BBD-RSM
optimization strategy, it has been observed that 64.32% of delignification was obtained
with a recovery of almost 57.32% of lignin as a solid form from the original lignin fraction.
Therefore, this DES pretreatment could be effectively adopted for favourable recovery of
lignin and reusing the DES for multiple cycles, thereby affording the cost–benefit advantage
and techno-economic feasibility.
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Table 2. BBD-based run of experiments for DES pretreatment and the observed delignification.

Run Order Biomass:DES
Ratio

Temperature
(◦C) Time (h) Delignification% *

1 15 90 5 58.57 ± 2.63
2 10 85 5 45.92 ± 2.06
3 10 80 4 60.33 ± 2.77
4 15 80 3 64.33 ± 3.85
5 10 90 4 69.22 ± 3.11
6 20 85 3 52.33 ± 2.35
7 15 85 4 50.25 ± 2.26
8 15 90 3 65.37 ± 1.94
9 15 85 4 50.36 ± 2.11
10 10 85 3 47.67 ± 1.90
11 20 85 5 51.33 ± 2.56
12 20 80 4 50.37 ± 1.91
13 15 80 5 46.33 ± 1.38
14 15 85 4 49.62 ± 2.48
15 15 85 4 50.88 ± 3.05
16 20 90 4 56.77 ± 2.27
17 15 85 4 50.37 ± 2.01

* All experiments were done in triplicates and the values represent mean ± standard deviation.

Table 3. ANOVA for the BBD-RSM optimization of DES pretreatment.

Source Sum of
Squares Degree of freedom Mean Square F-Value p-Value

Model 791.39 11 71.94 273.61 <0.0001 significant
A—Biomass:DES 25.35 1 25.35 96.41 0.0002
B—Temperature 102.03 1 102.03 388.03 <0.0001

C—Time 153.76 1 153.76 584.76 <0.0001
AB 1.55 1 1.55 5.89 0.05

BC 31.36 1 31.36 119.26 0.0001
A2 0.2237 1 0.2237 0.8508 0.3987
B2 349.21 1 349.21 1328.07 <0.0001

A2C 60.78 1 60.78 231.13 <0.0001
AB2 131.87 1 131.87 501.50 <0.0001

Residual 1.31 5 0.2629
Lack of Fit 0.5050 1 0.5050 2.49 0.1894 not significant
Pure Error 0.8097 4 0.2024
Cor Total 792.71 16

Lee et al. [52] suggested that DESs (ChCl:lactic acid and ChCl:urea) assisted with
ultrasonication has improved digestibility of lignin and cellulose that is present in oil
palm empty fruit bunches with enhanced sugar recovery. Possibly, the upgradation WH-
DES pretreatment could be attempted as an extension of this study by having hybrid
pretreatment strategies rather than as sole pretreating agent.
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3.5. Effect of DES Pretreatment on WH Based on SEM, FTIR and XRD

The morphological changes between the raw and DES-treated WH samples were
studied using SEM. The raw WH showed a smooth and regular surface, as shown in
Figure 3a, whereas the surface of the pretreated WH was damaged and irregular, which
indicates lignin disruption (Figure 3b). Based on the FTIR profile of DES-pretreated WH
(Figure 3c,d), it has been observed that the hydroxyl stretches at around 3300 cm−1 and
deep peaks are observed for cellulose [53]. The fact that the intensity of the peak decreased
following DES pretreatment demonstrates that the hydrogen bonds in cellulose has been
disrupted to some degree due to lignin removal [54]. The peak at 2358 cm−1 indicates the
acetal groups of cellulose. Appearance of this peak after DES pretreatment shows that
cellulose has been exposed as a result of the removal of lignin [55]. The peak at 1614 cm−1

corresponds to the C=C stretching of aromatic groups associated with lignin. After DES
pretreatment, it has been observed that there is a reduction in the intensity of this peak,
denoting that lignin is removed [56]. Similarly, the intensity of the peak around 1419 cm−1

to 1421 cm−1 and 1247 cm−1, which corresponds to aromatic group vibrations of lignin,
has decreased after DES pretreatment [57]. The peak at 1369 cm−1 indicates the O-H
group of phenol without ether linkage, which suggests that the β-O-4 ether linkage in
lignin has been disrupted [58]. From the FTIR analysis, it can be understood that DES
pretreatment efficiently breaks the bond between lignin and hemicellulose, allowing the
biomass components to be separated.
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SEM and XRD studies were performed both before and after the DES pretreatment in
order to have a better understanding of the structural and morphological influence that
DES pretreatment had on WH. From the SEM analysis, the surface of the WH was even
and smooth before pretreatment, but the surface of the pretreated WH was damaged and
uneven, which shows that the outer lignin layer has been disrupted. The extent of surface
destruction was more in the DES-treated WH, suggesting that depolymerization of lignin
has occurred, which can be correlated with the results of delignification [58]. Chen and
Mu [59] reported that DES has induced a loosening and swelling effect on the cellulose
fibre structure which could aid in enhanced saccharification due to the enzyme accessi-
bility for binding. XRD data showed a slight increase in the CrI after DES pretreatment
(Figure 3e). Cellulose is basically crystalline, therefore the increase in CrI is likely due to
delignification and solubilization of hemicellulose (amorphous) [13,60]. Because of the
recent increase in utilizing the lignin derived from LCB for synthesis of platform chemicals
and nano-formulations, there is a requirement to reorient the pretreatment strategy adopted
for delignification since conventional pretreatment strategies such as steam explosion, ul-
trasound, microwave, acid, alkali and ammonia that are widely employed for removal of
lignin which do not include the recovery of it for further application. However, recent mild
chemical treatments such as IL, organosolv and DES could favour the lignin macromolecule
fractionation that is employed in nano-materials, furanic derivatives, bio-alkanes and other
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green chemicals, which is deemed to be a suitable sustainable alternative approach for
refining the biomass components [61]. Hence, for WH delignification, DES was employed
for the fractionation of lignin.

The change in the functional groups between the raw and DES-treated WH were
identified by FTIR, as shown in Figure 3c,d. A decrease in the peaks corresponding to
lignin functional groups and the appearance of peaks pertaining to cellulosic functional
groups were observed, which denotes the removal of lignin and exposure of cellulose and
hemicellulosic fragments by the ChCl:urea DES. From the XRD analysis (Figure 3e), the
CrI of raw and treated WH can be elucidated. In this study, the CrI of raw WH was found
to be 40.13% and it was increased to 41.20% in the DES-treated WH. In contrast to this,
Procentese et al. [22] reported that the CrI was reduced after ChCl:urea treatment at 80 ◦C
in corn cob. The structural composition of this sample is statistically identical with the
raw biomass, which is same as the outcome of this study. The marginal increase in the
crystallinity in the DES-treated sample is therefore likely due to the amorphous lignin
removal and exposure of cellulose, which is crystalline as indicated by the characteristic
cellulose I peak in the treated biomass; this could enhance the enzymatic action of cellulase
with improved digestibility as suggested by Fu and Mazza [61]. As the DES involves
only the dissociation reaction with lignin under alkaline conditions, inhibitors such as
acetic acid, furfurals and 5-HMF was less profound and these inhibitors are found to be at
sub-inhibitory levels for yeast strains, as explained by Wood et al. [62].

3.6. Stepwise Saccharification of DES-Pretreated WH

The DES-pretreated WH was subjected to a stepwise saccharification process to obtain
the hemicellulosic- and cellulosic-derived C5 and C6 sugars, respectively. On the other
hand, the effect of DES pretreatment towards the yield of sugars from the WH biomass was
compared between the raw and delignified biomass. In the first stage, mild acid treatment,
the hydrolysate obtained from the dilute acid hydrolysis of DES-pretreated biomass yielded
23.70 ± 0.50 g/L of xylose (237 mg/g of biomass) and 3.53 ± 0.17 g/L (35.3 mg/g of
biomass) of glucose, whereas the raw biomass yielded 174 mg of xylose/g of biomass and
12.22 mg of glucose/g of biomass. Thus, the employment of DES pretreatment to yield
more sugar from the holocellulose fraction is justified. In the second stage, the enzyme
concoction (cellulase and xylanase) derived from Aspergillus niger was employed to the solid
fraction obtained after mild acid hydrolysis. The enzymatic hydrolysate contained 239.1 mg
of glucose/g of biomass and 24.5 mg of xylose/g of biomass, which is two-fold higher
compared with the raw biomass, with resulting sugar yield of 141 mg/g and 11.43 mg/g
of glucose and xylose, respectively. The hydrolysates derived from DES-pretreated biomass
were further used for fermentation by R. toruloides to obtain value-added products such as
xylitol and lipids. High hydrogen bond basicity is an important factor of an IL or DES that
has been reported to be important for the dissolution of wood [63,64]. As the DES employed
in this study was alkaline urea, this would have possibly enhanced the delignification
followed by elevating the chance of enzyme accessibility on the exposed cellulose layer,
thus the high yield of fermentable sugars compared to the raw biomass was obtained.

3.7. Co-Production of Xylitol and Lipids from Xylose by Free Cells of R. toruloides NCIM 3547

The xylose-rich hydrolysate derived from mild acid treatment was used for fermenta-
tion by R. toruloides to produce xylitol under microaerophilic conditions. Figure 4a shows
the growth profile and xylose and glucose consumption (Figure 4b) by R. toruloides.
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Supplementation of additional co-substrates such as glycerol and glucose were found
to induce and enhance the xylitol production in yeasts [65,66]. As the WH hemicellulosic
hydrolysate contains both xylose (23.07 g/L) and glucose (5.7 g/L), under microaerophilic
conditions there is an exhibition of a diauxic growth pattern, as shown in Figure 4a. It has
been observed that utilization of glucose was very rapid, which resulted in its consumption
within 24 h, and was not repressed by xylose, which is higher compared with glucose. A
similar observation was made in Rhodotorula (Rhodosporidium) mucilaginosa, in which the
consumption of glucose was initiated rapidly (9 h) and not affected by the availability of
xylose in a dual-sugar fermentation medium [67]. On the other hand, xylose consumption
was somewhat repressed by the available glucose and rapid depletion of xylose occurred
only after reduction of glucose to low levels. This observation was corroborated by our
study in which the obtained sugar consumption rate for glucose and xylose resulted in
0.014 h−1 and 0.012 h−1, respectively (Figure 4b and Table 4). It has been reported that
in C5-utilizer yeast Candida guilliermondii, xylose consumption was repressed by glucose
presence [68]. As represented by Figure 5, for xylitol production three main criteria need to
be met to favour xylitol accumulation and efflux as follows: (i) presence of xylose (in excess
compared with glucose) is required for upregulation of xylose reductase (XR) and xylitol
dehydrogenase (XDH); (ii) minimizing the activity of XDH by increasing the NADH pool
could favour the accumulation of xylitol and exert the efflux mechanism as demonstrated
by Pinheiro et al. [16]; and (iii) reduced aeration (microaerophilic) with low volumetric
oxygen transfer of 0.075 L/h, thereby routing the metabolism towards xylitol production
rather than cell growth [69]. Hence, induced microaerophilic conditions were adopted in
our study both at the head space and in the growth medium where an additional increase
in xylose concentration could have favoured the xylitol synthesis that resulted in the
yield of 4.37 g/L. From the fermentative parameters given in Table 4, the free-cell xylose
fermentation resulted in a maximum specific growth rate (µm) of 0.075 h−1 with a product
yield coefficient of 0.57 g of xylitol/g of xylose consumed, which is higher compared with
the xylitol (0.3 g/g of xylose) obtained from Rhodotorula (Rhodosporidium) mucilaginosa.
Upon comparing the biomass yield, the maximum biomass yield from our study is about
7.06 g/L, which is comparable to the reported yield of 7.8 g/L for Rhodosporidium sp [67].
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Table 4. Kinetic parameters of different fermentations.

Parameters

Fermentation

Hemicellulosic Hydrolysate,
Xylose-Rich Fraction

Cellulosic Hydrolysate,
Glucose-Rich Fraction

Hemicellulosic Hydrolysate,
Xylose-Rich Fraction in PBR

Cycle 1 Cycle 2

Maximum biomass yield (Xm), g/L
(Based on Luedeking–Piret kinetic model) 7.06 10.98 - -

Maximum specific growth rate (h−1)
(Based on Luedeking –Piret kinetic model) 0.075 0.20 - -

Yield coefficient for biomass (YX/S) (g/g) 0.311 0.45 - -

Yield coefficient for product (YP/S) (g/g) 0.57 (xylitol) 0.21 (lipid) 1.50 (xylitol) 1.80 (xylitol)

Rate of substrate consumption (qs) g/L.h
(Based on first-order kinetic model) 0.012 0.014 Xylose–0.84

Glucose–0.35
Xylose–0.95

Glucose–0.33

Rate of product formation (qp) g/L.h 0.02 0.005 1.31 1.29

Substrate uptake efficiency 79.22% (xylose)
88.42% (glucose)

86.42% (glucose)
66.78% (xylose)

71.56% (xylose)
87.31% (glucose)

82.92% (xylose)
80.98% (glucose)
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R. toruloides, the microbial candidate chosen for this study, is a well-known oleaginous
yeast that exhibits a triauxic growth pattern in the presence of complex-waste-derived
hydrolysates that consist of glucose, xylose and glycerol, which demonstrated the presence
of different sugar transporters and their possible influx system during the growth cycle [29].
In general, R. toruloides prefers C6 as the primary carbon source; however, the use of
other sources such as C5 sugars (xylose/arabinose) and glycerol has certain constraints
mainly at metabolic levels. Therefore, the microbe needs either adaptation or modification
at the genetic level. A conventional short- or long-term adaptation through ALE could
be adopted as it is simple, cost effective and efficient for the microorganisms to adapt
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with different compounds or conditions of interest [19]. The ALE method is based on
phenotypic heterogeneity, not a genetic variation. In the case of a short-term adaptation,
the transcriptional state of the most tolerant phenotype is inherited and prevails through the
generations (transcriptional memory), which generates an epigenetic inheritance that might be
a possible reason for the xylitol yield obtained in this study by selective utilization of xylose.

Consequently, the metabolic framework of R. toruloides is naturally segmented in such
a way that it has the capability of synthesizing lipids from the consumed sugars (both C5
and C6 sugars) under ‘N’ limited conditions, which resulted in the final lipid content of
40.93%, w/w. These modulations during growth makes this yeast an ideal candidate for
lipid and sugar alcohol production, as indicated in Figure 5, that postulates the possible
metabolic route for diversified sugar utilization.

3.8. Production of Xylitol from Xylose by Immobilized R. toruloides NCIM 3547 in PBR

PBRs are used to carry out dynamic fermentation with the use of immobilized cells.
Also, a PBR offers a higher conversion per weight of catalyst than other reactors with the
advantage of reusing the immobilized cells. The conversion is based on the amount of the
solid catalyst rather than the volume of the reactor.

Fermentation in the PBR as shown in Figure 6a was conducted using immobilized R.
toruloides cells and xylitol yield was estimated. The xylose and glucose consumption by
immobilized R. toruloides in cycle 1 and cycle 2 of the reactor studies is shown in Figure 6a.
From the fermentation profile in Figure 6b, it can be observed that the trend in glucose and
xylose uptake is same as that when using free cells. The maximum xylitol yield obtained
from cycle 1 was observed to be 9.18 g/L and there was a slight decrease during the second
cycle, with a yield of 8.99 g/L. However, considering the rate of substrate uptake based
on the first-order kinetic model (Figure 6c) it was found that cycle 2 was better compared
with cycle 1, which demonstrated the adaptation of the cells to the immobilized conditions
and the reactor flow regime. Consequently, the yield coefficient of xylitol was found to
be 1.5–1.8 g/g (Table 4), which is higher than for the free-cell system, which was 0.57 g/g.
Rajeswari et al. [13] employed a PBR for production of ethanol from immobilized yeast
using aloe vera leaf rind and compared its efficiency with the free-cell system. It has
been reported that the PBR kinetic parameters were far better than the free-cell system in
terms of substrate consumption rate, ethanol production rate and fermentation efficiency,
which aligns the results of the PBR-based fermentation for xylitol production shown in
Table 4. When compared with free cells, the immobilization of microbes can improve
fermentation while lowering the total production cost. Immobilized cells become the
noticeable and preferred alternative because they enable increased fermentation rates,
cell reuse for extended period of time, protection of the entrapped cells from inhibitors
and adverse environment, avoid washout, ease downstream processing of cells from the
fermentation broth and reduced costs associated with inoculum development [69]. In this
study, a xylitol yield comparable to that of free cells was obtained in both fermentation
cycles using immobilized R.toruloides NCIM 3547 in a PBR, proving the above advantages.
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3.9. Production of Lipids from Cellulosic Hydrolysate by R. toruloides

A surprising phenomenon to be noted in this strategy is that there is the possibility
of lipid accumulation with the maintenance of a low N (nitrogen) level, thereby simul-
taneously producing the sugar alcohol and lipids through extracellular and intracellular
mechanisms, respectively, as shown in Figure 7. Fillet et al. [70] reported that in R. toruloides
NS-134 for improved lipid production, a C:N ratio of 20 is preferred. The hemicellu-
losic hydrolysate was used for lipid synthesis under ‘N’ limited conditions in which the
supplementation of 3g/L yeast extract was replaced by 1.0 g/L of ammonium sulphate.

In our study, when WH-derived hydrolysate was employed as a ‘C’ source that had a C:N
ratio of 24:1 in cellulosic hydrolysate it tended to yield lipids at about 46.81 ± 2.60%, (w/w)
which is higher than the hemicellulosic hydrolysate that had a C:N ratio of 26.6:1, which
yielded a lipid content of 40.93 ± 0.73% (w/w). Though, R. toruloides shows versatility in uti-
lizing both glucose and xylose as a ‘C’ source, it is far less effective at producing them from
xylose [70–72]. Consequently, the organisms require an extended period of fermentation for
the production of lipids while utilizing xylose rather than glucose, which is evident from
our study when employing hemicellulosic and cellulosic hydrolysates for lipid synthesis as
indicated in Figure 7a–d. From Figure 7a, it has been observed that the glucose consump-
tion increased from 24 h and then more rapidly up to 96 h, with a concomitant accumulation
of lipids while growing. Compared with hemicellulosic hydrolysate, lipid content and the
biomass yield were much higher under cellulosic hydrolysate fermentation (Figure 7b).
Evidently, from Table 4 the substrate uptake efficiency in all modes of fermentation (free
cells, hemicellulosic and cellulosic hydrolysate; immobilized hemicellulosic hydrolysate)
were found to be predominant with glucose as compared to xylose.
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However, by categorically utilizing the C5 and C6 sugar as a carbon source in different
fermentations, a cumulative lipid content (46.81% + 40.93%, w/w) of around ~87% was
obtained that exemplifies the strategic fermentation adopted in this study. Though the lipid
production is prominent among yeasts cells under altered nutrient supplementation, it is
also equally important to check the fatty acid composition of the accumulated lipid content
for diversified applications such fuel (biodiesel) and pharmaceutical applications. The fatty
acid composition of lipids depends upon the microbial strain and the cultivation conditions
used [16]. Upon analysis of R. toruloides-NCIM-3547-derived lipids after transesterification
for its FAME composition (Figure 7c,d), it was observed that the most common fatty
acids are palmitic (C16:0), stearic (C18:0), oleic (C18:1) and linoleic (C18:2) acids, which is
similar to the lipid fatty acid profile obtained from using both cellulosic and hemicellulosic
hydrolysate where the combinatorial composition of C16:0 (palmitic) and C18:0 (stearic)
constitute more than 50%, which seems to be analogous to common vegetable oil [70].
Therefore, these lipids could potentially replace vegetable lipids to produce biodiesel. An
overall mass balance of the WH processing with DESs and the subsequent saccharification
and fermentation adopted in this study has been presented in Supplementary Figure S7.
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4. Conclusions

WH, an aquatic weed, was employed as feedstock for the co-production of xylitol
(free cells—4.73 g/L; immobilized cells—9.18 g/L) and lipids (46.81% and 40.93%, w/w) by
strategic fermentation of hemicellulosic and cellulosic hydrolysates using Rhodosporidium
toruloides NCIM 3547. Additionally, a mild DES pretreatment using ChCl and urea
was employed for the first time with the motive of extraction of lignin for its further
application in value-added product production. Due to the techno-economic feasibility
issues of second-generation biofuel production using LCB as a feedstock, there is a need
for a paradigm shift from biofuel to biorefinery, i.e., single-feedstock-single-product to
single-feedstock-multiproduct development. Also, biorefinery is not contextualised only
on production of diversified products but also extent of utilization of all possible organic
fractions that exist in LCB, namely, lignin, cellulose and hemicellulose through microbial
valorization strategies with a sustainable framework. Hence, through this study successful
hemicellulose and cellulose valorization routes with WH have been developed using a
yeast biorefinery approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8110591/s1, Figure S1: GPS image of the source of
WH collected (Potheri: 12◦49′03.6′′ N 80◦02′45.3′′ E). The arrows indicate the infestation of the aquatic
weed; Figure S2: HPLC chromatograms. (a) Standard xylitol. (b) Xylitol peak for Rhodosporidium
toruloides NCIM 3547; Figure S3: Effect of (a) WH:DES ratio, (b) time and (c) temperature on
percentage delignification (All the treatments were performed in triplicate and the values represent
mean ± standard deviation); Figure S4: Standard plot for (a) xylose and (b) xylitol; Figure S5: FTIR
spectra of (a) choline chloride, (b) urea and (c) choline chloride:urea; Figure S6: Residual plots for the
optimization of WH pretreatment using DES through BBD-RSM; Figure S7: Mass flow of WH during
pretreatment, saccharification (cellulose and hemicellulose) and fermentation for co-production of
xylitol and lipids.
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