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Abstract
Typha domingensis (cattails) is an emergent invasive aquatic macrophyte; it belongs to Typhaceae family inhabiting multiple 
Egyptian water bodies like rivers, lakes, and wetlands. Due to the scarcity of food, the depletion of fossil fuels, population 
growth, and increased industrial development, sustainable renewable bioenergy production has gained a lot of attention 
lately. Typha is an excellent lignocellulosic biomass for biofuel production because it does not compete with food but 
rather endangers aquatic life and prevents water from flowing through drainage channels and canals, which rises evapo-
transpiration. Although it is beneficial in phytoremediation, its removal is a necessity due to previous reasons. Chemical 
pretreatment has been widely used to degrade complex chains of lignocellulosic materials. Enzymatic hydrolysis is used 
to enhance fermentable sugars production from cellulose. Fermentation process has been conducted by yeast for centuries. 
Saccharomyces cerevisiae tolerance to ethanol can be increased by mutation; it is induced either chemically, physically, or 
biologically. Geneticists frequently utilize gamma radiation, one of the physical mutagenesis mechanisms, to change the 
DNA of microorganisms. Scanning electron microscope (SEM) is concerned with examination and analysis of microstruc-
ture morphology and chemical composition. Changes in internal organelles of Saccharomyces cerevisiae after mutation has 
been tracked using transmission electron microscope (TEM) in order to distinguish between native and mutant yeast and to 
examine their ultrastructural changes.
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1  Introduction

Energy consumption has increased steadily over the last cen-
tury as the world population has grown and more countries 
became industrialized [1]. Bioenergy is viewed as a more 
environmentally friendly source of energy and is expected 
to solve the global warming problem, caused mainly by fos-
sil fuels, through decreasing the greenhouse gas emission 

in the atmosphere and preventing further deforestation or 
otherwise the degradation of the local environment [2–5].

The first generation bioethanol was made from the sugars 
and vegetable oils found in arable crops, while the second 
one is based on lignocellulosic biomass from non-edible 
plants and agricultural residues or wastes, which are rich 
in complex carbohydrates like cellulose and lignocellulose 
[6]. Although crops yield high ethanol, we cannot compete 
with food sources and compromise on food security [7]. 
Therefore, more research has focused on using the second-
generation bioethanol rather than the first one [8].

Aquatic weeds has been placed forward as a feasible alter-
native due to its abundance in nature, and the large quantities 
generated as waste in our local water bodies (Eichhornia 
crassipes, Cyperus sp., Lemna sp., Phragmites sp., Typha 
sp., etc.) do not compete with land resources used in arable 
food crop cultivation [9].

Typha spp. (Cattails) are herbaceous, monocotyledon-
ous, perennial plants, belonging to the Typhaceae family 
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(order Poales) inhabiting fresh water/slightly mineralized 
wetlands. They have been proposed as promising biomass 
crop because they are non-food lignocellulosic feedstock 
with 47.6% cellulose and 21.9% lignin [10–12]. In addition, 
they are considered as an attractive raw material because 
of its availability in large quantities at low cost through the 
environment cleaning process [13]. Bioethanol production 
from agricultural products has been in practice for years 
which has created a direct competition between food and 
energy sector. For lignocellulosic material, they need to be 
converted to simple sugars through hydrolysis process before 
fermentation [14]. Hydrolysis process can be carried out in 
two steps chemical hydrolysis (acidic and/or alkaline) or 
enzymatic hydrolysis (from plant or microbes) [15]. Sac-
charomyces cerevisiae has been used through thousands of 
years, without strong competitors, for its ability to ferment 
glucose-rich hydrolysates for the production of bioethanol 
[16].

Mutagenesis, either by chemical or physical agents, is one 
of the preferred methods for strain improvement in microbes. 
Several investigations mentioned to use this technique to 
improve yeast for ethanol production [17].

The aim of this study was to evaluate the different pre-
treatments employed on cattail plant material (chemically 
and cytologically) and to select the best technique for the 
production of reasonable amount of bioethanol using native 
and mutant yeast strains.

2 � Materials and methods

2.1 � Plant material

Typha domingensis (southern cattail) was kindly provided 
from El-Manzala lake project, National Water Research 
Center, Ministry of Water Resources and Irrigation, Egypt 
(Fig. 1).

2.2 � Yeast strain

The yeast strain Saccharomyces cerevisiae was obtained 
from Egyptian company of Sugar and Integrated Industries, 
Egypt.

2.3 � Yeast growth and maintenance

The yeast strain was streaked and cultured for 2 days in dark 
at 28 °C on sterile Petri-dishes containing sterilized solidi-
fied yeast peptone dextrose agar medium (YPD). Each liter 
of YPD medium contains: 1% (w/v) yeast extract; 2% (w/v) 
peptone; 2% (w/v) D-glucose and solidified with 2% agar.

2.4 � Fungal species

Aspergillus versicolor was used to prepare the crude 
hydrolyzing enzyme. It was generously offered by Depart-
ment of Microbiology, Soils, Water and Environment 
Research Institute (SWERI), Agriculture research center 
(ARC), Egypt, and it was prepared following the method 
of [18].

2.5 � Water analyses

Water sample was collected from El-Manzala lake, from 
which cattail plants were collected; it was utilized in pre-
paring growth medium. The water sample was subjected to 
chemical analyses (BOD, COD, NH3, and heavy metals) and 
microbiological analyses (total and fecal coliform) (Table 1).

Those analyses were performed in the Central Laborato-
ries of Environmental Quality Monitoring of the National 
Water Research Center (NWRC) according to the standard 
method of [19].

2.6 � Feedstock processing/preparation of the cattail 
powder

Whole, fresh cattail plants were collected, washed with tap 
water then with distilled water. The clean plants were cut 
into parts of 1 cm length and dried in oven at 60 °C until 
constant weight [20]. Dried plants were grinded with grinder 
mill to reduce the particle size to fine powder. The powders 

Fig. 1   T. domingensis (southern cattail)



15363Biomass Conversion and Biorefinery (2025) 15:15361–15384	

were stored in air tight-capped containers at room tempera-
ture until further usage.

2.7 � Optimization of the pretreatment process

Acid/alkaline pretreatments were prepared according to the 
method of [1]. Pretreatment was carried out in tight-capped 
bottles (100 ml) by mixing 3 g of dried cattail powder with 
different acids and alkali concentrations, separately.

2.7.1 � Acid pretreatment

H2SO4, HCL, and CH3COOH were tested as acid pretreat-
ments. Three-gram dried cattail powder were mixed with 
1%, 2%, 3%, and 4% (v/v) concentrations of each acid in 
tight-capped bottles (100 ml) according to [1]. Each treat-
ment was prepared in triplicates. The mixtures were left 
overnight at room temperature. Each mixture was autoclaved 
at 121 °C, 15 Ibs for 15 min and cooled down to room tem-
perature. The hydrolysate was filtered using Whatman filter 
paper (No. 1) to remove unhydrolyzed material. The filtered 
pretreated solid residues of the best acid pretreatment pro-
cess were air dried and prepared for scanning microscopy 
(SEM) and FTIR. Each filtrate was collected and analyzed 

for reducing sugar content by dinitrosalicylic acid test (DNS) 
according to [21].

2.7.2 � Alkaline pretreatment

Alkaline pretreatment was carried out by mixing 3 g of dried 
cattail powder with 1%, 2%, 3%, and 4% v/v concentrations 
of each alkali (NaOH/KOH/NaClO) in tight-capped bottles 
(100 ml) according to Awasthi et al. (2013). The mixtures 
were left overnight at room temperature. Each mixture was 
autoclaved at 121 °C, 15 Ibs for 15 min and cooled down 
to room temperature. Each hydrolysate was filtered using 
Whatman filter paper (No. 1) to remove unhydrolyzed mate-
rial. The solid unhydrolysate materials of the best alkaline 
pretreatment process was air dried and prepared for SEM 
and FTIR. Each filtrate (triplicates) was grouped and ana-
lyzed for reducing sugar content by di nitro salicylic acid 
test [21].

The best hydrolyser (acid/alkaline concentrations) which 
gave max reducing sugar contents using DNS test was com-
bined with enzyme pretreatment in the next experiment.

2.7.3 � NaClO/enzyme pretreatment

Ten grams of powder cattail was suspended in 200 ml of 4% 
of the best hydrolyser at pH 11.5 (0.3 ml NaClO/g substrate) 
in a 500 ml-conical flask (triplicates). The suspension was 
shaking overnight (100 rpm) at room temperature. The pre-
treated solutions were filtered through double layered muslin 
cloth, neutralized (pH 6.5–7.0) using 1N HCl solution, and 
then thoroughly washed with distilled water. The filtered 
pretreated solid unhydrolysate residues were air dried and 
prepared for SEM and FTIR. The filtrates (triplicates) were 
mixed and analyzed for reducing sugar content by di nitro 
salicylic acid test. Enzymatic pretreatment experiment was 
carried out at 50 °C using 2.5% (w/v) of each pretreatment 
biomass in 25-ml conical flasks with a total volume of 10 ml 
(0.05 M citrate buffer, pH 4.8). The flasks were stirred at 
150 rpm in a shaking incubator at 50 °C for 48 h and then 
centrifuged at 4000 rpm for 15 min, and the supernatant was 
analyzed for total reducing sugars [22].

2.8 � Fermentation medium (FM)

The enriched cultures from fungal strain were maintained to 
0.5% dry biomass (w/v) and were used for inoculating (5%, 
v/v corresponding to 0.1 g dry biomass/20 ml) the fermen-
tation medium volume of 150 ml medium in 200-ml firmly 
closed bottles to maintain minimized aeration conditions for 
fermentation process [23]. The FM structure was based on 
modified Mandels medium [24] with further modifications 
as follows: 100 g/L glucose as the sole carbon source and 
47 g/L (NH4)2SO4 as the sole nitrogen source, 0.1% yeast 

Table 1   Estimated water physicochemical parameters analyzed from 
El-Manzala lake

Each value represents the mean of seven replicates ± SD.

Physicochemical parameters (mg/L)
BOD 22.29 ± 2.19
COD 62.14 ± 5.36
NH3 1.23 ± 0.36
Trace metals (mg/L)
Aluminum (Al) 0.134 ± 0.05
Antimony (Sb)  < 0.009 ± 0.00
Arsenic (As)  < 0.002 ± 0.00
Barium (Ba) 0.066 ± 0.00
Cadmium (Cd)  < 0.002 ± 0.00
Chromium (Cr)  < 0.002 ± 0.00
Cobalt (Co)  < 0.003 ± 0.00
Copper (Cu) 0.023 ± 0.01
Iron (Fe) 0.162 ± 0.04
Lead (Pb)  < 0.007 ± 0.00
Manganese (Mn) 0.081 ± 0.03
Nickel (Ni) 0.028 ± 0.00
Selenium (Se)  < 0.007 ± 0.00
Tin (Sn)  < 0.006 ± 0.00
Vanadium (V)  < 0.001 ± 0.00
Zinc (Zn)  < 0.005 ± 0.00
Microbiological parameters (CFU/100 ml)
Total coliform 15 × 103

Fecal coliform 12 × 103
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extract and initial pH was adjusted at 5. Inoculated fermenta-
tion bottles allocated in a complete randomized design with 
three replicates were statically incubated at 30 °C for 24 h, 
and samples were collected at 2-day intervals for further 
studies.

2.9 � Determination of reducing sugar using DNS 
method

The total reducing sugar was determined using di nitro sali-
cylic acid test (DNS) reagent according to the method of 
[21].

Three milliliters of DNS reagent was added to 3 ml of 
each hydrolyzed samples in separated test tubes. The mix-
tures were heated for 5–15 min in a boiling water bath and 
then cooled under running tap water. Further, 1 ml of 40% 
potassium tartrate solution was added to stabilize the devel-
oped color. The color intensities were measured with spec-
trophotometer at 575 nm.

2.10 � Ethanol determination using 
dichromate‑titrimetric method

The applied method was performed according to the descrip-
tive method of [25].

One milliliter sample in 20 mL K2 Cr2 O7 solution was 
added to 50-mL volumetric flask. Collect ca 20 mL distil-
late to give ca 40 mL. Rinse outside of condenser outlet 
with water, and let rinse drain into flask. Stopper flask and 
immerse above liquid level in 37 ± 1 °C water bath. Remove 
flask after 10 min and immediately dilute contents to volume 
with 37 °C water, mix, and read ethanol concentration (% v/v 
at 15.56 °C) in the standardized spectrophotometer. If spec-
trophotometer does not have concentration mode, calculate 
ethanol concentration as follows:

2.11 � FTIR method of analysis

FTIR analyses were conducted in CURP, Faculty of Agri-
culture, Cairo University. A part of each dry ground samples 
(control and treatments) was mixed with an excess of KBr 
(about 0.1–2% sample/KBr amount) to form a uniform con-
sistency. The samples were analyzed using NICOLET 380 
FT-IR, Thermo Scientific.

%EtOH = (As∕Astd) × 18.51

Ethanol production yield =
Ethanol (g∕L) × 100

Initial Glucose (g∕L)

Ethanol production efficiency =
Ethanol (g∕L) × 100

Consumed Glucose (g∕L) × 0.52

2.12 � Transmission electron microscope

The method used for semi-thin sections was that described 
by [26], while that for ultra-thin sections was as reported 
by [27]. The S. cerevisiae samples (native and radiated) 
were fixed in glutaraldehyde and osmium tetroxide, dehy-
drated in alcohol, and embedded in an epoxy resin. Semi-
thin sections were cut at thickness 500–1000 µm with a 
Leica ultracut UCT ultramicrotome, then stained with 
toluidine blue (1X), and examined by camera Leica ICC50 
HD.

Ultra-thin sections of 75–90 µm thickness were stained 
with uranyl acetate and lead citrate [28] and then exam-
ined by transmission electron microscope JEOL (JEM-
1400 TEM) at candidate magnification. Images were cap-
tured by CCD camera model AMT, optronics camera with 
1632 × 1632 pixel formate as side mount configuration. This 
camera uses a 1394 fire wire board for acquisition.

2.13 � Scanning electron microscope

The method used to prepare the samples for scanning elec-
tron microscopy was that described by [29].

Each tissue samples (each best treatments and control) 
were soaked in 3% glutaraldehyde for 1 h and washed three 
times with buffer. Then, the samples were passed through 
gradual series of ethyl alcohol (10–100%) each for 10 min 
before drying using critical point dryer. Each sample was 
concentrated to pallet affixed to stubs using double-sided 
sticky tape, and sputter coated with gold–palladium micros-
copy was performed with a JEOL GM 5200 microscope.

2.14 � Gamma irradiation

S. cerevisiae sample was grown on 10 ml YPD medium 
overnight at 37 °C [OD680 = 0.54], then they were irradiated 
with 100, 300, 500, 1000 and 1500 Gy of 60Co γ rays at a 
dose rate of 1.296 KGy/h for 5 min. The irradiation was car-
ried out at National Center for Radiation Research and tech-
nology (NCRRT). The irradiated samples were separately 
inoculated in 10 ml YPD medium and incubated under the 
previously used conditions. The growth of the tolerant strain 
was monitored by optical density (OD680) [30].

2.15 � Growth curve

The growths of both native and irradiated yeasts were 
monitored by measuring ethanol yield at optical density of 
680 nm at 12-, 24-h intervals. The best selected strains were 
also tested for ethanol yield measured at 12, 24, 36, and 48 h.
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2.16 � Determination of ethanol tolerance of native 
and mutant yeast strains

Ethanol tolerance determination was carried out according 
to [31].

Native and mutant yeasts were inoculated in 100 ml 
of YPD medium containing 15% (v/v) ethanol to achieve 
an initial cell density of 1 × 107 cells/ml. Triplicates were 

prepared for radiated inoculum. The cultures were grown 
with shaking (100 rpm) at 30 °C for 48 h. Cell samples were 
taken and spread using serially diluted method on solidified 
YPD and finally counted after incubation.

Fig. 2   ISSR banding patterns of 
native (1) and (2) mutant yeast 
using 16 primers

Table 2   Reducing sugars values after chemical pretreatment of cattail with different acids and alkalis

Values followed by dissimilar letters with column are significantly different (p < 0.05); each value represents the mean of triplicates ± SD.

Conc
(%)

Sulfuric acid
(H2SO4)

Hydrochloric acid
(HCl)

Acetic acid
(CH3COOH)

Potassium 
hydroxide
(KOH)

Sodium hydroxide
(NaOH)

Sodium 
hypochlorite 
(NaCLO)

1 24.40c 22.31ef 16.80k 21.60gh 22.50de 21.02hi

2 20.70I 23.00d 12.60n 21.63gh 25.50b 19.70j

3 14.43m 21.68fg 14.23m 21.63gh 25.55b 22.07efg

4 12.30n 21.41gh 15.40l 26.03ab 12.70n 26.52a

LSD 0.05 0.637
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2.17 � Molecular identification of native and mutant 
S. cerevisiae

Molecular methods were performed according to [31].

2.18 � Extraction of DNA

Genomic DNA was isolated from native and radiated yeast 
via cetyltrimethylammonium bromide (CTAB) protocol. The 
concentrations of extracted DNA were measured using a 
Qubit® 3.0 Fluorometer (Thermo Fisher Scientific Inc.). For 
subsequent molecular analyses, DNA concentrations were 
adjusted to 10 ng/µl in all samples.

2.19 � PCR analysis for ISSR

PCR amplifications were performed using 16 ISSR primers 
(Table 3) which produce clear reproducible pattern. For each 
primer, 25 μL amplification reaction contained 5 μL buffer 
(5 ×), 1.5 μL of genomic DNA (30 ng), 2 μL of 25 mM of 
MgCl2, 0.5 μL of 10 mM dNTPs, and 0.15 μL of Taq DNA 
polymerase. DNA amplifications were performed using 
thermal cycler programmed (Applied Biosystems 2720) as 
follows: initial denaturation at 94 °C for 5 min followed by 
40 cycles, denaturation at 94 °C for 50 s, annealing at 45 °C 
for 1 min, extension at 72 °C for 1 min, with final extension 
at 72 °C for 7 min. PCR products were separated on 1.5% 
agarose gels, stained with ethidium bromide, and visualized 
on UV. The gel in Fig. 2 was photographed using Bio-Rad 
Gel Documentation System.

2.20 � Gas chromatography–mass spectrometry 
analysis (GC–MS) after native and mutant 
yeast strains fermentations

The GC–MS system (Agilent Technologies) was equipped 
with gas chromatograph (7890B), mass spectrometer detec-
tor (5977A), and headspace sampler (7697A) at Central 
Laboratories Network, National Research Centre, Egypt. 
Headspace temperature program represents oven tempera-
ture 70 °C, loop temperature 75 °C, and transfer line temper-
ature 80 °C with an equilibrium time 10 min. The GC was 
equipped with HP-5MS column (30 m × 0.25 mm internal 
diameter and 0.25 μm film thickness). Analyses were carried 
out using helium as the carrier gas at a flow rate of 1.0 ml/
min at a split mode 50:1, injection volume of 1 µl, and the 
following temperature program: 45 °C for 10 min; rising 
at 10 °C /min to 150 °C then held for 1 min. The injector 
and detector temperatures were held at 210 °C and 200 °C, 
respectively. Mass spectra were obtained by electron ioni-
zation (EI) at 70 eV using a spectral range of m/z 30–200. 
Identification of different constituents was determined by 
comparing the spectrum fragmentation pattern with those 
stored in Wiley and NIST Mass Spectral Library data of 
National Research Centre.

2.21 � Statistical analysis

All experiments and analytical determinations were rep-
licated three times, and the presented data are the mean 
values. The obtained results were subjected to one-way 
ANOVA (type of analysis depend on the factors affected 

Fig. 3   SEM of fresh T. domin-
gensis lower (a, b) and upper (c, 
d) leaf surface
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the experiment) to determine the significance between treat-
ments using CoStat software [32].

3 � Results and discussion

Microorganisms are of primary importance in the biofuel 
industry. The knowledge of the microbial metabolic pro-
cesses, as well as their behavior and their technological 
characteristics, are required for any transformation process 
aiming to obtain biofuel/bioethanol [33].

Table 2 shows the amount of reducing sugars after 
chemical pretreatment of cattail with different acids 
(sulfuric acid, hydrochloric acid, and acetic acids) and 
alkalis (potassium hydroxide, sodium hydroxide, and 
sodium hypochlorite). Data revealed that 4% sodium 

hypochlorite produced the highest amount of reducing 
sugars (26.52 mg/ml) followed by 4% potassium hydrox-
ide (26.03 mg/ml) and 3% sodium hypochlorite (25.55 mg/
ml). However, acids have less effect on cattail tissues pro-
ducing lower amounts of reducing sugars 16.80, 23.00, and 
24.40 mg/ml for 1% acetic acid, 2% hydrochloric acid, and 
1% sulfuric acid, respectively. This indicated that cattail 
may be susceptible to alkali pretreatments more than acids 
ones. It also revealed that sodium hypochlorite was the 
best among all the pretreatments used. Cattail is mostly 
composed of lignocellulose which should be pretreated to 
facilitate the biological fermentation process [34]. In terms 
of lignin-cellulosic material, untreated narrow leaves of 
cattail contain approximately 38.5–47.6% cellulose and 
12.8–21.9% lignin [11, 34]. Hydrolysis is the process that 
must be used to transform the carbohydrate polymers in 

Fig. 4   SEM photograph of dried 
untreated (a) and pretreated 
(b–f) T. domingensis using b 
sulfuric acid, c acetic acid, d 
hydrochloric acid, e sodium 
hydroxide, and f potassium 
hydroxide
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the lignocellulosic material into simple sugars in order 
to facilitate fermentation. There are various approaches 
that can be used to hydrolyze lignocelluloses. Chemical 
hydrolysis and enzymatic hydrolysis are the two categories 

into which the most widely used techniques fall [14]. 
Alkali and acid can be applied as the actual process of 
hydrolyzing lignocelluloses to sugars or as a pretreatment 
before enzymatic hydrolysis [1]. [35] found that by using 

Fig. 5   SEM of dried cattail pre-
treated with sodium hypochlo-
rite (a, b) and/or fungal enzyme 
(c, d)

Fig. 6   SEM photograph of 
native (a, b) and mutant (c, d) 
irradiated S. cerevisiae 
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4% NaOH pretreatment on cattail leaves, about 60% of the 
lignin was dissolved in soluble form. A year later, [36] uti-
lized dilute-sulfuric acid pretreatment on cattail leaves and 
found that it gave the highest total glucose yield for the 
pretreatment/hydrolysis stages (97.1% of the cellulose). 
Moreover, [34] reported that alkali pretreatment of cattail 
materials using 5% w/v NaOH increases the percentage of 

cellulose hydrolysis with the decrease in the percentage of 
both hemicellulose and lignin.

Pretreated T. domingensis with 4% sodium hypochlorite 
(best alkali) and crude enzyme of A. versicolor expressed the 
highest amounts of ethanol (3.53 g/L), fermentation yield 
(27.31), and percentage efficiency (34.29%). Fungal pre-
treatment is characterized by low energy consumption and 
minimal environmental impact, which has drawn attention 
to lignocellulose-degrading fungi. Numerous studies iden-
tified that lignocellulose-degrading fungi such as Ascomy-
cetes and Basidiomycetes used both aerobic and anaerobic 
processes to break down cellulose: (1) extracellular enzymes 
and (2) the chelator-mediated Fenton system (CMF) [37, 
38]. Anaerobic rumen fungi are a type of lignocellulose-
degrading fungi that have cellulosomes containing both 
hemicellulolytic and cellulolytic enzymes [37]. In the ligni-
nolytic system, lignin peroxidase (LiP), manganese peroxi-
dase (MnP), and laccase are the primary enzymes that break 
down lignin and release the phenyl rings [39–42].

Figure 3 illustrates the SEM photograph of Fresh T. 
domingensis lower and upper surfaces of the plant leaf. It 
indicated the adherence of fibers hemicellulose and lignin 
over the membrane surface. A study on SEM of the lon-
gitudinal section of Typha leaves and found that the leaf 
fibers are made up of ultimate fiber bundles of cellulose, 
which create the fibrous reinforcement. These bundles are 
connected by sticky and waxy substances, which form the 
matrix [43].

Figure 4a–f show SEM photograph of untreated and 
pretreated T. domingensis using Sulfuric acid, acetic acid, 
hydrochloric acid, sodium hydroxide, and potassium hydrox-
ide. Figure 4a illustrates the compact feature of the plant cell 
wall (coherence of hemicellulose and lignin fibers shielding 
cellulose penetration). Sulfuric acid caused slight separation 
in hemicellulose and lignin fibers showing cellulose perme-
ability (Fig. 4b). Acetic acid revealing its weak action over 
fibers although there is some pores appearing over mem-
brane surface but was not strong enough to penetrate the cel-
lulosic material (Fig. 4c). Hydrochloric acid expressed some 
fragmentation of the membrane fibers (hemicellulose and 

Fig. 7   TEM of native (a) and 
mutant (b) strain for S. cerevi-
siae 

Table 3   Primer sequences

Primers Sequences

ISSR 3 ACA​CAC​ACA​CAC​ACA​CYT​
ISSR 4 ACA​CAC​ACA​CAC​ACA​CYG​
ISSR 5 GTG​TGT​GTG​TGT​GTG​TYG​
ISSR 6 CGC​GAT​AGA​TAG​ATA​GAT​A
ISSR 8 AGA​CAG​ACA​GAC​AGA​CGC​
ISSR 9 GAT​AGA​TAG​ATA​GAT​AGC​
ISSR 10 GAC​AGA​CAG​ACA​GAC​AAT​
ISSR 11 ACA​CAC​ACA​CAC​ACA​CYA​
ISSR 12 ACA​CAC​ACA​CAC​ACA​CYC​
ISSR 13 AGA​GAG​AGA​GAG​AGA​GYT​
ISSR 14 CTC​CTC​CTC​CTC​CTCTT​
ISSR 15 CTC​TCT​CTC​TCT​CTC​TRG​
ISSR 16 TCT​CTC​TCT​CTC​TCTCA​
ISSR 18 HVHCAC​ACA​CAC​ACA​CAT​
ISSR 19 HVHTCC​TCC​TCC​TCC​TCC​
ISSR 20 HVHTGT​GTG​TGT​GTG​TGT​

Similarity Matrix  
1 2 

1 100% 

2 33% 100% 

Fig. 8   Similarity matrix of native (1) and (2) mutant yeast
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lignin) showing more permeability of cellulose (Fig. 4d). 
Meanwhile, sodium hydroxide revealed high porosity in 
membrane fibers increasing its porosity (Fig. 4e). Potas-
sium hydroxide action mimicking sodium hydroxide and 

made the membrane more porous and cellulose constituent 
became more exposed (Fig. 4f). The SEM photographs of 
dried T. domingensis pretreated with sodium hypochlorite 
revealed marked fiber disintegration with very high poros-
ity of the membrane exposing large amount of cellulosic 
material (Fig. 5a, b). Comparing the impact of both pretreat-
ments (acid and alkali) on the fine structure of cattail leaves 
tissues, it appeared that alkali produced high porosity than 
acid ones and the tissues under the acids pretreatment still 
have compact fibers but in shorter length. This may confirm 
the efficiency of alkali pretreatments toward removing the 
cementing materials in the lignocellulose tissues of cattail 
leaves. Pretreatment action is to breakdown the external fib-
ers of lignin and hemicelluloses, reduce cellulose crystal-
linity, and increase the cellulose’s surface and the porosity 
between the fibers of the tissues. The cellulose will be more 
soluble for enzymes to hydrolyzate and releasing glucose 
during the enzymatic hydrolysis of holocellulose to the solid 
residue [44–47]. In addition, [48] reported that dissociation 
of lignin from sugar molecules (cellulose and hemicellulose) 
through saponification of intermolecular ester bonds is one 
of the main processes that occur during the alkaline pretreat-
ment process. More pentose sugar is preserved by alkaline 
pretreatment than by other pretreatment methods, increasing 
the amount of sugar production.

However, SEM photographs of dried cattail pretreated 
with sodium hypochlorite and fungal enzyme indicated 
prominent porosity along membrane fibers, in which most 
lignin and hemicellulose fibers fragmented and enhanced the 

Table 4   Different strains of S. 
cerevisiae (native and mutant) 
after ethanol tolerance test 
incubated for 12 h

Values followed by dissimilar letters with column are significantly different (p < 0.05); each value repre-
sents the mean of triplicates ± SD.

Strains growth conditions Ethanol amount 
(g/L)

Fermentation 
yield

Efficiency
(%)

Gamma irradiation (Gy) Concentration of etha-
nol tolerance
(%)

Control (-ve) - 13.69 27.37 53.51bc

10% 12.00 24.00 46.92f

12% 13.49 26.99 52.76c

15% 12.00 24.00 46.92f

100 - 13.85 27.70 54.15b

10% 13.74 27.47 53.71bc

12% 12.00 24.00 46.92f

15% 12.00 24.00 46.92f

300 10% 14.55 29.11 56.90a

500 10% 12.68 25.35 49.57e

1500 12% 13.11 26.23 51.27d

15% 12.38 24.76 48.40e

LSD (0.05) 1.088

Table 5   Different strains of S. cerevisiae (native and mutant) after 
ethanol tolerance test incubated for 24 h

Values followed by dissimilar letters with column are signifi-
cantly different (p < 0.05); each value represents the mean of tripli-
cates ± SD.

Strains growth conditions Ethanol
(g/l)

Fermenta-
tion yield

Efficiency
(%)

Gamma 
irradiation 
(Gy)

Concentration of 
ethanol tolerance
(%)

Control -ve 17.26d 34.54 67.53
10% 16.85d 33.71 65.90
12% 9.82f 19.65 38.42
15% 19.15bc 38.20 74.67

100 –- 19.26b 38.54 75.35
10% 14.13b 28.26 55.26
12% 19.10c 36.62 71.59
15% 18.31d 34.95 68.33

300 10% 22.26a 44.53 87.06
500 10% 17.47d 34.90 68.24
1500 12% 19.18e 38.37 75.01

15% 8.93g 17.87 34.94
LSD (0.05) 1.3363
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exposure of cellulose accessibility making effective bioetha-
nol conversion process (Fig. 5c, d). However, [49] noted 
that the best outcome obtained with diluted acid hydrolysis, 
which was then followed by solid-state fungal pretreatment 
and alkaline pretreatment.

In the present work, the yeast strain was irradiated with 
radioactive isotopes (cobalt-60) by 300 Gy. SEM photo-
graphs of native and mutant irradiated S. cerevisiae were 
illustrated in Fig. 6. Typical oval form of the native yeast 
appeared with smooth cell wall and small budding (Fig. 6a, 
b). Mutant yeast significantly decreased in size with 
deformed cell form and had some small wrinkles on the sur-
face (Fig. 6c, d). The TEM of native and mutant strain for S. 
cerevisiae were represented in Fig. 7. Native cell had intact 
double layer of cell wall (CW), cell membrane, nucleus and 
organelles (Fig. 7a). Mutant strain had significant rupture 
of cell wall also disruption of vacuole (V) and changes in 
nucleus shape due to irradiation (Fig. 7b). Gamma irradia-
tion is an electromagnetic radiation with high-energy, short 
wavelength, emitted by radioactive isotopes (cobalt-60 or 
cesium-137). Ionizing radiation shows some biological 
effects on cells because it can interact directly with essen-
tial vital cell components and indirectly through chemical 
compounds produced by radiolysis of certain molecules, 
especially water radicals [50, 51].

In addition, the potentiality of Inter simple sequence 
repeat analyses (ISSR) was utilized to evaluate the genetic 
variation of yeast (native and radiated) were represented in 
Table 3 and Fig. 8. Table 3 shows that a total of 136 bands 
were generated from yeast using 16 primers with an aver-
age polymorphism of 66.91%. In this study, each primer 
produced unique banding pattern of 3 (ISSR 5 and 16), 4 
(ISSR 6, 8, and 12), 5 (ISSR 3, 4, and 9), 6 (ISSR 10, 13, and 
15), 7 (ISSR 11, 18, and 20), 9 (ISSR 14), and 10 (ISSR 19) 
amplicons. ISSR 20 primer exhibited the highest discrimi-
nation between the native and radiated yeast, while ISSR 
5, 6, 8, and 16 had 50% polymorphism (Table 3). Figure 8 
illustrates the similarity between the two strains. It clarified 
that the radiated yeast was only 33% similar to the native 
one. So, all data revealed that the radiated yeast was highly 
divergent than the native one. Ionizing radiation can alter 
microorganisms chemically in a number of ways, in which 
DNA is the most critical target [50, 51].

Amounts of ethanol (g/L), fermentation yield, and % 
efficiency were evaluated in different strains of S. cerevi-
siae (native and mutant) after ethanol tolerance test for 12 h 
(Table 4). The yeast strain irradiated by 300 Gy and toler-
ated 10% ethanol for 12 h produced maximum amounts of 
ethanol (g/L), fermentation yield, and percentage efficiency 
recording 14.55 g/L, 29.11, and 56.90%, respectively. This 
was followed by strains irradiated with 100 Gy without 
and with 10% ethanol tolerance, which produced 13.85 
and 13.74 g/L, 27.70 and 27.47, and 54.15 and 53.71% of Ta
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Table 7   Fermentation 
experiment of native and two 
irradiated best selected yeast 
strains inoculated in hydrolysate 
of pretreated T. domingensis 
with 4% sodium hypochlorite 
(the best hydrolyser)

Values followed by dissimilar letters with column are significantly different (p < 0.05); each value repre-
sents the mean of triplicates ± SD.

Strains growth conditions Ethanol amounts
(g/l)

Fermentation 
yield

Efficiency (%)

Gamma irradiation 
(Gy)

Concentration of ethanol 
tolerance
(%)

Control-ve –- 1.53 7.31 14.29c

100 Gy –- 4.39 20.92 40.89b

300 Gy 10% 5.94 28.30 55.32a

LSD (0.5) 1.2507

Table 8   Fermentation 
experiment of the native and 
two irradiated best selected 
yeast strains applied on dried 
pretreated T. domingensis with 
4% sodium hypochlorite and 
crude enzyme of A. versicolor 

Values followed by dissimilar letters with column are significantly different (p < 0.05); each value repre-
sents the mean of triplicates ± SD.

Strains growth conditions Reducing Sugar Ethanol 
amounts
(g/l)

Fermentation 
yield

Efficiency (%)

Gamma irradia-
tion (Gy)

Concentration of 
ethanol tolerance
(%)

control-ve –- 19.00 3.06 24.30 40.10b

100 Gy –- 18.40 3.21 26.57 42.83c

300 Gy 10% 19.20 5.94 28.30 55.32a

LSD (0.5) 1.36156

Fig. 9   The Fourier transform infrared spectroscopy (FTIR) of the native (untreated) T. domingensis 
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ethanol amounts (g/L), fermentation yield, and percentage 
efficiency, respectively.

Microorganisms like S. cerevisiae play a crucial role in 
the production of bioethanol by fermenting a wide variety 
of sugars to ethanol. Low doses of gamma irradiation have 
been shown to increase the activity of the enzyme alcohol-
dehydrogenase in yeast strains [52–55]. Many investigators 
found that strains of S. cerevisiae exposed to lower doses of 
gamma irradiation (100–1000 Gy) increased their ability to 
grow and produce ethanol under stress [56–58].

Table 5 shows that after 24 h, the strains irradiated by 
300 Gy and tolerated 10% ethanol still produce the maxi-
mum amounts of ethanol (g/L), fermentation yield, and 
percentage efficiency, which represented about 0.654-folds 
more than those recorded at 12 h. Next, strains irradiated 
with 100 Gy without ethanol tolerance also increased their 
high amount of ethanol (g/L), fermentation yield, and per-
centage efficiency by 0.738-folds.

Table 6 represents the fermentation of the three best 
selected strains and control (-ve) at different time intervals 
(12, 24, 36, and48 h). This experiment was used to select 
the best strain treatment and the time interval that pro-
duced the highest fermentation products. The fermentation 

activities of all strains increased reaching maximum at 
24 h and then decline. Data also revealed that the strains 
irradiated by 300 Gy and tolerated 10% ethanol produced 
the highest amount of ethanol (g/L), fermentation yield, 
and percentage efficiency at 24 h. Strains irradiated with 
100 Gy without ethanol tolerance expressed better fermen-
tation activities than strains irradiated with 100 Gy with 
10% ethanol tolerance along the experimental times.

Fermentation experiment of native and two irradiated 
best selected yeast strains inoculated on hydrolysate of pre-
treated T. domingensis with 4% Sodium Hypochlorite and 
crude enzyme of A. versicolor, was recorded in Table 7. The 
yeast strains irradiated by 300 Gy and tolerated 10% ethanol 
expressed the highest amounts of ethanol (5.94 g/L), fermen-
tation yield (28.30) and % efficiency (55.32%).

Table 8 illustrates amounts of reducing sugars, ethanol 
(g/L), fermentation yield and % efficiency of the native and 
the best two irradiated strains after adding the crude enzyme 
of A. versicolor to the hydrolysate of pretreated T. domin-
gensis with 4% sodium hypochlorite. Yeast strains irradiated 
by 300 Gy and tolerated 10% ethanol produced the highest 
amounts of reducing sugars (19.20), ethanol (5.94 g/L), fer-
mentation yield (28.30), and percentage efficiency (55.32%).

Fig. 10   The Fourier transform infrared spectroscopy (FTIR) of the treated T. domingensis using sulfuric acid
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The Fourier transform infrared spectroscopy (FTIR) of 
treated and untreated T. domingensis fibers were illustrated 
in Figs. 9, 10, 11, 12, 13, 14, and 15.

Figure 9 shows the FTIR results of the native (untreated) 
T. domingensis leaf fibers, which displayed the vibration 
mode of fibrin and hydrocarbon in the fibers. The wid-
est peak, 3405.42 cm−1, could be linked to the stretching 
vibration of anti-free –OH, specifically that the waxiness 
of the fibers is high. The peak at 2918.49 cm−1 matches to 
the stretching vibration of -CH that is related to the pres-
ence of vegetable wax. There were three prominent peaks 
near 1637.95  cm−1, 1512.16  cm−1, and 1425.65  cm−1, 
connected with the stretching vibration of C = O and 
C = C in lignin. The absorption band was caused by the 
stretching vibration of C = O, which existed in ketone, car-
boxyl, ester and xylan of 1735.68 cm−1 and 1246.13 cm−1, 
1375.92 cm−1 lignose. The peak at 1054.30 cm−1 of this 
affirmed the stretching vibration of C-O in cellulose, hemi-
celluloses, and lignose, which confirm the cellulosic type 
of the fiber.

Figure 10 illustrates the FTIR of the treated T. domingen-
sis fibers using H2SO4. The figure showed the presence of 

widest peak (3383.03 cm−1) linked to the stretching vibra-
tion of anti-free –OH or primary amine N–H. The peak at 
2918.07 cm−1 still intact, and it matches to the stretching 
vibration of CH2 that is related to the presence of vegetable 
wax. There was a peak near 1629.81 cm−1 that could be 
amide, 1515.42 cm−1 and 1427.99 cm−1, connected with the 
stretching vibration of C = O and C = C in lignin. New band 
at 1162 cm−1 has appeared which reveal breakage of C = O 
into C-O of proteins and carbohydrates, stretching modes of 
the C–OH groups. Peak at 895.22 may represent vinylidene 
C-H out-of-plane bend. The peak at 1058.41 cm−1 affirmed 
the stretching vibration of C-O in cellulose, hemicelluloses, 
and lignose, indicating the presence of cellulose fiber.

The FTIR of treated Cattails using acetic acid (Fig. 11) 
revealed the presence of narrow peaks at 3684.93 cm−1, 
3673.45 cm−1, and 3654.18 cm−1 could be linked to an oxy-
gen related group, such as alcohol or phenol (illustrates the 
absence of hydrogen bonding). The peak at 3416.40 cm−1 
may be due to OH stretch. The peak at 2918.86 cm−1 with 
low intensity match to the stretching vibration of CH2 that 
is related to the presence of vegetable wax. A peak appeared 
at 1728.13 cm−1 may refer as ester or aldehyde. There were 

Fig. 11   The Fourier transform infrared spectroscopy (FTIR) of treated cattails using acetic acid
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four successive peaks at 1659.11  cm−1, 1650.76  cm−1, 
1643.07  cm−1, and 1632.80  cm−1 that may be amide or 
ketones. The peak at 1060.0  cm−1 indicated the pres-
ence of phosphate ion, while peaks at 1514.39 cm−1 and 
1427.57 cm−1 were related to the stretching vibration of 
C = O and C = C in lignin. However, peak at 1161.1 cm−1 
has appeared which reveal very weak breakage of C = O into 
C-O of proteins and carbohydrates as its intensity is very low.

Figure 12 demonstrates the FTIR of the treated T. domin-
gensis fibers with hydrochloric acid. It revealed that the pres-
ence of a widest peak, 3415.15 cm−1, could be linked to the 
stretching vibration of anti-free –OH or aromatic primary 
amine NH stretch, specifically that the waxiness of the fibers 
is high. The peak at 2918.25 cm−1 matched to the stretch-
ing vibration of CH2 that is related to the presence of veg-
etable wax. Three prominent peaks appeared near 1632.87 
cm−1, 1516.18 cm−1, and 1428.83 cm−1, still present and 
connected with the stretching vibration of C = O and C = C 
in lignin. The absorption band was caused by the stretching 

vibration of C = O, which existed in ketone, carboxyl, ester 
and xylan at 1731.65 cm−1 and 1247.04 cm−1, 1371.58 cm−1 
lignose. The appearance of a peak at 1161 cm−1 revealed the 
breakage of C = O into C-O of proteins and carbohydrates. 
New peak appeared at 896.84 cm−1 which may be due to 
C–O–C stretching or at β-glucosidic linkage in cellulose and 
hemicellulose.

The FTIR of the treated T. domingensis fibers with 
sodium hydroxide was illustrated in Fig.  13. A peak at 
3852.66 cm−1 has newly appeared, and this corresponds to 
O–H stretching of primary and secondary hydroxyl group 
of cellulose, lignin, and hemicelluloses polymer. The wid-
est peak, 3420.42 cm−1, may be linked to the stretching 
vibration of hydroxyl group of hydrogen bond. The peak 
at 2917.96 cm−1 matched to the stretching vibration of CH2 
that is related to presence of vegetable wax. Three peaks 
appeared at 1634.92 cm−1, 1558.15 cm−1, and 1428.73 cm−1 
and remain connected with the stretching vibration of 
C = O and C = C in lignin. The peak at 1373.24 cm−1 and 

Fig. 12   The Fourier transform infrared spectroscopy (FTIR) of the treated T. domingensis fibers with hydrochloric acid
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1319.12  cm−1 indicated the C-H banding, C-H stretch-
ing in CH3, and C‐O stretching of C5 substituted aro-
matic units, respectively. The peak at 1163.08 cm−1 of this 
stretch has appeared which revealed the breakage of C = O 
into C-O of proteins and carbohydrates. Peaks appeared at 
1060.58 cm−1 and 896.84 cm−1 which may be due to C‐OH 
stretching vibration, C‐O deformation, and C–O–C stretch 
or at β-glucosidic linkage in cellulose and hemicellulose, 
respectively.

Figure 14 displays the FTIR of the treated T. domingensis 
fibers with potassium hydroxide. A peak at 3850.53 cm−1 
has newly appeared, and this corresponds to O–H stretch-
ing of primary and secondary hydroxyl group of cellulose, 
lignin, and hemicelluloses polymer. The widest peak, at 
3417.59 cm−1, was present. The peaks at 2918.30 cm−1 and 
2850.49 cm−1 matched the stretching vibration of C-H that 
is related to presence of cellulose and hemicellulose. Two 
peaks at 1632.03 cm−1 and 1427.08 cm−1 still present and 
connected with the stretching vibration of C = O and C = C 
in lignin. The peak at 1317.96 cm−1 indicated C-H band-
ing, C-H stretching in CH3. The peak at 1162.60 cm−1 has 

appeared which reveal breakage of C = O into C-O of pro-
teins and carbohydrates. Peaks presented at 1061.09 cm−1 
and 897.06 cm−1 could be due to C‐OH stretching vibration, 
C‐O deformation, and C–O–C stretch or at β-glucosidic link-
age in cellulose and hemicellulose, respectively. Three peaks 
presented at 580.85, 436.00, and 425.22 cm−1, respectively, 
are may be attributed to Si–O-Si bending vibration.

Figure 15 exhibits the FTIR of the treated T. domingensis 
fibers with sodium hypochlorite. A peak at 3855.33 cm−1 
has newly appeared and this corresponds to O–H stretch-
ing of primary and secondary hydroxyl group of cellulose, 
lignin, and hemicelluloses polymer. The widest peak at 
3407.41 cm−1 was still present. The peak at 2917.57 cm−1 
match to the stretching vibration of C-H that is related 
to the presence of cellulose and hemicellulose. Peak at 
1735.25 cm−1 corresponds to C = O stretching of uncon-
jugated ketone, carbonyls, and ester groups. Two peaks 
near 1637.69 cm−1 and 1425.97 cm−1 were also present. 
The peaks at 1375.36 cm−1 and 1322.08 cm−1 indicated 
C-H bending, C-H stretching in CH3, and C‐O stretching 
of C5-substituted aromatic units, respectively. The peak at 

Fig. 13   The Fourier transform infrared spectroscopy (FTIR) of the treated T. domingensis fibers with sodium hydroxide
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1058.84 cm−1 has appeared C‐OH stretching vibration, C‐O 
deformation. Peak has appeared at 900.29 cm−1 could be 
due to C–O–C stretch or at β-glucosidic linkage in cellu-
lose and hemicellulose. Three peaks at 605.97, 438.04, and 
424.28 cm−1, respectively, were also present and may be 
attributed to C-(CH2)n bending vibration.

By comparing the FTIR spectrum of the cattail leaves 
under different pretreatments, data recorded the presence of 
range of peaks from about 1000–4000 cm−1. According to 
Du et al. (2019), the organic functional groups of polysac-
charides in cattail, particularly O–H, N–H, and C = O, can 
be effectively identified by FTIR spectroscopy. Similar to 
our results, several investigators found that the FTIR spec-
trum obtained from cattail leaves and stem cell walls were 
very similar and revealed a collective range of bands from 
400 to 4000 cm−1 [20, 59]. In details, the stretching vibra-
tion of the –OH groups cause of the signal at 3433.62 cm−1 
and –CH stretching vibration of methyl or methylene 
groups in cellulose and hemicellulose was represented by 

a band at 2923.06 cm−1. Also, signals at 1647.71 cm−1 and 
1420.57 cm−1, respectively, indicated the asymmetric and 
symmetric stretching of the carboxylate groups as mentioned 
by [60–62]. In addition, the angular vibration of the C–H 
bond of cellulose and hemicellulose was identified as the 
cause of band at about 1330.15–1375 cm−1 [59, 63]. The 
presence of peak at 1248.93 cm−1 reflect the asymmetric 
stretching vibration of the S = O bond [64]. The distinct 
peaks at ground 1000 to 1200 cm−1 revealed the presence 
of C–O–H side groups and C–O–C glycosidic band vibra-
tions [59]. The C–O stretching vibration of the pyranose ring 
in the monosaccharide of cattail was identified as the source 
of the signal at 1043.03 cm−1 [65].

In addition, results revealed the presence of more func-
tional groups below 1000 cm−1 in case of sodium hypochlo-
rite and potassium hydroxide. These results confirmed the 
high amounts of reducing sugars after those pretreatments. 
The peak at about 895.99 cm−1 represents the β-glycosidic 
bands of the polysaccharide [66], while, band around 

Fig. 14   The Fourier transform infrared spectroscopy (FTIR) of the treated T. domingensis fibers with potassium hydroxide
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528.52 cm−1 reflect the vibrations of C-(CH2)n-(n ≥ 4) [67]. 
The stretch vibration of the carbohydrates’ saccharide ring 
is responsible for the absorption band at 650–900 cm−1, and 
the C–H out-of-plane bending vibration of the benzene ring 
of guaiacyl in the lignin is represented by the absorption 
peak inside this band at about 804 cm−1 [68–70].

The most effective method for determining a compound’s 
structure and molecular chemistry is gas chromatography 
mass-spectrometry [71]. GC–MS device is a high selective, 
fast, and sensitive device used to characterize alcohol and 
impure components. It is a preferred method because it is 
quantitatively reproducible, provides a database, and is easy 
to analyze. Headspace gas chromatography with mass spec-
troscopy detection (HS-GC–MS method) has become a gold 
standard for ethanol and volatile compounds analysis in solid 
and liquid samples because it is mostly does not require any 
preliminary preparation, ease of automation, accuracy, sen-
sitivity, and specificity [72, 73].

Figure 16a and b illustrate ethanol standard (50 µl/dL) 
that prepared in de-ionized water and replicated three times. 

One replicate of 50 µl/dL standard was analyzed in suc-
cession with a matrix matched internal standard (normal 
propanol at a concentration of 0.01% by volume (% v/v) in 
de-ionized water) blank prepared and analyzed after the 50 
ul/dL standard.

Figure 16 showed sensitivity, thermostat stability, and 
carryover evaluation for instrumentation analyses, while 
analytical signal evaluation using IS peak areas improves 
precision and accuracy. These peaks were measured and cal-
culated for ethanol and carried out considering peak ratios 
of the analyte to IS. The figure demonstrated excellent chro-
matographic selectivity, recorded retention times (Rt 2.224 
to 2.324 min) of ethanol peaks (peak list: 30.1, 40.08, 41.07, 
and 42.1 m/z), and reviewed the chromatogram to confirm 
the absence of any contaminants [74].

Ethanol concentrations showed ability and evolution of 
the mutant S. cerevisiae during alcoholic fermentation that 
reflected the spread of S. cerevisiae uses in human manu-
facturing and led to the origin of numerous strains [75, 76]. 
Ethanol determination in each sample is quantified against 

Fig. 15   The Fourier transform infrared spectroscopy (FTIR) of the treated T. domingensis fibers with sodium hypochlorite
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an external standard (ethanol standard 50 µl) and instrument 
calibration curve.

Figures 17, 18, and 19 show the availability of native 
and mutant S. cerevisiae yeast strains for reducing sugars 
consumption during alcoholic fermentation (AF) process. 
Figure 17a describes specific selectivity of ethanol using 
native S. cerevisiae strain that exhibits ethanol production 
capacity and is a representative host for bio-ethanol produc-
tion [77, 78] at retention time (Rt 2.239–2.301 min) with 
area 3,479,702.01 and peak list: 30.1, 31.02, 41, 42.08, 
43.07 m/z and four sugar products as shown in Fig. 17b at 
retention time (Rt 2.217–2.239 min).

The measurement of ethanol with native S. cerevisiae 
strain recorded 20.16 µl and many sugar compounds as 
by-products at the same retention time of ethanol under 
experimental condition during fermentation process [77, 
78]. Figure 17c and d record determination of ethanol and 
five to six sugar products at Rt 2.253–2.277 min and Rt 
7.929–8.130 min, respectively.

Figure  18a, b, and c record ethanol formation using 
mutant S. cerevisiae (100 Gy) during fermentation period 

(24 h). Figure 18a records specific selectivity of ethanol 
determination at their retention time (Rt 2.239 to 2.314 min) 
with fragmentation (peak list: 30.1, 40.08, 41.07, and 
42.1 m/z), while Fig. 18b and c record ethanol formation 
and degradable sugars into alcohols and other end products 
peaks at Rt 2.239 to 2.314 min and Rt 12.007 to 12.401 min, 
respectively. The chromatograms showed mutant S. cerevi-
siae yeast (100 Gy) converts the sugars into ethanol under 
experimental conditions and by-products generated in the 
form of greenhouse gas CO2 [79] and N-based compounds. 
The area of ethanol formation (4,733,004.67) recorded high 
yield of ethanol (about 27.42 µl) that confirmed with [45, 
80].

Figure 19a and b record ethanol formation using radi-
ated S. cerevisiae (300 Gy) during fermentation period 
(24 h). Figure 19a records specific selectivity of etha-
nol determination at their retention time (Rt 2.228 to 
2.235 min) with fragmentation (peak list: 28.17, 29.16, 
30.1, 40.07, 41.06 m/z). The chromatograms showed prev-
alent mutant S. cerevisiae (300 Gy) converts all sugars into 
ethanol under experimental conditions. During alcoholic 

(a)

(b)

Fig. 16   Chromatogram of ethanol standard (50 µl) analysis using solvent residue HS-GC–MS
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(a) 

    (b)

( c) 

(d)

Fig. 17   Chromatogram of ethanol formation using native S. cerevisiae 
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fermentation, S. cerevisiae produces ethanol with a yield 
close to all delegable sugars [79].

Mutant S. cerevisiae (300 Gy) indicated fast efficient glu-
cose anaerobic metabolism, high ethanol productivity, and 
high yield which area of ethanol formation (97,710,120.18) 
recorded the highest yield of ethanol (about 566.09 µl). 

At industrial scale, ethanol is produced with a yield that 
is higher than 90% of the theoretical maximum [82] that 
confirmed with the obtained data industrial requirements 
production (0.51 g ethanol per g of consumed glucose) [82].

The obtained GC–MS revealed the presence of differ-
ent compounds in biomass. These compounds represented 

(a)

(b)

( c )

Fig. 18   Chromatogram of ethanol formation using radiated (100 Gy dose) S. cerevisiae 
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different classes including alkanes, alcohols, organic acid, 
ester, ketones, aldehydes, amides, and amines in which their 
functional groups were already confirmed by FTIR data.
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