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primarily composed of biopolymers of cellulose and hemi-
cellulose as well as a macromolecule lignin. These compo-
nents act as precursors for various industrial chemicals such 
as ethanol, xylitol, furfural, and acetic acid [2]. Maximum 
number of studies published on biomass valorization are 
based on rice straw, sugarcane bagasse, and corncobs due to 
their widespread production across most parts of the world.

Among the different lignocellulosic biomasses, Arundo 
donax is a perennial rhizomatous cane belonging to the 
family Poaceae. It is considered one of the most promis-
ing feedstocks for biorefineries due to its ability to grow 
rapidly in varied climatic conditions including marginal 
soils, low agronomic input requirements, high structural 
carbohydrates content (up to 60 wt%), resistance to biotic 
and abiotic stress as well as high productivity (around 30 
tons/hectare/year) [3, 4]. Arundo donax is commonly used 
in the construction of temporary sheds, fences, carpets, 

Introduction

Lignocellulosic biomass is gaining continuous global atten-
tion as a preferred source of bio-based chemicals due to its 
easy and plentiful availability and substantially greater pro-
portions of usable structural polysaccharides [1]. Proper dis-
posal of these low-value biomasses is essential to minimize 
burden on the environment and maximize the land available 
for cultivation of food crops. Lignocellulosic feedstocks are 
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Abstract
Arundo donax is a suitable lignocellulosic feedstock for the production of bio-based chemicals due to its low economic 
value, rapid growth in low-nutrient soils, and rich structural composition. The present study aimed to selectively extract 
hemicellulosic and cellulosic sugars from A. donax biomass by using dilute acid and alkali pretreatment as well as utilize 
those sugars for biological production of xylitol and ethanol by Candida tropicalis. Dilute acid pretreatment with 1.5% 
sulphuric acid effectively released 22.14 g/L of xylose in the hydrolysate, while, 1 M sodium hydroxide treatment removed 
77.9% of the total lignin present in the biomass. The crystallinity index of A. donax biomass was reduced from 65.89 to 
61.39% after alkali pretreatment. Dilute acid hydrolysate was detoxified by activated charcoal treatment that completely 
removed 5-HMF, whereas, 92.5% and 18.99% removal of furfural and acetic acid was achieved. The maximum xylitol 
yield and volumetric productivity in A. donax hydrolysate were 0.54 g/g and 0.274 g/L/h, respectively after 96 h of incuba-
tion. In the parallel process, enzymatic hydrolysis of cellulose-rich fraction of A. donax resulted in a glucan conversion of 
85.66%. Subsequent ethanol fermentation in A. donax saccharified broth by C. tropicalis produced a yield and productivity 
of 0.47 g/g and 0.63 g/L/h, respectively. The present study concludes that sequential dilute acid and alkali pretreatments 
of A. donax were efficient in extracting most of the xylose and glucose from the biomass. These pretreatment methods 
can be successfully employed for maximum utilization of this low-value biomass for biological production of value-added 
chemicals including ethanol and xylitol by C. tropicalis.
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fishing poles, and musical instruments [5]. It has also been 
explored for other applications including paper and pulp 
production from the fibers extracted from the stem of this 
plant, as a reinforcement material in polymer composites, 
and oil-spill remediation [6, 7]. A. donax was also reported 
to produce about 11,000 L per hectare of ethanol through 
fermentative processes, which is 50% and 20% higher than 
ethanol produced from sugarcane bagasse and Miscanthus 
respectively [8]. Although it is primarily reported feedstock 
for ethanol and bioenergy production, it is also considered 
a good source of other biomolecules such as levulinic acid, 
γ-valerolactone, biochar, and bio-oils [9, 10].

Xylitol, a naturally occurring pentitol, is regarded as 
one of the most versatile platform chemicals among the 
top twelve sustainable value-added chemicals that can be 
obtained from biomass. Due to its enormous commercial 
potential, the global market is estimated to reach $1.37 bil-
lion by 2025 [11]. Commercially, the xylitol demands are 
fulfilled by the chemical hydrogenation of xylose at high 
pressure and temperature in the presence of toxic chemi-
cal catalysts like Pl, Pt, Ru, and Ni. However, this chemi-
cal process is eco-unfriendly, labour-intensive, and involves 
high operational costs [12]. Therefore, the bioconversion of 
xylose to xylitol using microorganisms such as yeasts, fungi, 
and bacteria serves as an attractive alternative to the chemi-
cal hydrogenation process due to several advantages includ-
ing environment-friendly process, low energy requirement, 
and high product yield [13]. Xylitol production through bio-
logical route has been reported by a number of yeast genera 
including Candida, Pichia and Debaryomyces with Can-
dida as the most preferred candidate due to the ability to uti-
lize both pentose and hexose sugars and flourish in multiple 
types of hemicellulosic hydrolysates obtained from biomass 
[14]. In the past decade, Candida tropicalis has been widely 
explored for the production of xylitol from lignocellulosic 
biomass-derived sugars [15]. Various strains of C. tropica-
lis are known to convert up to 86.8% pure xylose and 79% 
xylose in hemicellulosic hydrolysate into xylitol [16, 17].

Ethanol is a promising biofuel that is used to supplement 
gasoline to reduce the burden on crude petroleum resources 
as well as decrease the carbon emissions from gasoline-
powered automobiles. In 2016, ethanol blending in gasoline 
reduced greenhouse gas emissions by 43.5 million metric 
tonnes which is equivalent to taking 9.3  million cars off 
the road for a whole year [18]. The global ethanol market 
in 2022 is estimated at US$ 89.7 billion and is expected to 
reach US$105.2  billion by 2025 [19]. Second-generation 
ethanol production has been identified as a viable path 
toward a sustainable circular economy. It has been produced 
at industrial scale from a variety of second-generation feed-
stocks including corncobs, corn stover, wheat straw, and 
sugarcane bagasse [2]. Saccharomyces cerevisiae is the 

most widely explored yeast for bioethanol production due to 
its larger cell size, high-temperature resistance, and higher 
ethanol yields; however, it has an inevitable drawback of 
lacking xylose metabolizing enzymes rendering it unable 
to utilize xylose as a carbon and energy source. Thus, this 
yeast is unsuitable for the co-production of ethanol and xyli-
tol [20]. Owing to the easy availability as well as structural 
polysaccharides-rich composition of A. donax, this study 
was mainly aimed at the selective extraction of xylose and 
glucose from hemicellulosic and cellulosic fractions of A. 
donax biomass by sequential dilute acid and alkali pretreat-
ment. Moreover, the ability of a locally isolated strain of 
C. tropicalis to effectively ferment glucose and xylose was 
investigated for the efficient conversion of extracted sugars 
into ethanol and xylitol.

Materials and Methods

Chemicals and Plant Biomass

All the chemicals, enzymes, and microbiological media 
used in this work were purchased from Himedia Labora-
tories, Mumbai, India, and Sigma-Aldrich, Co., Denmark. 
Arundo donax plants were harvested from Attawa Choa, 
a seasonal rivulet adjoining the Center of Innovative and 
Applied Bioprocessing, Mohali campus in July, 2021. The 
plant biomass including stems and leaves was cut into small 
pieces (< 1 inch) by a chaff cutter followed by sun-drying 
for one week. The dried biomass was then stored in a dry 
and ventilated place for further use.

Microorganism

A previously isolated, in-house strain of Candida tropicalis 
GS18 (Acc. No. OK165575) was used for ethanol and xyli-
tol production. The yeast was stored on YEPD (yeast extract 
1, peptone 2, and dextrose 2 g/L) medium slants at 4 °C. The 
yeast was subcultured over fresh YEPD and YEPX (dex-
trose replaced by xylose) agar plates followed by incubation 
at 30 °C. Loopful of fresh yeast cultures were used for inoc-
ula preparation in YEPD and YEPX broth media for ethanol 
and xylitol production, respectively.

Compositional Analysis of Arundo Donax

The sun-dried biomass was further dried in a hot-air oven at 
70 °C for 48 h for estimation of the structural components of 
the whole biomass. The dried biomass (< 10% moisture con-
tent) was further ground in a steel kitchen grinder to obtain 
small pieces (< 2 mm) suitable for compositional analysis. 
The compositional analysis was carried out by following the 
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NREL protocol with some minor modifications [21]. The 
estimated composition of A. donax was compared with that 
of the reported studies to mark the major differences.

Dilute Acid Pretreatment

The hemicellulosic sugars present in Arundo donax biomass 
were recovered by using dilute sulphuric acid pretreatment. 
The biomass was ground to get particle size < 10  mm for 
efficient solubilization of xylose. The concentration of sul-
phuric acid and solid: liquid ratio of biomass: acid solution 
was optimized to achieve maximum sugar yield and mini-
mum generation of toxic inhibitors. Acid concentrations of 
0.5, 1.0, 1.5, and 2.0% were used, whereas, the S: L ratios 
used were 1: 8, 1: 10, 1.5: 8, and 1.5: 10. Pretreatment was 
carried out in a customized lab scale hydrolyser fitted with 
spiral agitator and heating-cooling jacket. The dilute acid 
pretreatment temperature and time were pre-optimized in 
our laboratory at 140  °C and 30 min. Following pretreat-
ment, the contents in the hydrolyser vessel were cooled with 
running tap water circulation and removed for the separa-
tion of solid and liquid fractions. The liquid fraction con-
taining fermentable sugars and the solid fraction containing 
cellulose and lignin were stored at room temperature for 
further processing.

Neutralization and Detoxification of A. Donax 
Hydrolysate

The dilute acid hydrolysate (liquid fraction) of Arundo 
donax was neutralized to achieve pH > 5.5 suitable for 
fermentation experiments. The hydrolysate was filtered 
through a white-coloured, fine-pore cotton cloth (FPCC) 
(pore size < 20 μm) followed by the addition of small quan-
tities of calcium oxide with continuous stirring. Calcium 
oxide was used as a neutralizing agent due to its relatively 
low cost and minimal loss of fermentable sugars following 
neutralization. On achieving the desired pH, the hydroly-
sate was again filtered through FPCC. The use of conven-
tional filter paper was minimized in this study due to the 
non-recyclability of filter paper, more time consumption 
and the inability to squeeze the liquid when used without 
a vacuum pump. On the other hand, the FPCC is cheaper 
than Whatman filter paper, can be used multiple times, can 
be squeezed manually to recover the maximum volume of 
hydrolysate, and is less time-consuming.

The filtered hydrolysate was then detoxified to remove 
toxic fermentation inhibitors including phenolic com-
pounds, 5-hydroxylmethyl furfural, and furfural. The detox-
ification was carried out at pH 5.5 and 28 °C in baffled flasks 
placed in a rotary shaker incubator. The activated charcoal 
concentration used for detoxification was 4% (w/v) which 

is slightly above the previously reported concentrations due 
to the presence of higher amounts of phenolics and colour-
contributing compounds present in the Arundo donax 
hydrolysate. Activated charcoal treatment was performed 
for one hour followed by filtration of the detoxified hydro-
lysate. The filtered detoxified hydrolysate was stored at 4 °C 
until further use.

Xylitol Production by C. Tropicalis on Commercial 
Xylose Medium

The ability of C. tropicalis strain to produce xylitol from 
the pure xylose-based minimal medium was evaluated to set 
the known yield target. The inoculum for xylitol fermenta-
tion was prepared in 20 ml YEPX broth medium in 100 ml 
Erlenmeyer flask. The fermentation medium was prepared 
by adding ammonium sulphate 1 g/L, potassium dihydro-
gen orthophosphate 0.2 g/L, disodium hydrogen phosphate 
0.2 g/L, magnesium sulphate 0.1 g/L, yeast extract 1 g/L and 
xylose > 50 g/L in 180 ml of demineralized water in 500 ml 
conical flask. The pH of the defined medium was adjusted to 
5.5 by using 1 M HCl followed by autoclaving at 121 °C for 
10 min. Reduced sterilization time was used to prevent the 
darkening of the broth medium by caramelization of xylose 
in the presence of a nitrogen source. After sterilization, the 
medium was cooled and poured with 20  ml inoculum of 
actively growing C. tropicalis cells. The flasks were then 
placed in a rotary incubator shaker set at 150 rpm and 30 °C. 
The samples were withdrawn regularly to estimate the sug-
ars consumption, xylitol production, and changes in the dry 
cell weight of C. tropicalis. The fermentation experiments 
were continued until at least 90% of the xylose was con-
sumed in each replicate.

Xylitol Production by C. Tropicalis in Concentrated 
Detoxified A. Donax Hydrolysate

The ability of C. tropicalis to produce xylitol from A. donax 
hydrolysate was assessed by shake flask fermentation. The 
detoxified hydrolysate was concentrated 2.5 times by using 
a rotary vacuum evaporator at 70 °C. The hydrolysate was 
filtered through Whatman filter paper no. 1 multiple times 
to remove the precipitates of calcium sulphate formed by 
the addition of calcium oxide during neutralization. The fil-
tered and concentrated hydrolysate was supplemented with 
equivalent amounts of inorganic salts and yeast extract as 
added in the pure xylose-based medium previously. The pH 
of the medium was adjusted to 5.5 followed by autoclav-
ing at 110 °C for 15 min. The sterilized medium was then 
inoculated with 20 ml of C. tropicalis inoculum prepared in 
YEPX broth at 30 °C for 20 h. The inoculated flasks were 
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flask at 30 °C and 150 rpm for 16 h. Ethanol fermentation 
was carried out in 500 ml flasks with a working volume of 
200  ml. The fermentation medium contained ammonium 
sulphate 1  g/L, potassium dihydrogen orthophosphate 
0.15  g/L, disodium hydrogen phosphate 0.15  g/L, mag-
nesium sulphate 0.1  g/L, yeast extract 1  g/L and glucose 
50 g/L. The pH of the medium was adjusted to 6.0 before 
autoclaving at 121 °C for 15 min. The inoculum was added 
to the fermentation medium when > 90% sugar in the for-
mer was utilized. After inoculation, the flasks were stored at 
30 °C and 150 rpm. Sugar consumption, ethanol production 
and cell dry weight were regularly monitored. Incubation 
was continued until the ethanol titre started declining due to 
exhaustion of available glucose. For ethanol production in 
A. donax saccharified broth, the filtered broth was concen-
trated by vacuum rotary evaporator at 60 °C to obtain a glu-
cose concentration around 50 g/L. All the remaining steps of 
ethanol fermentation were similar to the pure glucose-based 
fermentation.

Calculations

For compositional analysis of Arundo donax
% Cellulose = [Glucose in filtrate (g/L) x volume of fil-

trate x 0.9] / [k1 x total weight of biomass] x 100
% Hemicellulose = [xylose in filtrate (g/L) x volume of 

filtrate x 0.88] / [k2 x total weight of biomass] x 100
+ [arabinose in filtrate (g/L) x volume of filtrate x 0.88] / 

[k3 x total weight of biomass] x 100
k1, k2 and k3 are the calibration coefficients of glu-

cose, xylose and arabinose for their decomposition in the 
autoclave and correspond to values 0.97, 0.84 and 0.88 
respectively.

% Acid insoluble lignin = (weight of solid residue after 
filtration ? weight of ash recovered after calcination at 
500˚C) / total weight of biomass x 100

For Crystallinity index (CrI)
The crystallinity index of untreated and pretreated bio-

mass was calculated by applying peak intensity method 
with the following equation [22]:

CrI =
I(002) − I(am)

I(am)
× 100

Where, I(002) represents peak intensity of the crystalline por-
tion of the sample and I(am) is the peak intensity of the amor-
phous part of the sample. CrI calculations were performed 
by using OriginPro 2016.

incubated and monitored in the same way as described in 
Sect. 2.6.

Alkali Pretreatment of Solid Residue

The solid fraction obtained after dilute acid pretreatment 
was washed several times with tap water to neutralize the 
pH followed by drying to achieve < 10% moisture content. 
This fraction majorly consisted of cellulose and lignin. The 
aim of alkali pretreatment was to dissolve the lignin in solu-
tion to make cellulose freely available for subsequent enzy-
matic hydrolysis. The pretreatment was carried out by using 
1 M sodium hydroxide with a solid: liquid ratio of 1: 10. The 
contents were mixed in a wide-mouthed glass bottle before 
autoclaving at 121  °C for 30  min. The alkali-pretreated 
cellulose-rich fraction (CRF) was repeatedly washed with 
tap water to remove any traces of sodium hydroxide. On 
reaching pH > 5, the fraction was squeezed to remove all 
the water and dried at 90 °C in a hot air oven. The resultant 
dried CRF was ground in a steel grinder to make it ready for 
enzymatic saccharification.

Enzymatic Saccharification of A. Donax Cellulosic 
Fraction

The CRF was further subjected to enzymatic saccharifica-
tion to obtain glucose which would be used as a substrate 
for ethanol fermentation. The saccharification was carried 
out in 500 ml flasks containing 200 ml of 0.05 M sodium 
acetate buffer and 5% w/v CRF. A cellulose enzyme blend 
(Sigma-Aldrich, MO, USA) was used to hydrolyse the CRF 
with a concentration of 25 FPU/g of substrate. The hydro-
lysis was carried out at 4.5 pH, 50 °C and 170 rpm for 72 h. 
The enzyme hydrolysis was performed in multiple num-
bers of flasks to obtain maximum volume of the sacchari-
fied broth. The rate of saccharification was monitored by 
withdrawing small amounts of samples at regular intervals 
followed by their sugar analysis by HPLC. After achieving 
the maximum concentration of glucose in the saccharified 
broth, the remaining solids were removed by vacuum fil-
tration through Whatman filter paper no. 1. The resultant 
clear to translucent broth was used for subsequent ethanol 
fermentation.

Ethanol Production in Commercial Glucose and 
Arundo Donax Saccharified Broth

C. tropicalis was first used to produce ethanol from pure 
glucose-based medium to set the yield target for subsequent 
saccharified broth-based experiments. The yeast inoculum 
was prepared in 20 ml YEPD broth by adding a loopful of 
yeast cells from the fresh culture plate and incubating the 

1 3



Waste and Biomass Valorization

Results and Discussion

Compositional Analysis of Arundo Donax Biomass

The structural composition of mature terrestrial plants 
depends on several external abiotic factors such as soil 
fertility, moisture content of the soil, intensity of sunlight 
received and time of harvesting. In this study, compositional 
analysis of ground A. donax biomass was performed by 
using a modified NREL protocol which revealed that it con-
tained the highest amount of cellulose followed by hemi-
cellulose and lignin (Table 1). The comparison of structural 
polymers present in the biomass showed that A. donax, irre-
spective of its origin, contains significantly high amounts of 
usable polysaccharides (up to 80%) that can be efficiently 
valorised for the production of bio-based chemicals.

Dilute Acid Pretreatment of Arundo Donax

Acid pretreatment of biomass is the most popular method for 
achieving high sugar yields. Both concentrated and dilute 
acid pretreatments have been reported in the literature for 
efficient recovery of fermentable sugars especially xylose. 
However, the use of concentrated acids poses certain limita-
tions due to toxicity, need of specialized corrosion resistant 
reactors, need of acid recycling and excessive production 
of sugar degradation products [27]. Therefore, dilute acid-
based pretreatment, due to less severe conditions has been 
found to be a better pretreatment option that produces high 
yields of sugars with minimal production of toxic inhibitors. 
Though, the concentrations of acids and other factors must 
be optimized to make the overall process more economi-
cally feasible. In the present study, sulphuric acid was cho-
sen for pretreatment owing to its relatively low cost, ready 
availability, no generation of toxic fumes and high xylose 
yields. The concentration of sulphuric acid and solid: liquid 
ratio of A. donax biomass was optimized to find the best 
combination for high xylose yield (Table 2). The time and 
temperature of pretreatment were kept constant at 30 min 

Analytical Techniques and Statistical Analysis

Sugars and inhibitors estimation in the whole study was 
carried out by using analytical HPLC (Agilent Technolo-
gies, 1260 Infinity) with a reverse phase column (BIORAD 
Aminex HPX-87 H column (300 × 7.8 mm) and a refractive 
index detector. The column chamber temperature was kept 
at 60 °C with 0.55 ml/min flow rate. Degassed 5 mM sulph-
uric acid was used as mobile phase. Fresh standard curves of 
sugars and inhibitors were made during each HPLC run by 
using five different concentrations ranging from 0.2 g/L to 
1 g/L. All the samples were diluted according to the approx-
imate concentration of analyte present in the sample before 
analysis. Scanning electron microscopy of biomass at vari-
ous stages was performed by JCM-6000 benchtop SEM 
(JEOL Ltd., Japan). X-ray diffraction analysis of untreated 
and pretreated biomass was performed in a high-resolution 
X-ray diffractometer (SmartLab SE, Rigaku Corporation, 
Tokyo, Japan). Thermal gravimetric analysis of biomass 
samples at various stages of pretreatment was carried out 
in nitrogen environment by simultaneous thermal analy-
ser (STA 8000, PerkinElmer Inc. CT, USA). The moisture 
content of biomass before and after drying was measured 
by MA-35 moisture analyser (Sartorius Weighing Technol-
ogy, Goettingen, Germany). The total phenolics content was 
estimated by Folin–Ciocalteu assay in a UV-visible spec-
trophotometer (UV-1900i, Shimadzu, Japan) [23]. All the 
experiments in this study were performed in triplicate and 
the mean of the three values and standard deviation in the 
values were plotted by using Graphpad prism 5.0.

Table 1  Major structural components present in Arundo donax bio-
mass
S.No. Cellulose

(% DW)
Hemicellulose
(% DW)

Total Lignin
(% DW)

References

1 40.03 ± 2.97 27.86 ± 2.80 22.25 ± 1.40 This study
2 31.10 36.27 18.49  [24]
3 34.6 23.06 22.11  [25]
4 45.16 35.10 24.12  [6]
5 33.3 14.6 30  [26]

Table 2  Dilute sulphuric acid pretreatment for maximum sugar and minimum inhibitors production
Treatment conditions Fermentable sugars Fermentation Inhibitors
Sulphuric acid conc. with 1:10 S: L ratio Glucose

(g/L)
Xylose
(g/L)

Arabinose
(g/L)

Acetic acid
(g/L)

HMF
(g/L)

Furfural
(g/L)

0.5% 2.67 ± 0.12 14.03 ± 0.21 1.53 ± 0.04 1.29 ± 0.23 0.23 ± 0.02 0.54 ± 0.1
1% 3.24 ± 0.21 18.27 ± 0.56 2.76 ± 0.13 1.84 ± 0.46 0.29 ± 0.03 0.82 ± 0.04
1.5% 4.11 ± 0.3 21.43 ± 0.64 3.09 ± 0.16 2.38 ± 0.23 0.45 ± 0.07 1.43 ± 0.21
2% 5.27 ± 0.16 22.76 ± 0.45 3.75 ± 0.37 3.43 ± 0.82 0.79 ± 0.11 1.81 ± 0.15
S: L ratio with 1.5% w/v sulphuric acid
1:8 4.87 ± 0.23 22.32 ± 0.45 3.49 ± 0.13 2.85 ± 0.12 0.56 ± 0.03 1.34 ± 0.21
1:10 3.97 ± 0.32 20.67 ± 0.65 2.84 ± 0.2 2.05 ± 0.11 0.41 ± 0.11 1.07 ± 0.14
1.5:8 5.24 ± 0.42 23.64 ± 0.93 3.95 ± 0.24 3.59 ± 0.04 0.92 ± 0.14 1.82 ± 0.19
1.5:10 4.99 ± 0.21 21.93 ± 0.82 3.32 ± 0.34 2.71 ± 0.22 0.75 ± 0.17 1.41 ± 0.11
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of the A. donax hydrolysate was changed from orange-
brown to dark brown. On reaching pH 5.5, large amount 
of gypsum was formed due to the reaction between sulph-
uric acid and calcium oxide. The filtered hydrolysate when 
stored at 4 °C developed more brown coloured precipitates 
which were again filtered through Whatman filter paper no. 
1. The filtered hydrolysate was then detoxified by 4% acti-
vated charcoal which completely removed HMF within one 
hour of treatment. On the other hand, only 92.5% furfural 
and 18.99% acetic acid were removed post-detoxification 
(Table  3). Fermentable sugars recovery after activated 
charcoal treatment was 94.52 and 95.57% for glucose and 
xylose respectively. Following vacuum concentration, the 
concentration of sugars, as well as inhibitors, was roughly 
increased by 2.5 times resulting in glucose to xylose ratio of 
roughly 1: 5. The major limitations of A. donax biomass as a 
feedstock for xylitol production were (i) the comparatively 
higher concentrations of phenolics and other colour contrib-
uting compounds which decrease the efficiency of activated 
charcoal based detoxification that is the most preferred way 
of inhibitor removal from the hydrolysate, (ii) presence of 
relatively larger portion of amorphous cellulose in the bio-
mass which contributes high concentrations of glucose in 
the dilute acid hydrolysate, affecting the suitable glucose 
to xylose ratio required for xylitol production. Otherwise, 
A. donax possesses a significant proportion of hemicellu-
lose roughly equivalent to rice and wheat straw that must 
be effectively utilized for bio-based chemicals production.

Alkali Pretreatment

Dilute acid pretreatment hydrolyses most of the hemicel-
lulosic fraction of the biomass, however, it is not fully effec-
tive in lignin removal. Alkali pretreatment is widely used for 
biomass disintegration by saponification of intermolecular 
ester bonds between lignin and hemicellulases. More specif-
ically, dilute sodium hydroxide pretreatment increases the 
internal surface area of lignocellulosic biomass, reduces the 
degree of polymerization as well as crystallinity of cellulose 
which makes it easily accessible to the hydrolytic enzymes 
[31]. Sodium hydroxide is the most preferred alkali for bio-
mass pretreatment due to its high efficiency, less severe pro-
cess conditions, easy availability, and low cost [32]. In the 
present study, alkali pretreatment of dilute acid pre-treated 
solid fraction of A. donax was carried out with 1 M sodium 

and 140 °C as it was previously optimized in our laboratory 
(data not shown). It was observed that with an increase in 
acid concentration, the sugars yields were also increasing, 
however, high sugar yield was associated with the genera-
tion of large amounts of fermentation inhibitors including 
acetic acid, HMF, and furfural. Although the production of 
inhibitors could not be escaped, the acid concentration that 
produced higher yields of sugars and comparatively less 
generation of inhibitors could be selected for further experi-
ments. Furthermore, the optimization of S: L ratio with 
1.5% sulphuric acid revealed that 1: 8 solid to liquid ratio 
was the best option due to the high yields of both the sugars 
and relatively less production of inhibitors. Therefore, 1.5% 
sulphuric acid with 1: 8 solid to liquid ratio was considered 
the best option for large-scale pretreatment.

In another study, the optimization of dilute sulphuric acid 
pretreatment of Arundo donax biomass demonstrated that 
1.27% acid concentration and 141.6 °C for 36.4 min were 
the most suitable conditions for maximum xylose recovery 
[28]. In a similar work, different varieties of sorghum bio-
mass were pretreated with 2% sulphuric acid and 1:10 solid 
to liquid ratio at 121  °C for 71  min. The yield of recov-
ered xylose was between 16 and 17 g/L and that of glucose 
was 6–8 g/L for all three tested varieties [29]. The yield of 
arabinose is usually ignored by most of the authors due to 
its low concentration and less preference of yeasts to con-
sume arabinose instead of glucose and xylose. A study of 
the co-production of xylitol and ethanol from hemicellu-
losic hydrolysates of banana and water hyacinth indicated 
that 2.5% sulphuric acid with 1: 10 solid to liquid ratio at 
121 °C for 30 min yielded 18.32 and 21.95 g/L xylose from 
banana and water hyacinth respectively [30]. In this study, 
along with the high concentrations of glucose and xylose in 
the hydrolysate, fermentation inhibitors were also detected 
in relatively higher concentrations which might be due to 
the high pretreatment temperature. Though, these inhibitors 
could be efficiently removed by activated charcoal-based 
detoxification.

Neutralization and Detoxification of Arundo Donax 
Hydrolysate

The dilute acid hydrolysate has always a very low pH value 
that needs to be neutralized before further use. In the present 
study, following neutralization with calcium oxide, colour 

Table 3  Composition of A. donax dilute acid hydrolysate at various stages of processing
Stage Glucose

(g/L)
Xylose
(g/L)

Acetic acid
(g/L)

HMF
(g/L)

Furfural
(g/L)

Phenolics
(g/L)

Neutralized non-detoxified 4.56 22.14 2.58 0.52 1.47 1.12
Detoxified 4.31 21.16 2.09 nd 0.11 0.08
Concentrated 10.65 52.67 5.14 nd 0.27 0.19
nd - not detected
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layer and shrinkage of A. donax biomass components can 
be seen in Fig. 1b. The solid fraction consisting mainly of 
lignin and cellulose, when subjected to alkali pretreatment, 
was further broken down to give rise to easily accessible 
cellulose (Fig. 1c). Most of the lignin was dissolved in the 
alkali solution resulting in the liberation of fine cellulose 
microfibrils which could give rise to higher amounts of glu-
cose following enzymatic hydrolysis. A similar breakdown 
of A. donax biomass was observed after steam explosion 
pretreatment at very high temperatures ranging from 180 
to 220 °C [39]. The SEM imaging confirmed the effective 
destruction of recalcitrant structure of A. donax by two stage 
sequential pretreatment.

Thermal Gravimetric Analysis (TGA)

TGA of A. donax biomass was performed to study changes 
in the untreated and pretreated biomass overheating up to 
800 °C with a temperature rise of 10 °C per minute. Thermal 
decomposition of different components of biomass occurs 
at different temperatures beginning with moisture loss at 
100 °C. Hemicellulose being amorphous and more delicate 
to temperature starts decomposing at 180 °C and goes up to 
330 °C, while cellulose degrades between 300 and 400 °C. 
Lignin is a slow degrading tough fraction that starts decom-
posing at 200 °C and stands up to 600 °C [40]. The TGA 
plot of A. donax in Fig. 2 shows most significant thermal 
decomposition between 200 and 600  °C. Due to minimal 
moisture in the samples subjected to TGA, there is negli-
gible weight loss at 100 °C. Untreated biomass shows sig-
nificant weight loss up to 350 °C due to the decomposition 
of hemicellulose, the most heat-sensitive biomass compo-
nent followed by cellulose and lignin degradation between 
350 and 600  °C. Dilute acid-treated solid fraction, due to 
the absence of hemicellulose in it, displayed steep and con-
tinuous mass loss between 300 and 600 °C confirming the 
degradation of cellulose and lignin component. In the case 
of alkali-treated CRF (lacking hemicellulose and lignin), 
the most significant mass loss was observed between 300 
and 400 °C when the cellulose component rapidly decom-
posed. In the final passive pyrolysis stage, slow decomposi-
tion of all three samples was observed giving rise to “tails” 
up to 800  °C which could be due to ash and stable fixed 
carbon components. The TGA profiles of untreated, dilute 
acid and alkali pretreated biomass clearly demonstrated the 
effectiveness of different pretreatments in conserving the 
selective portions of structural polysaccharides for specific 
applications.

hydroxide to dissolve the residual lignin and make the cel-
lulose accessible for hydrolytic enzymes. Following alkali 
pretreatment, most of the solid fraction turned into hair-like 
fibers which were lighter in colour and weaker in strength 
as compared to the dilute acid-treated fraction. The analysis 
of dried CRF revealed that it contained negligible amount 
of hemicellulose due to its prior solubilization in the liquid 
fraction during dilute acid pretreatment. The estimated mass 
loss following alkali pretreatment was 46.47% which ascer-
tained significant removal of lignin from the solid fraction. 
The dual pretreatment of A. donax biomass was effective 
in removing a total of 77.9% lignin which was the greatest 
hurdle in the utilization of glucose packed in the biomass. A 
similar study on the utilization of A. donax reported 84.1% 
removal of lignin by 5% alkali pretreatment which is slightly 
higher in comparison to the present study [33]. This varia-
tion might be due to the increased concentration of sodium 
hydroxide which plays a key role in any pretreatment pro-
cess. In the present work, 93.52% cellulose was recovered 
for subsequent enzyme hydrolysis which produced a total of 
26.64 g glucose per 100 g of A. donax biomass. Similarly, 
two-stage microwave-based dilute acid and alkali pretreat-
ment of A. donax produced 26.4 g glucose / 100 g biomass 
which is in agreement with our findings [34]. The role of 
potassium hydroxide pretreatment of A. donax biomass for 
enhanced methane yield has been demonstrated, where, the 
maximum daily rate of methane production and its concen-
tration in biogas was increased by 42% and 23% respec-
tively [35]. Similarly, 0.5 M sodium hydroxide pretreatment 
of A. donax enhanced the reducing sugar yield by more than 
2-fold, which in turn, increased the cumulative CH4 yield 
by 63% in comparison to the untreated biomass [36]. Most 
of the literature reports demonstrate the use of direct alkali 
pretreatment of A. donax for the production of ethanol, bio-
gass and hydrogen. However, the sequential dilute acid and 
alkali pretreatment of lignocellulosic biomass is believed to 
be a better option to enhance the hydrolytic effect for recov-
ering higher yields of xylose meant for xylitol production 
as well as making cellulose more accessible in enzymatic 
conversion to glucose for ethanol production [37, 38].

SEM Analysis

The structural and morphological changes in A. donax 
biomass before and after dilute acid and alkali pretreat-
ments were observed by using SEM imaging (Fig.  1a-c). 
The smooth and intact surface of a small piece of A. donax 
stem before dilute acid pretreatment can be seen clearly 
in Fig.  1a. Following dilute acid pretreatment, most of 
the hemicellulose fraction was broken down to contribute 
xylose and arabinose in the hydrolysate giving the biomass, 
rough and porous appearance. The destruction of the surface 
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XRD Analysis

X-Ray diffraction was used to observe the changes in cel-
lulose crystallinity after dilute acid and alkali pretreatment 
of A. donax (Fig. 3). Untreated powdered biomass showed 
two characteristic peaks at 2θ angles = 16.29° and 21.89° 
representing cellulose I lattice planes. Cellulose I, due to its 
crystalline nature is relatively more resistant to enzymatic 
hydrolysis than cellulose II [41]. These two peaks ampli-
fied in size with each successive pretreatment indicating 
the removal of lignin and hemicellulose from the biomass 
and a gradual increase in the quantity of cellulose. Follow-
ing dilute acid pretreatment, the peak at 21.89° did not shift 
significantly, however, the peak at 16.29° slightly shifted at 
15.96°. Moreover, after alkali pretreatment it further shifted 
to 15.54° indicating the transition of the crystalline form of 
cellulose to the amorphous form. The breakdown of hydro-
gen bonds within the crystalline regions of cellulose causing 
destruction of glycosidic linkages and ester bonds could be 

Fig. 2  TGA plot of A. donax biomass at different stages of pretreatment

 

Fig. 1  SEM analysis of A. donax (a) untreated biomass, (b) dilute acid pretreated biomass, (c) alkali pretreated cellulose rich fraction
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Enzymatic Saccharification of CRF

The enzymatic hydrolysis of ground alkali pretreated solids 
was carried out to release the fermentable sugar in the acetate 
buffer. The enzyme blend used for saccharification consisted 
of cellulase, hemicellulase and β-glucosidases from various 
sources. The conversion of cellulose to glucose was fastest 
in the first 6 h of hydrolysis releasing 24.57 g/L of glucose. 
Between 6 and 72 h of incubation at 50 °C the hydrolysis 
was roughly linear giving rise to a maximum of 42.83 g/L 
of glucose at 72 h of incubation. When incubated further, 
the concentration of glucose did not increase indicating the 
complete conversion of cellulose to glucose. The final glu-
can conversion efficiency of enzymatic saccharification was 
found to be 85.66%. Similarly, 85% glucan conversion was 
previously reported by hydrodynamic cavitation assisted 
alkali pretreatment of reed grass for bioethanol production 
[46]. In another study, up to 89% glucan conversion was 
obtained by microwave irradiation-based pretreatment of 
wheat and rye stillage [47].

Xylitol Production by C. Tropicalis

The metabolism of glucose and xylose in C. tropicalis is 
demonstrated in Fig.  4. The intracellular conversion of 
xylose to xylitol is solely dependent on the presence of 
the enzyme xylose reductase in the yeast cell. Moreover, 
the movement of xylose towards xylitol production or cell 
multiplication depends on oxygen availability in the sur-
rounding medium. In the presence of access of oxygen, 
NADH formed during xylitol to xylulose conversion is 
rapidly re-oxidized causing the repetition of this step. The 
xylulose then enters into pentose phosphate pathway and 
contributes to normal cell growth and multiplication. This 
causes less accumulation of xylitol in the cell. On the other 
hand, in low oxygen availability, intracellular NADH lev-
els would increase, thereby causing an imbalance between 
xylose reductase and xylose dehydrogenase leading to xyli-
tol accumulation [48, 49]. C. tropicalis was employed to 
produce xylitol from pure xylose-based medium as well as 
concentrated detoxified hydrolysate of A. donax at shake 
flask level. In the former medium, the yeast successfully 
produced a maximum of 36.44 g/L of xylitol by consum-
ing 51.54 g/L of xylose within 96 h of incubation at 30 °C 
and 150 RPM (Fig.  5a). The xylitol yield and productiv-
ity in pure xylose-based medium was 0.7 g/g of xylose and 
0.379  g/L/h. In similar studies, xylitol yields of 0.81 and 
0.868 g/g were produced by Candida tropicalis KCTC 7221 
and C. tropicalis DSM7524 respectively from pure xylose-
based media. These elevated yields could be due to the con-
trolled pH and aeration conditions maintained in different 
capacity fermenters which efficiently supported the yeast 

the reason behind intensification and shifting of peaks [42]. 
A third relatively smaller peak was also observed at 35.18° 
in untreated A. donax biomass [43]. This peak was slightly 
increased in area and intensity as well as shifted at 34.68° 
after dilute acid pretreatment and remained unchanged fol-
lowing alkali pretreatment. The increment of this peak could 
have occurred due to the overall increase in cellulose con-
tent in the biomass after each pretreatment. The calculated 
CrI for untreated A. donax biomass was 65.89% while in 
case of dilute acid pretreated biomass it was 64.94%, indi-
cating a negligible reduction in the crystallinity of cellulose. 
On the other hand, alkali pretreated cellulose-rich fraction 
showed CrI of 61.39% which could be due to the successful 
removal of lignin as well as destruction of hydrogen bonds 
between the cellulose resulting in a reduced degree of crys-
tallinity [44]. The findings of the present study are similar 
to the already reported work on ultrasound-assisted alkali 
pretreatment of A. donax, where the CrI of alkali-pretreated 
biomass was found to be 61.08% [45]. The XRD analy-
sis revealed that alkali pretreatment removed significant 
amount of lignin and made more amorphous cellulose avail-
able for subsequent enzymatic attack. The sequential pre-
treatment affected A. donax biomass in two separate ways; 
(i) dilute acid pretreatment removed most of the hemicellu-
lose from the biomass leaving a relatively larger portion of 
cellulose and lignin in solid fraction (ii) alkali pretreatment 
removed most of the lignin giving rise to cellulose-rich frac-
tion. Additionally, alkali pretreatment significantly reduced 
the crystallinity index of cellulose making the substrate eas-
ily hydrolysable by cellulases.

Fig. 3  X-ray diffraction patterns of A. donax biomass at various stages 
of pretreatment (AT - Alkali pretreated, DAT - dilute acid treated, UT 
- untreated A. donax biomass)
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growth and provided appropriate environment for xylitol 
production [16, 50].

The behaviour of most of the yeasts is typically affected 
by the presence of minute quantities of inhibitors in the 
hydrolysate. Sometimes the growth is affected, or else the 
rate of xylitol production is altered. The A. donax concen-
trated hydrolysate medium used in this study contained 
0.24  g/L furfural and 5.09  g/L of acetic acid. When C. 
tropicalis was grown in this medium, it displayed relatively 
slower consumption of xylose as well as decreased pro-
duction of xylitol (Fig. 5b). In the first 12 h of incubation, 
complete glucose was consumed, but only 2.4 g/L of xylose 
was utilized. Thenceforth, xylose consumption increased 
steadily in subsequent samples, but it did not match the rate 
of consumption in the commercial xylose-based medium. 
The maximum xylitol titre obtained at the end of fermenta-
tion batch was 26.3 g/L by consuming 48.83 g/L xylose pre-
senting a yield of 0.54 g/g and productivity of 0.274 g/L/h. 
The growth and multiplication of yeast cells in hydrolysate 
medium were also lesser than in pure xylose-based medium 
producing a maximum cell dry weight of 10.21  g/L after 
96  h of incubation unlike 12.82  g/L in the pure xylose-
based medium. In a similar work on xylitol production, 
Kluyveromyces marxianus CCA510 produced 0.5 g/g xyli-
tol by using xylose derived from cashew apple bagasse 

Fig. 5  Xylitol production by C. tropicalis in (a) pure xylose-based min-
imal medium, (b) concentrated A. donax hydrolysate-based medium

 

Fig. 4  Glucose and xylose metabolism in C. tropicalis for ethanol and xylitol production
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10 glucose to xylose ratio interferes in xylitol production by 
obstructing the xylose transport into the cell and inhibits the 
activity of xylose reductase [55–57].

Xylitol production from the hydrolysates of various lig-
nocellulosic materials by different strains of C. tropicalis 
has been compared in (Table 4). It is clearly evident that the 
xylitol yield obtained in the detoxified hydrolysate-based 
medium in the present study is comparable to the yields 
obtained from different biomasses by using different strains 
of C. tropicalis. A. donax, although being investigated for 
several industrial chemicals, has not been widely studied 
as a substrate for the biological production of xylitol. The 
findings of the present study provide a foundation to further 
explore the hemicellulosic fraction of this plant to produce 
xylitol.

Ethanol Production by C. Tropicalis

The most commonly employed yeast for bioethanol produc-
tion is S. cerevisiae, which is only capable of utilizing glu-
cose for its growth and multiplication. It lacks the xylose 
reductase enzyme necessary for the entry of xylose into the 
metabolic pathway. On the other hand, C. tropicalis due to 
the presence of xylose reductase enzyme is fully efficient in 
metabolizing glucose as well as xylose. The second major 
objective of this study was to evaluate the efficiency of C. 
tropicalis to produce ethanol from the saccharified broth of 
A. donax. The maximum possible yield and productivity 
of ethanol by C. tropicalis was first evaluated in the pure 
glucose-based medium. It was observed that more than 90% 
of glucose in the medium was consumed by C. tropicalis 
within 24 h of incubation at 30 °C and 150 RPM (Fig. 6a). 
A maximum ethanol titre of 24.4  g/L was observed after 
36 h of incubation after which the concentration of ethanol 
started declining. The cell dry weight of C. tropicalis also 
reached a maximum value of 9.74 g/L after 36 h of incu-
bation. The calculated yield and productivity of ethanol in 
pure glucose-based medium were 0.49 g/g of glucose and 
0.677 g/L/h. This corresponds to a theoretical ethanol yield 
of 96.62%.

Subsequently, the concentrated saccharified broth of A. 
donax was used to study its ability to compete with the pure 
glucose-based medium. C. tropicalis displayed a similar 
trend in the saccharified broth with some minor alterations. 
In the first 24 h of incubation, 86.39% of the initially pres-
ent glucose was consumed producing an ethanol titre of 
18.44 g/L (Fig. 6b). The maximum ethanol concentration of 
22.68 g/L was obtained after 36 h of incubation by utilizing 
48.06 g/L of glucose giving an ethanol yield and productiv-
ity of 0.47 g/g of glucose and 0.63 g/L/h. This corresponded 
to a theoretical yield of 92.53% by C. tropicalis. The cell dry 
weight of C. tropicalis reached a maximum concentration of 

hydrolysate detoxified by 3% activated charcoal [51]. Simi-
larly, Candida guilliermondii FTI was reported to produce 
0.55 g/g xylitol yield in sugarcane bagasse hydrolysate with 
a volumetric productivity of 0.31 g/L/h [52]. Debaryomyces 
hansenii was reported to produce a xylitol yield of 0.39 g/g 
in detoxified corncob hydrolysate with 0.236 g/L/h produc-
tivity in a 50 L fermenter [53]. In another study, the effect 
of oxygen transfer volumetric coefficient on xylitol produc-
tion from sugarcane bagasse hydrolysate in a stirred tank 
bioreactor was evaluated. It was concluded that a maximum 
xylitol yield and productivity of 0.58  g/g and 0.69  g/L/h, 
respectively, was obtained by increasing the oxygen trans-
fer volumetric coefficient from 10 to 20/h [54]. In another 
investigation, the xylitol yield from detoxified and non-
detoxified sugarcane bagasse hydrolysate by Pichia fermen-
tans was 0.67 and 0.54 g/g, respectively [55]. Even though 
the fermentation was carried out in controlled conditions in 
a 2.5 L bioreactor, the effect of toxic inhibitors on overall 
xylitol yield could not be evaded.

The relatively low xylitol yield obtained in A. donax 
hydrolysate-based medium in comparison with the pure 
xylose-based medium might be due to the presence of trace 
quantities of furfural and acetic acid which hampered the 
yeast growth and interfered in xylitol production [56]. 
Detoxification of dilute acid hydrolysate with 4% activated 
charcoal did not completely remove furfural due to the 
presence of high concentrations of phenolics and coloured 
phytoconstituents These components occupy the adsorp-
tion sites of activated charcoal more quickly and reduce its 
overall efficiency to remove toxic inhibitors. Moreover, the 
concentration of acetic acid which is a potent yeast inhibi-
tor is not significantly affected by activated charcoal-based 
detoxification. Another reason behind the low yield in the 
hydrolysate medium may be the higher concentration of 
glucose in the medium. Glucose supports cell growth and 
is required for generating intermediary metabolites for effi-
cient conversion of xylose to xylitol, however, more than 1: 

Table 4  Comparison of xylitol production from lignocellulosic hydro-
lysates by different strains of C. Tropicalis
Microorganism Substrate 

(hydrolysate)
Xylitol 
yield
g/g

Xylitol 
productiv-
ity
g/L/h

Refer-
ence

C. tropicalis GS18 A. donax 0.54 0.274 This 
study

C. tropicalis Corn fiber 0.58 NG  [58]
C. tropicalis BCRC
20,520

Wood chips 0.54 0.73  [59]

Candida tropicalis 
NCIM 3119

Rice straw 0.58 0.53  [60]

C. tropicalis Corncob 0.67 NG  [17]
C. tropicalis Rice straw 0.6 0.356  [15]
NG - Not given
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dilute acid pretreatment was highly effective for total reduc-
ing sugar extraction, however, the concentration of glucose 
destined for ethanol production was not very high which 
resulted in lower ethanol yields. In another study, C. tropi-
calis ATCC 13,803 was used for ethanol production from 
rice straw. The adapted yeast cells were employed in simul-
taneous saccharification and co-fermentation that produced 
0.36  g/g ethanol yield with a volumetric productivity of 
0.57 g/L/h within 36 h of incubation [64]. The ethanol yield 
by C. tropicalis in A. donax saccharified broth is higher than 
or comparable to the already reported studies. Although A. 
donax is an extensively researched energy crop due to its 
rapid growth and high cellulose content, C. tropicalis is still 
an under-examined yeast species. The present investiga-
tion advocates further experimentation over the use of C. 
tropicalis in place of conventional yeast for large-scale bio-
ethanol production. This could lay a foundation for simul-
taneous or separate production of ethanol and xylitol from 
two different sugar fractions of lignocellulosic materials by 
a single yeast culture. Since acid hydrolysis of biomass pro-
duced side products in addition to sugar, so lower yield of 
xylitol in comparison to synthetic medium than contained 
pure sugar. Also, enzymatic hydrolysis produced pure sugar 
without side products and hence higher xylitol yield.

Conclusion

A. donax has a holocellulose-rich composition, which 
makes it a suitable candidate for exploration as a substrate 
for the production of value-added chemicals. In the present 
study, sequential dilute sulphuric acid and sodium hydrox-
ide pretreatment was employed for the liberation of xylose 
and maximum removal of lignin from A. donax biomass, 
respectively. A total of 93.52% cellulose was recovered 
following alkali pretreatment which was enzymatically 
hydrolysed to produce high titres of glucose for subsequent 
ethanol fermentation. C. tropicalis produced a xylitol yield 
of 0.54 g/g in the detoxified dilute-acid hydrolysate-based 
medium. The same yeast, when grown in saccharified broth-
based medium, produced an ethanol yield of 0.47 g/g within 
48 h of incubation. The present study advocates the use of 
sequential dilute acid and alkali pretreatment of A. donax 
biomass for the maximum utilization of its holocellulose 
content as a suitable feedstock for xylitol and ethanol pro-
duction. C. tropicalis has been characterized for xylitol pro-
duction from biomass and could be a potential candidate for 
industrial production of xylitol.
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9.45 g/L after 36 h of incubation and slightly declined in the 
next 12 h. This decrease could be due to the exhaustion of 
the sole carbon source in the medium which made actively 
metabolizing yeast cells to starve. The performance of C. 
tropicalis in the saccharified broth of A. donax was found to 
be similar to that in pure glucose medium. C. tropicalis was 
also previously employed to produce ethanol from A. donax 
biomass, where under the optimized conditions of fermen-
tation, 24.78 g/L of ethanol was produced within 24 h of 
incubation presenting a yield of 0.45 g/g [61]. Here, the time 
taken for fermentation was shorter in comparison with the 
present study but the final yield is lower. The reason behind 
the rapid conversion of glucose to ethanol could be the 
engagement of a bioreactor with controlled conditions of 
pH and aeration which significantly affect the overall yield 
of the bioprocess. In a similar study using C. tropicalis, sep-
arate hydrolysis and fermentation of pretreated sugarcane 
bagasse produced 55.64  g/L ethanol titre corresponding 
to an ethanol yield of 0.48 g/g [62]. C. tropicalis has also 
been investigated to produce ethanol from water hyacinth 
hydrolysed by a combination of fungal and sulphuric acid 
pretreatment. The maximum ethanol titre observed was 
14 g/L after 42 h of incubation [63]. The authors suggested 
that Aspergillus terreus F-98-based hydrolysis followed by 

Fig. 6  Ethanol production by C. tropicalis in a) pure glucose-based 
medium, b) concentrated saccharified broth of A. donax
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