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Agricultural residues Bio-ethanol is considered as one of the most prominent renewable energy
Alternative energy; Fpase sources that affects the environment which are produced from the depleting

S petroleum deposits. Using agricultural residue, bioethanol might be produced,
Novel strain; Trichoderma supplying renewable resources at a low cost. Agricultural residues are currently
reesei ; Fossil-fuel; investigated as feedstocks to manufacture sugar, which is then transformed into
Sustainable ecosystems. ethanol. Rice straw (RS) appears out as a potential raw material caused by its
large quantity, lignocellulosic nature, and insufficient practical uses. Some of
the strains that belong to the Trichoderma reesei genus are used on large scale
for the production of cellulase and are essential for different applications such
as food and animal feed, textiles, and paper manufacturing, as well as for the
production of biofuels. This research focused on producing cellulase using Iraqgi
strains of Trichoderma reesei in a solid state fermentation methods, utilizing
alkali-treated rice straw as a substrate. Before ethanol can be produced through
fermentation, saccharification must occur to transform cellulose within rice
straw residues into fermentable sugars. After that, fermentation of ethanol was
accomplished by Saccharomyces cerevisiae. The highest fungal strain, number
five, exhibited a maximum FPase activity of 10.05 FPU/g. The TRS
concentration reached a maximum of 0.668 mg/ml accompanied by
saccharification efficiency of 1.92% during 3 days at the fifth strain..
Fermentation by ethanol means performed via Saccharomyces cerevisiae at a
concentration of approximately 0.146mg/ml in strain5. Assessments of the
chemical composition, morphological, structural changes in rice straw that had
been exposed to alkaline samples conducted via FTIR, X-ray diffraction and
scanning electron microscopy

Introduction

Over the past few years, global energy consumption is continuing to increase, largely due to a reliance on fossil
fuels, which account for over 80% of the world's energy production, driven by a steadily growing global
population and accelerating economic growth. [1]. Inadequate petroleum supplies, along with intense
exploitation of petroleum products and the emission of greenhouse gases (such as CO; and CH.), have resulted
in environmental deterioration and social unrest. [2, 3]. Consequently, A growing requirement exists for
environmentally friendly and replenishable green energy sources which have minimal environmental and
ecological impact, including biofuels such as bioethanol. Bioethanol plays a substantial role in both
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manufacturing industries and logistics., also it viewed as a clean, eco-friendly, and perpetual source of
renewable energy. [4] representing an reported market share of 10% to 40%, as noted by[5].

Lignocellulosic biomass, particularly rice straw, appears to be the most promising sustainable source of carbon,
potentially up to a certain point. Rice straw is a highly prevalent type of lignocellulosic agricultural waste
worldwide and offers a viable alternative to produce useful chemicals including biofuel[6]. The composition
consists of a cellulose content ranging from 25 to 45%, hemicellulose from 20 to 30%, and lignin from 10 to
15%[7]. Estimated global lignocellulosic waste totals approximately 3.7 to 5 billion metric tons, comprising
around 8.9 million tons of grain materials including rice, wheat, and barley[8]. Microorganisms that can produce
cellulase are highly valued and of significant interest. The saprophytic filamentous fungus Trichoderma reesei,
which is one of the many types of microbial organisms, has been studied extensively and is often used as a model
to demonstrate the breakdown of lignocellulosic material produced by fungus [9, 10]. Trichoderma reesei is a
highly regarded organism for its ability to produce a large quantity of the cellulase enzyme, which efficiently
breaks down polysaccharides into monosaccharides, enabling their subsequent fermentation into ethanol and
other types of alcohol[11]. Cellulases have a lot of effectiveness in the modern world and are currently thought
to be the third largest volume of commercial enzymes [12]. It is also utilised in a variety of industrial
applications, such as textile manufacturing, brewing, paper production, wastewater treatment, and the production
of bioethanol[13]. Using cellulase enzymes, carbohydrates are biotechnologically converted into monomeric
sugars. The resulting sugar solution is then fermented to produce biofuels, which can be a powerful substitute
for running out of fossil fuels[14]. Our research aims to optimize the bioconversion of rice straw in to biofuel
by employing cellulase sourced from a novel Iragi strain of Trichoderma reesei and focusing on the efficiency
of biofuel manufacturing pathway.

Experimental procedure

Pretreatment for raw rice straw

Substrates for enzyme production recovered from a field inside the Mishkhab region in Najaf Province, Iraq,
specifically from rice straw sources. The rice straws were cut into lengths of approximately 2 to 3 centimeters
and then blended. The milled rice straws underwent a 40mesh sieving process and were subsequently submerged
in a 5% sodium hydroxide solution at a 1:10 concentration ratio of rice straw to NaOH. The incubating samples
located within a boiling water bath during one hour. Following the cooling, the mixture screened using Whatman
No.1 filter paper and subsequently wiped twofold to distilled water, maintaining the same ratio to adjust the pH
to a neutral level. Conclusively, the mixture desiccated for 12h at 60°C within an oven. Dehydrated rice straws
stockpiled for subsequent enzymatic saccharification processing. This experiments were repeated three times,
and the average results are reported.

Isolation of distinct fungal strains
Six novel Iragi strains were collected from the Penguin city area in Sulaymaniyah Province, Irag., and were
previously identified through examination of their physical characteristics and microscopic examination[15].

Extraction of enzymes from a solid-state fermentation process using six distinct fungal strains

Each 500 ml Erlenmeyer flask held 10 grams of pretreated rice straws and one hundred milliliters of the basal
mineral salts medium. The formulation consists of yeast extract at a concentration of 2, peptone at 0.3,
(NH4)2SO4 at 0.25, KH2PO; at 1.4, CaCl; at 0.2, MgS04.7H20 at 0.3, FeSO4.7H,0 at 0.005, MnSO4.4H,0 at
0.001, ZnS04.7H,0 at 0.001, and CoCl,.6H,0 at 0.0002. The solution included (g/L): Yeast extract 2, peptone
0.3, KH2PO, 1.4, FeS0O,4.7H,0 0.005, MgS04.7H20 0.3, ZnSO..7H,0 0.001, MnSO.. 4H,0 0.001, CoCl,.6H,0O
0.0002, CaCl; 0.2, (NH4)2S04 0.25, The pH medium is 5.
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The flasks underwent autoclaving at a temperature of 121°C for 15 minutes at a pressure of 15 pounds, with the
aim of disinfecting them. Once they had cooled to room temperature, each flask was then inoculated with 3
milliliters of the T.reesei cultures strain, containing 106 spores/ml, and the mixture was thoroughly combined.
The cultures had grown in 30°C temperature and agitated on a rotary shaker at 250 rpm during 5 days. 0.1M
citrate buffer pH4.8 was then put in flask. After an hour of shackeding at 150 rpm, The flasks were filtered
using Whatman filter paper No.1 and then rotated within centrifuge to 10000rpm ,10min , 4°C to eliminate
debris. The filtrate was then putted through a membrane with a pore diameter of 0.2 mm that possessed
disinfecting capabilities.

Assay of exoglucanase activity using filter paper.

The filtrate (0.5 ml) was then injected into presoaked paper filters and agitated about one hour and 50°C. The
exoglucanase enzyme assays, specifically FPase, were conducted depending on the experiment by [16], A
whatman No.1 filter paper strip, weighing 0.6mg, was immersed in 0.5ml of a 0.05M citrate acid buffer solution
with a pH of 4.8, serving as a substrate for filter paperase (FPase) .After that, A filtrate(0.5 ml) injected to
presoaked paper filters and agitated around 50°C about an hour. After incubation, Each tube was terminated
with the addition of 3ml of 3,5-dinitrosalicylic acid reagent. The tubes placed whithin a boiling water bath for
a duration of 5 minutes. In these assays, reducing sugars expressed through calculating the absorbance at 540nm,
as described by [17], with glucose used as the standard. The filter paper assay enzyme was defined as one unit
(V) of filter paper, with U of enzyme activity being equivalent to the amount of enzyme that produces 1 pumole
of the amount of reducing sugars, as represented by glucose content, is appeared in units per gram of dry
substrate U/gds, where each unit regards the amount of glucose present per milliliter per minute.

Enzymatic hydrolysis

The enzymatic hydrolysis process was carried out as described by [18]. Primarily, rice straws treated with
alkaline solutions utilized as the substrates in the process of enzymatic saccharification. A 100ml Erlenmeyer
flask wa used for the assays, containing 3% alkali rice straw put within a 0.05M citrate buffer of pH 4.8, to
which a 10ml cellulase enzyme supplement added. The flasks closed via a cover and the solution were setted
within rotary shaker at 150rpm, 50°C for 72h.The later solution was subsequently supplemented to sodium
azide 0.005% for prevent microbial proliferation and to avert the utilisation of sugars resulting from hydrolysis.
Additionally, the sampling give up per each flask per cycles 24, 48 and 72hrs , directly placed on ice, centrifuged
at 10000rpm/5min, subsequently passed across millipore filter. A filtrate analysed for total reducing sugars via
DNSA, followed by calculation of percent saccharification using the equation as previously shown by [19].

Saccharification%= formed TRS mg/ml x0.9x100
Cellulose content of pretreated substrate

An assays conducted three times. The mean values are presented in the current study.

Analysis of Chemical Composition of rice straw
The levels of hemicellulose, cellulose, and lignin in rice straw were examined both prior to and subsequent to
hydrolysis. [20, 21].

Preparation of inoculum yeast

Yeast of the species Saccharomyces cerevisiae, commonly used in industrial baking, was obtained from the
Agricultural Engineering Sciences College/ University of Baghdad and utilized for ethanol fermentation.
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1.0g9/100ml of the yeast cells was later transmitted into 250ml flasks constituting 4 g/L yeast extract, 3g/L
peptone, 20g/L glucose, pH5.5, and assign within rotary shaker 200rpm, 30°C during 24 hours.

Ethanol production

The fermentation medium included (g/L): 1g/L yeast extract, 0.25g/LCacl..7H,0, 5 g/L (NH4), SO., 1g/L
KH2PO4, 0.5¢/L MgS0..7H20. A cellulosic hydrolyzates obtained from an enzymatic hydrolysis glucose,
compressed under the evaporation, after that, these hydrolyzates filtered from filtration through millipore filters
0.45um after centrifugation at 1000rpm for 10min to get supernatant. In this study 100ml of fermentation
medium inoculated to the 250ml anaerobic fermentator bottle consisting hydrolyzates liquid, and later
autoclaved at 121°C and 20min. Saccharomyces cerevisiae is incorporated into the medium of the ethanol
fermentation, representing roughly 2% of the totally within fermentation process. The fermentators were then
rotated at 150rpm, 35 °C, pH4.5 for 72hr . The airlock system ensured a tight seal on each fermenator bottle,
thereby preventing oxygen from entering and maintaining an anaerobic environment within the fermenator
bottles. Samples were taken in sterilized manner at 24, 48,72 hrs, and centrifuged for 15min, 4°C at 10000rpm
and utilized to determine of the ethanol and total sugars[22]. Each experiment was repeated three times, and the
average results along with their standard deviations were recorded.

Analytical methods

Estimation of ethanol by gas chromatography

GC revealed to calculate the amount of ethanol produced within fermentation, using a Porapak Q column in
conjunction with a Flame lonization Detector (FID). The catalyst's gas flow rate recorded 30 ml/min, and the
oven at 155 °C, the injector the detector at 250 °C and at 175 °C. The samples were first passed via a 0.2 micron
filter prior to undergoing analysis.

Substrate Characterization

1- FTIR analysis

Fourier Transform Infrared spectroscopy experiments were performed on untreated, pretreated, and hydrolyzed
rice straw samples to discover modifications to the functional groups. FTIR absorption measurements were
recorded within the 400-4000 cm™ range via a Fourier transform infrared spectrophotometer.

2- Analysis by X-ray to assess crystallinity

X-ray diffraction analysis, employing an XRD-6000 (Shimadzu, Japan) instrument, was used to evaluate the
crystallinity of lignocellulosic residues. This analysis utilized a Cu-Ka radiation source, a 30.0 kV voltage
setting, and an electric current of 15 mA. A single scan was conducted, consisting of 20 consecutive intervals
spanning 4.0-70.0°, with a scanning rate of 2.0° per minute. One scan was conducted with intervals between
4.0° and 70.0°, occurring every 20 minutes, and it progressed at 2.0 degrees/ minute speed.

The crystallinity index (C.I) obtained using this pattern [23]:
C.1% = 1200-lam X 100 )}

I200
Crystalline substance is represented by l.qo, the peak intensity from the 200 lattice plane (26=22.4°), wherease

a amorphous substance of rice straw is shown by | .m, the diffracted intensity peak at 20=18°. The following
formula was used to determine the percentage of crystallinity in the raw, pretreatment, and treated rice straw[24]:

Crystalline% = _122x 100 2

224118
Where Iz, and lig are the crystalline and amorphous intensities, respectively, represented by the 26 scale of 22°

and 18°.
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The fiber samples' crystallite sizes were assessed via the Scherrer form [25]:
L=K\A/B Cos 8 3

In this context, L represents the crystallite size, the form factor is denoted by K (0.94), A signifies the X-ray
wavelength, B indicating the maximum half-width of the equatorial reflections, and 6 refferring the Bragg angle
in relation to the 200 plane.
Using the Z-discriminant (Z-value) evaluation, it is possible to determine if the crystalline cellulose structure
represents |, (monoclinic) or I (triclinic) (Wada and Okano, 2001). The Formula below determines this
evaluation [26].

Z =1693d; — 902d; — 594 4
where Z > 0 indicates I, and Z < 0 indicates the I dominating cellulose type, in addition di represents the d-
spacing of the peak (1-10) and d. appears the d-spacing of the peak (110) [27].

3- Scanning electron microscopy (SEM)

The structural morphological alterations in the untreated, pretreated, and treated samples were examined using
SEM analysis. After being glued on appropriate stubs, the dry samples were treated with Au using a Doerlikar-
Balers, Batzers, Liechtenstein SCD 050 sputter coater. After fixation, a Zeiss, SIGMA model of electron
microscope used to take pictures at various magnifications.

Results and discussion:
Table 1Estimation FPase enzyme via six novel fungus strains
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Enzyme activity of FPase (FPU/g)

A greatest activity of enzyme levels were attained with pre-treated RS at a level of approximately 10.05FPU/g
in fungus strain (5), which showed lower levels of hemi-cellulose and lignin compared to other strains.
Pretreatments may decrease the repulsion for lignocellulosic waste, hence enhancing digestibility and
microorganism availability of cellulose [28]. As a result, the elimination of both lignin and hemicelluloses may
have facilitated fungal access to the cellulosic structure, resulting in increased secretion. In addition to higher
secretion, another crucial element to consider is the time spent producing enzymes. Studies conducted with
various strains of T. reesei exposed to different residues indicate that the most suitable time periods fall between
four to eight days, which is equivalent to 96-192 hours[29]. Research has shown that the strain Trichoderma
reesei Rp698 exhibits higher FPase activity than T. reseei QM9414 [30]. The study with accordance of those
discovered by[31], who showed that Fpase in RS was more pronounced within Aspergillus terreus compared to
Trichoderma viride.
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Figure 1 Determination of total reducing sugar yield(TRS)(mg/ml) via a UV- visible spectrophotometer
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Figure 2 Saccharification percent during 24, 48 and 72h of treated RS.

Figures 1 and 2 depict the total reducing sugars (TRS) yields, which serve as an estimate of the amount of sugars
that can be released through hydrolysis.

The highest concentration of TRS was achieved as 0.668 mg/ml, resulting from 1.92% saccharification at strain
five after three days, with lower concentrations observed in strains 2, 6, 3, and 4, and then in strain 1.
Specifically, the TRS concentrations were (0.576, 0.463, 0.309) mg/ml, corresponding to (1.65, 1.42, 1.33, 1.03,
0.9)% saccharification, respectively, following the same three-day timeframe.lt is evident that enzymatic
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hydrolysis yielded the highest concentration of fermentable sugars, particularly in strain 5. Several researchers
have used microbial enzymes to break down lignocellulosic materials. The saccharification rates achieved using
T. viride culture supernatant were 9.9% for cotton, 59.4% for filter paper, and 41.8% for newspaper[32]. Using
Sporotrichum thermophile culture filtrate to hydrolyze saw dust, filter paper, and newspaper, the rate of
saccharification was 3.5, 1.5, and 3.0%, respectively. [33]studied the hydrolysis of paddy straw that had been
treated with an alkali using an industrial cellulase, yielding 65% total reducing sugar. T. reesei cellulases were
utilised by [34] to enzymatically break down alkali-treated rice straw, resulting in a maximum glucose yield of
1.07% after a 16 hour period. Research by[35], indicated that fungal treatment to the rice straw using T. reesei
and Aspergillus awamori yielded 73.7 and 62.7 mg/g of TRS, respectively. [36]study found that the decrease in
sugars yield and saccharification level after treated willow residue reported 28.3% and 24%, respectively.
Furthermore, TRS levels were measured at 43.38, 64, and 51 mg/g after undergoing solid-state fermentation
with the strains Aspergillus niger, A. awamori, T. reesei, and T. viride, as reported by[37]. [38]who found the
hydrolysates of RS straw contained a concentration of 12% (w/v) reducing sugars.

35
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Figure 3 Chemical constitution of rice straw both prior to and subsequent to hydrolysis.

For hydrolysis to release high sugar, it is essential to pre-treat lignocellulosic biomass so that saccharifying
enzymes have access to cellulose, as lignin interferes with the enzyme's ability to attack cellulose. Prior to
saccharification, a pretreatment step is necessary to decrease lignin levels and enhance the surface area in order
to facilitate optimal enzyme activity. Throughout this investigation, it was discovered that weight loss induced
by treatment promotes the degradation of ligno-cellulosic residue.

Figure(3) shows that untreated rice straw had 31.21% cellulose, 28.33% hemicellulose, and 7.06% lignin. The

saccharification of treated rice straw using six different strains showed the lowest chemical content in strain 5,

which yielded 10.11%, 15.83%, and 3.32% respectively. This attributed to a maximum degree in strain 5 for

deliginification of rice straw compared to other strains. According to [36], an analysis of a treated willow
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content revealed the presence of cellulose at 0.5%, hemicellulose at 21.3%, and lignin at 25.5%. The primary
effect of alkaline pretreatment is to enhance delignification efficiency by breaking down the lignin side chain,
thereby releasing low molecular weight components. Findings corroborate those of [31], who found untreated
rice straw to consist of 34.80% cellulose, 31.22% hemicellulose, and 10.18% lignin. In contrast, chemical
analysis of rice straw treated with Trichoderma viride revealed compositions of 25.20%, 19.22%, and 7.52%
respectively, while Aspergillus terreus hydrolysis yielded 20.70%, 15.03%, and 6.73% respectively. In relation
to our results, [39] discovered that chemical treatment led to a larger destruction of lignin and hemicellulose,
which in turn released more sugars and phenolic compounds. According to [40], the hydrolysis of carbohydrates
by alkali caused a decrease in the cellulose amounts of tobacco residue following a 10% NaOH pretreatment,
ranging from 44% to 27.6%.
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Figure 4 Ethanol concentration (mg/ml) estimation

The analysis shows a concentration of around 0.146 mg/ml was achieved after 3 days in the fermented mixture
at strain 5 .The variations in performance are observed among different fungus strains is attributed to their
preferred utilisation of pentose and hexose sugars found in the hydrolysate. The variation could also depend on
the specific strain. The disparity in ethanol production can be attributed for the accessibility of fermentable
sugars from cellulose contained in biomass, which justified for removing lignin and hemicellulose, thereby
making cellulose more amenable to enzymatic treatment in SSF. Research on the formation of bioethanol from
rice husks confirmed our findings that SSF produced a higher quality ethanol output [41, 42]. Using different
yeast strains to produce ethanol, [43] discovered that Kluveromyces marxianus produced a great deal of ethanol,
yielding 11.8g/L in the wheat straw hydrolysate. Studies by [44] revealed that maximum ethanol output in solid-
state fermentation occurred after 72 hours of fermentation. The direct conversion of resulting sugars to ethanol,
without any feedback inhibition, is thought to be the reason behind the high ethanol output in SSF. Trichoderma
harzanium-treated rice straw yielded an excess of bioethanol at approximately 5.4g/L, whereas Aspergillus
terreus produced 4.7g/L. [45]. Between 24 and 72 hours, the maximum ethanol production, which ranged from
about 6g/L to 10g/L, was achieved. This rise in ethanol production may be explained by the nutritional
supplementation, which increased S. cerevisiae capacity to produce ethanol[46]. According to [47] , in research
findings has consistent with earlier research indicating the ethanol production from rice hydrolysate using
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Zymomonas mobilis yields more than Candida shehatae, Saccharomyces cerevisiae, Kluyveromyces marxianus,
and Pichia stipites.

Data from Fourier transform infrared (FTIR) spectroscopy collected both untreated and treated RS samples, with
an aim of identifying of non-cellulosic components of the substrate at two stages: before and after the reaction
of cellulose. Peaks for samples of untreated and alkali-treated at 3334 cm™ and 3332 cm™ were indicative of
the —OH stretching to the hydrogen bonds. Additionally, peaks have relatively insignificant compared to
hydrolysed treated samples. The disruption of hydrogen bonds between the O-H groups of hemicellulose is
likely the cause [48]. In untreated and alkali-pretreated samples, peaks at 1701 cm™ and 1719 cm™ were
associated with the ester linkage of carboxylic groups from ferulic and coumaric acids present in hemicellulose.
However, in hydrolyzed samples, these bands completely vanished. The results suggested enzymatic activity
was present. [49]. Peaks are observed a 1236 cm™ and 1239cm™ within untreated and alkali-pretreated tests,
corresponding to the presence of phenolic hydroxyl groups in lignin, whereas these peaks are diminished in
hydrolysed treated samples, indicating a removal of lignin. [50]. A peak at 898 cm™ identified for cellulose and
it rises after samples have undergone hydrolysis with an enzyme[51]. Absorption bands within the 3309-3328
cm' range within the hydrolysed samples exhibit the characteristic of cellulose, that is in contrast to untreated
and alkali-pretreated samples. It can be inferred that the levels of chemical contents pectins and hemicellulose
have lowered. [52] Figures (5-C-H). In Figure 5-G,. The treated samples exhibit a heightened intensity of the
cellulose peaks at 900cm™, 1023cm™, 1156cm™, and 1640cm™ as a result of the increased cellulose content
after the elimination of feculences within the fiber system [53].
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Figure 5 spectral for FT-IR A- untreated sample B- Alkali-pretreatment sample C- strain 1, D- strain 2, E-
strain 3, F- strain 4, G- strain 5, H- strain 6. Note: From C to H represents hydrolysed samples

The untreated, alkali-pretreated, and treated RS fibers are illustrated within Figure 6 by their patterns of X-ray
diffraction. The diffraction of all samples revealed the existence of reflections at 2o 18 and 22.4, indicating both
crystalline and amorphous patterns. In figure G, the diffractogram pattern of the hydrolysed sample (5) exhibited
a prominent sharpened peak at 2o 22.4 and a lower, expanded peak at 2e 18 in comparison to the other samples.
The shift in cellulose structure's relative crystallinity from treatment may attributable primarily to hydrolysis
and the elimination of non-cellulosic components areas occurring during the process. Our findings are consistent
with earlier documentation by different docmentations [54, 55, 56], it demonstrate the crystallinity consistuents
deformation within the lignocellulosic system.

The hydrolysed sample, as shown in table(2), exhibited a marked increase in crystallinity index, crystalline
content, and crystallite size, with values rising by approximately 39%, 62%, and 4.59nm respectively, surpassing
those of all other tested samples, and this was confirmed by the FTIR spectra. The process involves the totally
amorphous regions breakdown, specifically wax, hemicellulose, pectin and lignin within the primary cell wall.
Previous studies, including those by [57, 58, 59, 60], found that our findings align with observations of enhanced
crystalline cellulose structure following pretreatment with various agricultural wastes. [61]resulted the
crystallinity forms of Bombax ceiba have shown modifications following pretreatment with sodium hydroxide
in recent X-ray diffraction analysis. The Z-values of RS fibers showed that Ig was the dominant type of cellulose
structure in higher plants because Ig was found exclusively in these plants, as reported by [62] The data obtained
were in agreement with several previously published studies[52, 63, 64].
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Figure 6 Patterns of X-ray diffractograms A- untreated sample B- Alkali-pretreatment sample C- strain 1, D-
strain 2, E- strain 3, F- strain 4, G- strain 5, H- strain 6.
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Note: From C to H represents hydrolysed samples

Table 2Analysis of the XRD parameters for prior to and subsequent to enzyme treatment on RS fiber

RS Samples CI Crystalline Crystallite size Z- value
(%) (%) (nm)

Untreated 28 47 1.9 -214
Alkali-pretreated 30 48 2.2 -22.8
Hydrolysed 1 31 50 2.6 -24.5
Hydrolysed 2 38 61 4.1 -34.9
Hydrolysed 3 35 54 3.54 -29.1
Hydrolysed 4 32 51 3.03 -26.7
Hydrolysed 5 39 62 4.59 -36.2
Hydrolysed 6 37 58 3.82 -33.4

Fig.7 Scanning Electron Microscope images of the alkali and enzymatic treatment for morphological and
structural surfaces of the RS samples

Samples of untreated RS possess a specific fibre system. A closed structure exhibited a high degree of resistance,
as evident in Fig. (7A), resulting in a limited number of pores. The entire plant cell wall, including vascular
bundles, has an extremely fibrillar composition and is easily visible. Earlier studies have documented the
characteristics of untreated sorghum biomass, which were found to be highly conserved, compact, and
nonporous in structure[41]. Pretreatment with alkali caused modifications to the fabrillary structure. As a result
of the pretreatment's structural disruption, the substrate had an uneven, unsmooth, hard, and tough surface, with
some exterior surface components lacking. The findings indicate that several adjacent fibers have undergone a
decrease in crystallinity of cellulose, which has also led to an increase in porosity, ultimately allowing the
cellulosic component to facilitate bioconversion, as illustrated in Figure 7B. This outcome was also corroborated
by [61], who discovered that lignin and hemicellulose can be substantially reduced through alkali pretreatment

, [65] employed a scanning electron microscope to identify irregular surfaces of pores in pretreated palm tree
stem debris stem debris.

The morphological change to the fiber after enzymatic treatment is indicative of a smoothed surface, which
could be the result of the enzyme building up in the fiber surface, the form of pores on wall system takes place
simultaneously with the removal of unwanted microfibrils. The effect was more pronounced in saccharification
processes with elevated efficiency rates , particularly in strain five, as shown in Figures C, D, E, F, G, and H.
An analogous evaluation was conducted with treated jute residues, as reported by[66, 67].
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Figure 7 A-Untreated R.S, B- alkali-pretreated R.S, C- Strainl, D- Strain2, E- Strain 3, F- Strain4, G- strain5,
H- strain6.
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Conclusion

Ongoing research is focused on developing biofuels derived from microorganisms, with the goal of reducing
reliance on finite fossil fuels, generating employment opportunities, and promoting a healthier environment
planet. Significant progress has been made in the production of biofuels from Trichoderma reesei Iraqi strains,
particularly strain five. Furthermore, this study found that T. reesei strain five was a hyperproducer of cellulase
than other T. reesei strains, resulting in yielded bioethanol production. This global momentum towards
renewable energy provides a significant opportunity for countries like Iraq to diversify their energy portfolios
and align with international sustainability objectives.

Acknowledgment

The author would like to thank Mustansiriyah University (www. uomustansiriyah.edu.iq) Baghdad Iraq for its
support in the present work.

References

[1]C. Danner, A. Gabriel, C. Zimmermann, R. L. Mach, Y. Karpenko, I. Nikolaev, S. Barends, and A. R. Mach-
Aigner, “Characterization of strain degeneration in the RL-P37 strain lineage of Trichoderma reesei,”
Biotechnology for Biofuels and Bioproducts, vol. 19, Art. no. 10, Jan. 2026. doi: 10.1186/s13068-025-02729-
z

[2]V. Rahamim, F. Nakonechny, A. Azagury, and M. Nisnevitch, "Continuous Bioethanol Production by Fungi
and Yeast Working in Tandem," Energies, vol. 15, Art. no. 4338, 2022. doi: 10.3390/en15124338.

[3]K. Rohr, L. Gremm, B. Geinitz, "Optimizing microbioreactor cultivation strategies for Trichoderma reesei:
from batch to fed-batch operations,” Microb. Cell Fact., vol. 23, Art. no. 112, 2024. doi: 10.1186/512934-
024-02384-w.

[4]R. Audu, U.J.J. Ujah, and S. S. D. Mohammed, “Pre-treatment, physicochemical properties and production
of bioethanol from rice husk using fungi isolated from waste dumpsite in Kaduna, Nigeria,” Journal of
Applied Sciences and Environmental Management, vol. 27, no. 7, pp. 1359-1370, 2023. doi:
10.4314/jasem.v27i7.13.

[5]S. Estefania, J. Al, A. V, A.R, A. V, M. G, E. V, and A. M, “Ethanol production by Escherichia coli from
detoxified lignocellulosic teak wood hydrolysates with high concentration of phenolic compounds,” Journal
of Industrial Microbiology and Biotechnology, vol. 49, no. 2, 2022. doi: 10.1093/jimb/kuab078.

[6]S. Ashoor, G. M. Mathew, and R. K. Sukumaran, “Rice straw hydrolysis using in-Situ produced enzymes:
Feedstock influences fungal enzyme composition and hydrolytic efficiency,” Preparative Biochemistry &
Biotechnology, vol. 54, no. 7, pp. 967973, 2024. doi: 10.1080/10826068.2024.2323868.

[7]IN. Sharma, B. J. Allardyce, R. Rajkhowa, "Rice straw-derived cellulose: a comparative study of various pre-
treatment technologies and its conversion to nanofibres,” Sci. Rep., vol. 13, Art. no. 16327, 2023. doi:
10.1038/s41598-023-43405-y.

[8] M. J. Diaz, M. Moya, and E. Castro, “Bioethanol production from steam-exploded barley straw by Co-
Fermentation with Escherichin coli SL100 ,” Agronomy, vol. 12, p. 874, 2022. doi:
10.3390/agronomy12040874.

[9]R. Martzy, T. M. Mello-de-Sousa, R. L. Mach, “The phenomenon of Degeneration of industrial Trichoderma
reesei strains,” Biotechnology for Biofuels, vol. 14, p. 193, 2021. doi: 10.1186/s13068-021-02043-w.

121



Hamdan, N.T Journal of Energy Sustainability and Economics 2 (2026) 108-125

[10] S. Liu, L. Quan, M. Yang, "Regulation of cellulase production via calcium signaling in Trichoderma reesei
under PEG8000 stress," Appl. Microbiol. Biotechnol., vol. 108, Art. no. 178, 2024. doi: 10.1007/s00253-
024-13014-z.

[11] F. Jiang, J. Tian, J. Yuan, S. Wang, T. Bao, Q. Chen, L. Gao, J. Li, and L. Ma, “Improved cellulase
production of Trichoderma reesei by Regulating Mycelium Morphology,” Fermentation, vol. 10, p. 26, 2024.
doi: 10.3390/fermentation10010026.

[12] T. Noguchi, H. Saito, R. Nishiyama, N. Yoshida, T. Matsubayashi, Y. Teshima, "Isolation of a cellulase
hyperproducing mutant strain of Trichoderma reesei," Bioresour. Technol. Rep., vol. 15, Art. no. 100733,
2021. doi: 10.1016/j.biteb.2021.100733.

[13] C. Lambré, J. M. Barat Baviera, C. Bolognesi, P. S. Cocconcelli, R. Crebelli, "Safety evaluation of an
extension of use of the food enzyme containing cellulase, endo-1,3(4)-B-glucanase and endo-1,4-B-xylanase
from the non-genetically modified Trichoderma reesei strain AR-256," EFSA J., vol. 22, no. 1, Art. no.
€8510, 2024. doi: 10.2903/j.efsa.2024.8510.

[14] B. A. Ali, M. Hosny, H. N. Nassar, H. K. A. Elhakim, and N. Sh. El-Gendy, “A study on the valorization
of rice straw into different value-added products and biofuels,” International Journal of Chemical
Engineering, Article 1D 9185870, 22 pages, 2024. doi: 10.1155/2024/9185870.

[15] N. T. Hamdan, “Novel Iraqi fungal isolates of Trichoderma reeseir egistration,” Samarra Journal of Pure
and Applied Science, vol. 4, no. 2, pp. 42-57, 2022. doi: 10.54153/sjpas.2022.v4i2.365.

[16] M. Mandels, R. Andreotti, and R. Roche, “Measurement of saccharifying cellulase,” Biotechnology and
Bioengineering Symposium, vol. 6, pp. 17-37, 1976.

[17] M. Bozinovi¢, T. Soka¢, A. Sali¢, A.-M. Dukari¢, M. Tima, M. Planini¢ and B. Zeli¢, “Standardization of
3,5-dinitrosalicylic acid (DNS) assay for measuring xylanase activity: detecting and solving problems,”
Croatian Journal of Food Science and Technology, vol. 15, no. 2, pp. 151-162, 2023. doi:
10.17508/CJFST.2023.15.2.03.

[18] S. Mcintosh and T. Vancov, “Enhanced enzyme saccharification of sorghum bicolor straw using dilute
alkali  pretreated,” Bioresource Technology, vol. 101, pp. 6718-6727, 2010. doi:
10.1016/j.biortech.2010.03.116.

[19] C. Uma, C. Muthulakshmi, D. Gomathi, and V. K. Gopalakrishnan, "Fungal invertase as aid for production
for ethanol from sugarcane bagasse,” Res. J. Microbiol., vol. 5, pp. 980-985 2010. doi:
10.3923/jm.2010.980.985.

[20] T. Ehrman, Chemical Analysis and Testing Laboratory Analytical Procedures LAP-004, NREL, 1996.

[21] J. S. Han and J. S. Rowell, Paper and Composites from Agro-Based Resources, CRC Press, 1997. doi:
10.1201/9781420050516.

[22] M. M. S. Askar, M. Youssri, f. Ahmad, and M. Ramadan, “Chemical characteristics and antioxidant activity
of exopolysaccharide fractions from Microbacterium terregens,” Carbohydrate Polymers, vol. 77, pp. 563—
567, 2009. doi: 10.1016/j.carbpol.2009.01.031.

[23] K. J. Sajithkumar, P. M. Visakh, and E. V. Ramasamy, "Moringa oleifera (drum stick vegetable fibre)
based nanocomposites with natural rubber: preparation and characterizations," Waste Biomass Valorization,
vol. 7, no. 5, pp. 1227-1234, 2016. doi: 10.1007/s12649-016-9524-8.

[24] B. S. Kaith and S. Kalia, “Graft copolymerization of MMA onto flax under different reaction conditions: a
comparative  study,” Express Polymer Letters, vol. 2, pp. 93-100, 2008. doi:
10.3144/expresspolymlett.2008.13.

[25] G. Han, S. Huan, J. Han, Z. Zhang, and Q. Wu, “Effect of acid hydrolysis on cellulose nanocomposites
reinforced polymethylmethacrylate composites ,” Materials, vol. 7, pp. 16-29, 2014. doi:
10.3390/ma7010016.

122



Hamdan, N.T Journal of Energy Sustainability and Economics 2 (2026) 108-125

[26] M. Poletto, A. J. Zattera, M. M. Forte, and R. M. Santana, "Thermal decomposition of wood: Influence of
wood components and cellulose crystallite size," Bioresour. Technol., vol. 109, pp. 148-153, 2012. doi:
10.1016/j.biortech.2012.01.094.

[27] M. Wada and T. Okano, “Localization of T a and Iphases in algal cellulose revealed by acid treatments,”
Cellulose, vol. 8, pp. 183-188, 2001. doi: 10.1023/A:1013146424367.

[28] G. H. Hansen, M. Libeck, J. C. Frisvad, P. S. Liibeck, and B. Andersen, “Production of cellulolytic enzymes
from ascomycetes: comparison of solid state and sub-merged fermentation,” Process Biochemistry, vol. 50,
pp. 1327-1341, 2015. doi: 10.1016/j.procbio.2015.05.017.

[29] J. S. Kim, Y. Y. Lee, and T. H. Kim, “Review on alkaline pretreatment technology for bioconversion of
lignocellulosic ~ biomass,” Bioresource Technology, vol. 199, pp. 42-48, 2016. doi:
10.1016/j.biortech.2015.08.085.

[30] J. C. R. Silva, J. C. S. Salgado, A. C. Vici, R. J. Ward, M. L. T. M. Polizeli, L. H. S. Guimardes, R. P. M.
Furriel, and J. A. Jorge, "Novel Trichoderma reesei mutant RP698 with enhanced cellulase production,”
Braz. J. Microbiol., vol. 51, pp. 537-545, 2020. doi: 10.1007/s42770-020-00236-4.

[31] M. A. M. Abo-State, A. I. Hammad, M. Swelim, and R. B. Gannam, “Some critical factors affecting
cellulase(s) production by Aspergillus terreus MAM-F23 and Aspergillus flavus MAM-F35 under solid-state
fermentation of wheat straw,” World Applied Sciences Journal, vol. 9, pp. 1171-1179, 2010.

[32] M. Mandels, L. Hontz, and J. Nystrom, “Enzymatic hydrolysis of waste cellulose,” Biotechnology and
Bioengineering, vol. 16, pp. 1471-1493, 1974. doi: 10.1002/bit.260161105.

[33] L. Wati, S. Kumari, and B. S. Kundu, “Paddy straw as substrate for ethanol production,” Indian Journal of
Microbiology, vol. 47, pp. 26-29, 2007. doi: 10.1007/s12088-007-0005-2.

[34] H. Fatma, A. El-Zaher Abd, and M. Fadel, “Production of bioethanol via enzymatic saccharification of rice
straw by cellulase produced by Trichoderma reesei under solid state fermentation,” New York Science
Journal, vol. 3, pp. 72-78, 2010.

[35] S. A. Kumar and A. Pushpa, “Saccharification by fungi and Ethanol Production by Bacteria Using
Lignocellu-losic Materials,” International Research Journal of Pharmacy, vol. 3, pp. 411-414, 2012.

[36] I. Ben Atitallah, G. Antonopoulou, I. Ntaikou, A. Soto Beobide, V. Dracopoulos, T. Mechichi, and G.
Lyberatos, “Comparative study of various pretreatment approaches for bioethanol production from willow
sawdust, Using Co-Cultures and Mono-Cultures of Different Yeast Strains,” Molecules, vol. 27, p. 1344,
2022. doi: 10.3390/molecules27041344.

[37] S. J. Patel, R. Onkarappa, and S. B. Gurumurthy, “Ethanol production by yeasts,” Asian Journal of
Experimental Biological Sciences, vol. 3, pp. 350-354, 2012.

[38] N. T. Hamdan, “Optimization of paddy straw saccharification using alpha-amylase from Aspergillus
tamarii,” Samarra Conference Proceedings, 2021.

[39] M. Nadeem, M. U. Aftab, M. Irfan, M. Mushtaqg, A. Qadir, and Q. Syed, "Production of ethanol from alkali-
pretreated sugarcane bagasse under the influence of different process parameters,” Front. Life Sci., vol. 8,
pp. 358-362, 2015. doi: 10.1080/21553769.2015.1051244.

[40] S. Sarbishei, A. Goshadrou, and M. S. Hatamipour, "Mild sodium hydroxide pretreatment of tobacco
product waste to enable efficient bioethanol production by separate hydrolysis and fermentation,” Biomass
Convers. Biorefin., vol. 11, pp. 2963-2973, 2021. doi: 10.1007/s13399-019-00593-6.

[41] K. Akanksha, R. K. Sukumaran, A. Pandey, S. S. Rao, and P. Binod, “Material balance studies for the
conversion of sorghum stover to bioethanol,” Biomass and Bioenergy, vol. 85, pp. 48-52, 2016. doi:
10.1016/j.biombioe.2015.11.028.

[42] A. M. Pabén, f. E. Felissia, C. M. Mendieta, E. R. Chamorro, and M. C. Area, "Improvement of bioethanol
production from rice husks,” Cellul. Chem. Technol.,, wvol. 54, pp. 689-698, 2020. doi:
10.35812/CelluloseChemTechnol.2020.54.68.

123



Hamdan, N.T Journal of Energy Sustainability and Economics 2 (2026) 108-125

[43] N. Barron, R. Marchant, L. McHale, and A. P. McHale, “Studies on the use of a thermotolerant strain of
Kluyveromyces marxianus in simultaneous saccharification and ethanol formation from cellulose,” Applied
Microbiology and Biotechnology, vol. 43, pp. 518-520, 1995. doi: 10.1007/BF00164780.

[44] M. Ballesteros, J. M. Oliva, M. J. Negro, P. Manzanares, and I. Ballesteros, “Ethanol from lignocellulosic
materials by simultaneous saccharification and fermentation, process (SFS) with Kluyveromyces marxianus
CECT 10875,” Process Biochemistry, vol. 39, pp. 1843-1848, 2004. doi: 10.1016/j.procbio.2003.09.011.

[45] M. H. Devi and S. Munjam, “Bioethanol production from rice straw using Aspergillus terreus and
Trichoderma harzianum,” Bioscience Biotechnology Research Asia, vol. 19, no. 3, 2022. doi:
10.13005/bbra/3033.

[46] f. Salafia, A. Ferracane, and A. Tropea, “Pineapple waste Cell Wall Sugar Fermentation by Saccharomyces
cerevisiae for Second Generation Bioethanol Production,” Fermentation, vol. 8, p. 100, 2022. doi:
10.3390/fermentation8030100.

[47] W. Nachaiwieng, A. Kanpiengjai, T. Watanabe, and C. Khanongnuch, "Influences of Buffer Systems on
Enzymatic Saccharification of Rice Husk Holocellulose and Fermenting Ability of Various Ethanol
Producing Microorganisms," Chiang Mai Univ., Thailand, 2015.

[48] Y. Cao, f. Chan, Y. Chui, and H. Xiao, “Characterization of flax fibers modified by alkaline, enzyme, and
steam-heat treatments,” BioResources, vol. 7, no. 3, pp. 4109-4121, 2012. doi: 10.15376/biores.7.3.4109-
4121.

[49] S. A. Jabasingh and C. V. Nachiyar, “Process optimization for biopolishing of Jute Fibers with Cellulases
from Aspergillus Nidulans AJ SU04,” IJB3, vol. 2, no. 1, 2012.

[50] f. K. Liew, S. Hamdan, R. Rahman, and M. Rusop, "Thermomechanical Properties of Jute / Bamboo
Cellulose Composite and Its Hybrid Composites: The Effects of Treatment and Fiber Loading," Adv. Mater.
Sci. Eng., pp. 1-10, 2017. doi: 10.1155/2017/6327341.

[51] Z. K. Bagewadi, S. I. Mulla, and H. Z. Ninnekar, “Purification and characterization of endo-1,4-D-
glucanase from Trichoderma harzianum strain HZN11 and its application in production of bioethanol from
sweet sorghum bagasse,” 3 Biotech, vol. 6, no. 1, 2016. doi: 10.1007/s13205-016-0414-0.

[52] N. Rahnama, S. Mamat, Y. Shah, f. Ling, A. Rahman, and A. Ariff, "Effect of Alkali Pretreatment of Rice
Straw on Cellulase and Xylanase Production by Local Trichoderma harzianum SNRS3 under Solid State
Fermentation," BioResources, vol. 8, no. 2, pp. 2881-2896, 2013. doi: 10.15376/biores.8.2.2881-2896.

[53] D. Saravanan, S. N. S. Lakshmi, K. S. Raja, and N. S. Vasanthi, "Biopolishing of cotton fabric with fungal
cellulase and its effect on the morphology of cotton fibres," Indian J. Fibre Text. Res., vol. 38, pp. 156-160,
2013.

[54] Y. f. He, Y. Z. Pang, Y. P. Liu, X. J. Li, and K. S. Wang, “Physicochemical characterization of rice straw
pretreated with sodium hydroxide in the solid state for enhancing biogas production,” Energy & Fuels, vol.
22, pp. 2775-2781, 2008. doi: 10.1021/ef800169n.

[55] C. Driemeier, W. D. Santos, and M. S. Buckeridge, “Cellulose crystals in sugarcane culms: orientation,
size, distortion, and variability,” Cellulose, vol. 19, pp. 1507-1515, 2012. doi: 10.1007/s10570-012-9742-9.

[56] V. T. d. O. Santos, “Role of hemicellulose removal during dilute acid pretreatment on the cellulose
accessibility and enzymatic hydrolysis of compositionally diverse sugarcane hybrids,” Industrial Crops and
Products, vol. 111, pp. 722-729, 2018. doi: 10.1016/j.indcrop.2017.11.043.

[57] M. Irfan, M. Nadeem, Q. Syed, and J. I. Qazi, “Statistical optimization of dilute acid pretreatment of pinus
needles to be used as substrate for biofuel production,” Energy Sources Part A, vol. 38, pp. 1983-1992, 2016.
doi: 10.1080/15567036.2015.1030013.

[58] I. B. W. Gunam, Y. Setiyo, N. S. Antara, I. M. M. Wijaya, I. W. Arnata, and I. W. W. P. Putra, “Enhanced
delignification of corn straw with alkaline pretreatment at mild temperature,” Rasayan Journal of Chemistry,
vol. 13, pp. 1022-1029, 2020. doi: 10.31788/RJC.2020.1325608.

124



Hamdan, N.T Journal of Energy Sustainability and Economics 2 (2026) 108-125

[59] J. Singh, A. Sharma, P. Sharma, S. Singh, D. Das, G. Chawla, A. Singha, and L. Nain, "Valorization of jute
(Corchorus sp.) biomass for bioethanol production," Biomass Convers. Biorefin., vol. 10, pp. 1-12, 2020.
doi: 10.1007/s13399-020-00713-w.

[60] M. C. Espirito S., A. O. K. Aissata, V. O. A. P. Vanessa, T. T. Force, J. M. G. José, A. Alberto, L. E. E.
Luis, f. E. G. G. f. rancisco, R. d. Eduardo, and P. Igor, "Leaves from four different sugarcane varieties as
potential renewable feedstocks for second-generation ethanol production: Pretreatments, chemical
composition, physical structure, and enzymatic hydrolysis yields," Biocatal. Agric. Biotechnol., vol. 45, pp.
1-12, 2022. doi: 10.1016/j.bcab.2022.102528.

[61] M. Ghazanfar, M. Nadeem, H. A. Shakir, M. Khan, I. Ahmad, M. f. ranco, L. Chen, and M. Irfan,
“Valorization of Bombax ceiba waste into Bioethanol Production through Separate Hydrolysis and
Fermentation and Simultaneous Saccharification and Fermentation,” Fermentation, vol. 8, p. 386, 2022. doi:
10.3390/fermentation8080386.

[62] M. Poletto, V. Pistor, M. Zeni, and A. J. Zattera, "Crystalline properties and decomposition Kinetics of
cellulose fibers in wood pulp obtained by two pulping processes,” Polym. Degrad. Stab., vol. 96, no. 4, pp.
679-685, 2011. doi: 10.1016/j.polymdegradstab.2011.01.012.

[63] H. Suryadi, Sutriyo, H. R. Sari, and D. Rosikhoh, "Preparation of Microcrystalline Cellulose from Water
Hyacinth Powder by Enzymatic Hydrolysis Cellulase of Local Isolate,” J. Young Pharm., vol. 9, no. 1, pp.
§19-s23, 2017. doi: 10.5530/jyp.2017.9s.5.

[64] N. T. Hamdan, “Investigation of Crystallinity characterization of bamboo fibers using Xylanase from
Aspergillus nidulans,” Systematic Reviews in Pharmacy, vol. 11, pp. 6-9, 2020. doi: 10.31838/srp.2020.10.2.

[65] K. Kusmiyati, S. T. Anarki, S. W. Nugroho, R. Widiastutik, and H. Hadiyanto, "Effect of dilute acid and
alkaline pretreatments on enzymatic saccharification of palm tree trunk waste for bioethanol production,"
Bull. Chem. React. Eng. Catal., vol. 14, pp. 705-714, 2019. doi: 10.9767/bcrec.14.3.5042.705-714.

[66] O. C. Chukwuma, C. G. Ozoegwu, S. O. Enibe, and C. H. Achebe, "Microstructural and morphological
characterization of pretreated lignocellulosic biomass for bioethanol production using Scanning Electron
Microscopy," Renewable Energy Focus, vol. 52, pp. 101-115, 2025. doi: 10.1016/j.ref.2024.11.002.

[67] S. Rulianah, P. Puspitasari, A. Wahyudi, and D. Prayitno, "Surface morphology and elemental composition
analysis of waste-derived catalysts for sustainable biofuel synthesis via SEM-EDX," Journal of Cleaner
Production, vol. 435, Art. no. 140221, 2025. doi: 10.1016/j.jclepro.2024.140221.

125



