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Abstract. To support the 2060 Net Zero Emission (NZE) target under the Paris Agreement, increasing the proportion of bioethanol blends to 20-30% 
has become a national priority. However, limited sugarcane-derived bioethanol production in Indonesia highlights the urgent need for alternative 
biomass sources. Pennisetum purpureum cv. Thailand (Pakchong grass) presents a promising candidate due to its high biomass yield, low lignin content, 
and adaptability. This study aims to optimize the bioethanol production process from Pakchong grass through pretreatment, enzymatic 
saccharification, and fermentation, utilizing a modified simultaneous saccharification and fermentation (SSF) scheme. Pretreatment optimization using 
NaOH (1-5%) revealed that 5% NaOH for 15 minutes effectively removed up to 70% lignin and 78% hemicellulose while retaining 66% cellulose. 
Enzymatic saccharification using 10 g/L cellulase for 5 days yielded 76.18% glucose conversion without requiring costly additives. Bioethanol 
fermentation was conducted using six fermentation schemes involving simultaneous (SSF), fed-batch (FSSF), and pre-saccharification strategies 
(PSFF). Among them, the two-feed FSSF (SE2) produced the highest ethanol yield (32 g/L, 95.41% efficiency), outperforming both conventional SSF 
(SE1) and PSFF variants. The findings emphasize the importance of synchronizing enzymatic hydrolysis with yeast metabolic activity. This work 
demonstrates the feasibility of integrated pretreatment and fermentation strategies for bioethanol production from Pakchong grass, offering insights 
for scalable and cost-effective renewable fuel development in tropical regions. 
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1.  Introduction 

The Net Zero Emission (NZE) 2060 policy under the Paris 
Agreement targets a bioethanol blending ratio of 20-30% (IEA, 
2022). Indonesia has shown progress through the launch of 
Pertamax Green 95 (E5) in Surabaya and Jakarta in 2023 
(Kumparan, 2023). The Ministry of Energy and Mineral 
Resources (ESDM) of Indonesia has set a goal to raise 
bioethanol blending to 10% by 2029 (Presidential Decree, 2023). 
Achieving this will require approximately 7.3 million kL of 
ethanol, equivalent to 1.37 million hectares of sugarcane 
plantations. However, existing sugarcane plantations only 
produce 40,000 kL per year, representing just 0.55% of the 2029 
target (IESR, 2024). 

To mitigate the risks associated with land-use change and 
monoculture expansion, biomass diversification is crucial. One 
promising alternative is Pakchong grass, which offers high 
productivity and adaptability. Its dry matter yield can reach 438-
500 tons ha-1 yr-1, exhibiting superior physical characteristics 
(Ernawati et al., 2023). As a feedstock, it contains 36-42% 
cellulose, 19-28% hemicellulose, and 6-12% lignin 
(Loedkunchotipat et al., 2015; Lounglawan et al., 2014; Pensri et 
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al., 2016; Rengsirikul et al., 2013). The relatively low lignin 
content facilitates enzymatic hydrolysis, with theoretical yields 
of 27-31.5% glucose and 9.5-14% xylose (Rahardjo et al., 2021). 

Bioethanol production utilizes microbes that ferment sugars 
into ethanol (Boonchuay et al., 2021). The efficiency of the 
fermentation process is significantly influenced by the fiber 
structure and the fermentable sugar content of Pakchong grass 
(Kongkeitkajorn et al., 2021). In this biomass, cellulose and 
hemicellulose fibers are surrounded by lignin, which inhibits 
enzymatic hydrolysis. Therefore, pretreatment is required to 
reduce lignin content. Pensri et al. (2016) reported that NaOH 
pretreatment reduced lignin content by up to 86.1%, leaving 
76.3% cellulose. However, the associated structural and 
morphological changes remain insufficiently characterized. 

Hydrolysis and fermentation can be conducted separately 
(SHF) or simultaneously (SSF). The SHF method is less efficient 
due to longer processing times, higher inhibition, and additional 
operational steps (Olofsson et al., 2008). Conversely, SSF 
mitigates enzyme inhibition and improves process efficiency but 
requires microbes with a wider temperature tolerance (Balat, 
2011). Afedzi & Parakulsuksatid (2023) reviewed four SSF 
modifications: pre-SSF (PSSF), fed-batch SSF (FSSF), semi-
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continuous SSF (SFSS), and co-fermentation SSF (SSCF). 
Among these, FSSF offers high productivity with lower energy 
demand. The optimization of modified SSF methods has been 
widely explored in recent studies using diverse lignocellulosic 
feedstocks, including oil palm empty fruit bunch (Prasetyo et al., 
2025) and sugarcane bagasse (Gao et al., 2018). In this study, 
pre-saccharification and fed-batch fermentation (PSFF) was 
developed to sequentially optimize each stage of the 
fermentation. 

Given Indonesia’s abundant grass biomass, this study 
focuses on optimizing Pakchong grass conversion for ethanol 
production. The optimization process will be conducted in 
stages by evaluating: (i) biomass composition of Pakchong grass 
after pretreatment; (ii) periodic changes in glucose 
concentration during saccharification; and (iiii) efficiency of 
PSFF and FSSF fermentation schemes in ethanol production. 

2.  Method 

2.1 Materials 

Pakchong grass (Pennisetum purpureum cv. Thailand), both 
leaf and stem parts, was harvested 40, 50, and 60 days after 
planting from a field in Blarang Village, Tutur District, Pasuruan 
Regency, East Jawa (7°55'04.3"S 112°48'59.9"E). The samples 
were stored under refrigeration at 4°C. 

Chemicals used in this study included sodium hydroxide, 
98% sulfuric acid, sodium acetate, acetic acid, D(+)-glucose 
anhydrous, all obtained from Merck, Germany. The glucose 
reagent (GOD-PAP) was purchased from Faslab Diagnostics 
Ltd., Austria and its compositions included phosphate buffer 
(100 mmol/L), glucose oxidase (>7 U/mL), peroxidase (>0.14 
U/mL), phenol (5 mmol/L), and 4-aminoantipyrine (0.5 
mmol/L). The cellulase enzyme (10,639 U/g) was sourced from 
Xi’an Best Bio-Tech Co., Ltd. (Shaanxi, China), and 
Saccharomyces cerevisiae (ATCC 9763, 5×108 cfu/mL) from 
AGAVI Lab (Bandung, Indonesia). Potato dextrose agar (PDA) 
medium (agar 15 g/L, dextrose 20 g/L, and potato extract, 4 
g/L) was obtained from Merck, Germany. An overview of the 
optimization process for feedstock selection, pretreatment, 
saccharification, and fermentation is illustrated in Figure 1. 

2.2 Biomass Feedstock Selection 

Pakchong grass was categorized based on plant age (40, 50, 
and 60 days) and plant part (leaf and stem). The grass was 

chopped into 5 mm pieces and oven-dried at 90°C for 5 hours 
for leaves and 11 hours for stems. Selection was conducted 
based on cellulose, hemicellulose, and lignin content, 
determined using the sequential fractionation method of 
Chesson-Datta as illustrated in Figure 2 (Datta, 1981). All 
measurements were performed in triplicate to ensure statistical 
reliability. 

2.3 Optimization of Alkali Pretreatment 

Before pretreatment, Pakchong grass was chopped to a 
particle size of approximately 5 mm and oven-dried at 90°C for 
5 hours. Pretreatment was performed on 15 g of dried grass 
using NaOH solutions at 1%, 3%, and 5% (w/v), prepared in 
distilled water to a total volume of 400 mL. The samples were 
autoclaved at 120°C for 15 minutes, then washed eight times 
with distilled water and oven-dried. 

A portion of each pretreated sample was analyzed using the 
Chesson-Datta method to determine the lignocellulosic 
composition. All measurements were performed in triplicate. 
The sample with the most favorable composition was further 
characterized using SEM, XRD, and FTIR. The effectiveness of 
alkali pretreatment was evaluated based on cellulose recovery, 
hemicellulose removal, lignin removal, and the cellulose-to-

 
Fig 1. Overall optimization scheme for bioethanol production from Pakchong grass, involving biomass feedstock selection, pretreatment, 

saccharification, and fermentation optimization. 

 

 
Fig 2. Sequential fractionation of lignocellulose polysaccharides 

(Datta, 1981). 
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lignin ratio, calculated from the recovered composition and 
mass after pretreatment. 

2.4 Optimization of Cellulose Saccharification 

The saccharification process was evaluated based on 
glucose release over time and cellulose-to-glucose conversion 
efficiency. A total of 1 g of delignified Pakchong grass was 
suspended in 10 mL of 1.0 M acetate buffer at pH 5.0. 
Commercial cellulase enzyme was added at a concentration of 
5, 10, and 15 g/L. The mixture was incubated at 50°C on a 
hotplate magnetic stirrer and manually stirred every 6 hours for 
5 days without pH control. Every 6 hours, 1 mL of hydrolysate 
was withdrawn and stored at 4°C for analysis. 

Glucose concentration was determined using the GOD-PAP 
method. A calibration curve was prepared beforehand, as 
shown in Figure 3. The hydrolysate samples were centrifuged at 
4000 rpm for one hour. Since the upper quantification limit of 
the glucose oxidase reagent was ten times higher than the 
sample concentration, the supernatants were diluted tenfold 
before measurement at 505 nm using a UV-Vis 
spectrophotometer. All analyses were conducted in triplicate to 
ensure statistical robustness. 

Saccharification efficiency was calculated by comparing the 
experimental and theoretical conversion of cellulose to glucose. 
Based on the stoichiometry of cellulose hydrolysis (Equation 1): 
 
(𝐶6𝐻10𝑂5)𝑛 + 𝑛𝐻2𝑂 → 𝑛𝐶6𝐻12𝑂6    (1) 
 

According to this reaction, 1 mole of cellulose yields 1 mole 
of glucose. Therefore, the theoretical maximum yield of glucose 
from 1 g of cellulose is 1.111 g. Cellulose-to-glucose conversion 
efficiency was calculated using Equation 2. 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 (𝑔)

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑔) × 1.111
× 100%  (2) 

2.5 Optimization of Bioethanol Fermentation 

Saccharomyces cerevisiae (5×108 cfu/mL) was pre-cultured 
aerobically on PDA at 30°C for 48 hours. The optimal conditions 
obtained from the delignification and saccharification were 
replicated in the fermentation stage to determine the most 
effective scheme for converting Pakchong grass into ethanol. 
Optimization was carried out by varying fermentation schemes, 
feeding strategi es, and microbial ratios, with performance 

evaluated based on ethanol concentration and conversion 
efficiency. 

Glass vials (50 mL) were used as small-scale reactors. The 
yeast culture was diluted to 5×104 cfu/mL in 50 mM acetate 
buffer solution (pH 4.8), following Yasuda et al. (2014). 
Fermentation was performed under two schemes, PSFF and 
FSSF, both designed for ethanol production. 

In the PSFF scheme, saccharification was conducted first 
using the optimal cellulase concentration determined 
previously. After 4 days, additional substrate was added in 
varying amounts within the same reactor before initiating 
fermentation. In contrast, FSSF involved simultaneous 
saccharification and fermentation. Details of all six fermentation 
variations are listed in Table 1, including:  

(i) SE1, basic SSF with single-dose substrate and enzyme, 
fermented for 7 days;  

(ii) SE2, FSSF with substrate and enzyme split into two equal 
portions at 0 and 24 hours, then fermented for 6 more days; 

(iii) SE3, FSSF with three feedings at 0, 24, and 48 hours, 
followed by 5 days of fermentation; 

(iv) S1, PSFF with pre-saccharification for 4 days, followed by 3 
days of fermentation; 

(v) S2, PSFF with substrate fed in two equal portions at 0 and 
24 hours, pre-saccharified for 3 days, then fermented for 3 
more days; 

(vi) S3. PSFF with three feedings at 0, 24, and 48 hours, 
hydrolyzed for 2 days, then fermented for 3 days.  

Ethanol content was measured using a glass alcoholometer 
(Alla France, N Tralles, calibrated at 20°C).  Samples were first 
distilled (AOAC/TTB distillation procedure) to separate ethanol 
from non-volatile solutes. The distillate was allowed to reach the 
hydrometer’s calibrated temperature. Each analysis was carried 
out in triplicate to ensure reproducibility. The conversion 
efficiency is calculated based on the molar mass values of 
glucose (180 g/mol) and ethanol (46 g/mol). The glucose 
fermentation reaction is shown in Equation (3): 

 
𝐶6𝐻12𝑂6 → 2𝐶2𝐻5𝑂𝐻 + 2𝐶𝑂2    (3) 
 

According to this reaction, 1 mole of glucose will be 
converted into 2 moles of ethanol. Thus, theoretically every 1 g 
of glucose can produce a maximum mass of ethanol of 0.511 g. 
Therefore, the calculation of the efficiency of converting glucose 
into ethanol is as follows: 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑔)

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑔) × 0.511
× 100%  (4) 

 

 
Fig 3. Calibration curve for glucose determination using the 

GOD-PAP method measured by UV-Vis spectroscopy. 

 

Table 1 
Composition of the FSSF and PSFF fermentation scheme 
variations 

Fermentation 
scheme 

Substrate 
(g) 

Enzyme (g) Yeast 
(mL) 

FSSF SE1 6 0.50 2 

SE2 2×3 2×0.25 2 

SE3 3×2 3×0.167 2 

PSFF S1 6 0.50 2 

S2 2×3 0.50 2 

S3 3×2 0.50 2 
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3. Results and Discussion 

3.1 Biomass Characteristics of Pakchong Grass 

Pakchong grass exhibits different characteristics between its 
leaf and stem fractions. However, variations in harvest age did 
not significantly affect overall moisture content. The percentage 
of remaining solid mass of stem and leaf samples during oven 
drying is shown in Figure 4. Based on the data in Table 2, 
moisture content tended to decrease as the plants matured. In 
general, the moisture content of grasses exceeds 60% (Ernawati 
et al., 2023), resulting in relatively low dry mass yields. The 
leaves of Pakchong grass had a higher dry mass than the stems. 

In this study, Pakchong grass was dominated by 
hemicellulose, differing from previous reports that identified 
cellulose as the major component (Manokhoon & 
Rangseesuriyachai, 2020; Pensri et al., 2016; Phitsuwan et al., 
2016). However, those studies did not specify the plant parts or 
harvest ages of their samples. A biogasification study on 
Pakchong grass harvested at 35-55 days showed a similar 
pattern to this research, with hemicellulose as the predominant 
fraction (Chanpla et al., 2018). 

The leaves of Pakchong grass demonstrated better 
characteristics compared to the stems, with higher cellulose and 
lower lignin content. Evidence of lignification was observed at 
60 days, marked by a significant increase in lignin levels. 
Biomass that has undergone lignification is less suitable for 
bioethanol production due to reduced saccharification 
efficiency (Kongkeitkajorn et al., 2021). Considering its high 
cellulose content and low lignin level, leaves harvested at 40 
days were selected as the feedstock for subsequent processes. 

3.2 Effect of Alkali Pretreatment on Chemical Composition of 
Pakchong Grass 

The lignocellulosic composition of Pakchong grass after 
alkali pretreatment is shown in Figure 5. Cellulose content 
increased significantly with higher NaOH concentrations, from 
39.52% in untreated biomass to 64.63% after 5% NaOH 
treatment. Hemicellulose content decreased from 44.98% to 
24.58%, while lignin content declined slightly from 13.74% to 
10.27%. 

 
Fig 4. Percentage of remaining solid mass of stem and leaf samples at different plant ages (40, 50, and 60 days) during oven drying and visual 

appearance of leaf and stem samples after drying. 
 
 

Table 2 
Moisture and lignocellulosic composition (cellulose, hemicellulose, and lignin) of Pakchong grass leaves and stems across harvest ages of 40, 50, 
60 days 

Section Age (days) Moisture (%) Cellulose (%) Hemicellulose (%) Lignin (%) 

Leaf 40 77.00 39.52 44.97 13.74 

50 76.29 32.22 48.66 16.51 

60 65.71 24.05 51.02 21.58 

Stem 40 87.13 31.14 49.49 17.32 

50 83.67 21.43 58.13 18.90 

60 76.07 17.88 49.46 31.72 
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As presented in Table 3, pretreatment with 3% and 5% 
NaOH removed more than 50% of the dry mass, leaving 48.71% 
and 40.47% of it, respectively. Although about half of the mass 
was lost, the relatively stable cellulose content during 
pretreatment suggests that NaOH selectively removed lignin 
and hemicellulose without significant cellulose degradation. 

Lignin removal exceeded 50% when using at least 3% 
NaOH, indicating effective delignification and an overall 
improvement in biomass quality compared to untreated 
samples. Among all treatments, 5% NaOH achieved the highest 
lignin removal while maintaining cellulose recovery similar to 
3% NaOH. While the 5% NaOH treatment caused a decrease of 
8.24% in solid recovery and 3.3% in cellulose recovery, it 
improved hemicellulose and lignin removal to 11.15% and 
13.37%, yielding a cellulose-to-lignin ratio of 6.28. 

According to Table 4, Pensri et al. (2016) achieved the 
highest lignin removal (89.9%) and the highest cellulose 
recovery (85%) using 3% NaOH at 121°C for 60 minutes, which 
is relatively longer than this study. Manokhoon & 
Rangseesuriyachai (2020) also obtained good delignification 
(80.3%) with moderate cellulose recovery under similar 
conditions. Minmunin et al. (2015) reported high solid recovery 
(76.5%) and cellulose recovery (79.7%) using 5.5% NaOH at 
70°C for 2 hours, but lignin removal was only 53.4% 
demonstrating a trade-off between yield and delignification. 

In contrast, this study achieved 69.75% lignin removal 
within only 15 minutes at 120°C, with moderate solid recovery 
(40.5%) and cellulose recovery (65.4%), representing a practical 
balance between speed and selectivity. The short pretreatment 
duration offers a clear advantage by reducing energy 
consumption and process bottlenecks. For comparison, 
Camesasca et al. (2015) used a two-stage acid-alkali 
pretreatment lasting 7 hours, achieving similar lignin removal 
(68.9%) but at the expense of longer processing and higher 
chemical usage. 

3.3 Effect of Alkali Pretreatment on Functional Groups  

FTIR characterization was conducted to identify changes in 
lignocellulose-related bond signals. Spectra within the 
wavenumber range of 500-4000 cm-1 were analyzed to 
determine the functional groups in the samples before and after 
pretreatment. The spectra are shown in Figure 6 and the 
corresponding band assignments are summarized in Table 5. 

The peaks at 3342 cm-1 and 2919-2852 cm-1 correspond to 
O-H and aliphatic C-H stretching vibrations, primarily derived 
from cellulose and hemicellulose. These peaks remained 
prominent across all pretreated samples, consistent with the 
composition of pretreated grass in Figure 5, which shows similar 
sum of cellulose and hemicellulose content after pretreatment.  

 
Fig 5. Lignocellulosic composition before and after alkali pretreatment and visual appearance of pretreated leaf samples of Pakchong grass. 

 

 

Table 3 
Lignocellulosic composition of alkali pretreated Pakchong grass based on remaining solids after pretreatment 

NaOH concentration 
(% w/v) 

Solid recovery 
(%) 

Cellulose recovery 
(%) 

Hemicellulose removal 
(%) 

Lignin removal 
(%) 

Cellulose/Lignin 

1 85.08 99.10 23.08 25.42 3.82 

3 48.71 69.46 66.73 56.38 4.58 

5 40.47 66.18 77.88 69.75 6.28 
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Carbonyl stretching peaks at 1745, 1725, and 1630  
cm-1, typically associated with acetyl side chains of 
hemicellulose and the aromatic structure of lignin (Faix, 1991; 
Pandey & Pitman, 2003), were most intense in the untreated 
sample. Their significant decline after 3% and 5% NaOH 
pretreatment indicates substantial removal of hemicellulose and 
lignin. 

Similarly, the 1515 cm-1 peak (aromatic C-H in-plane 
bending) and the 1240 cm-1 band (C-O stretching of ether bonds 
in lignin and ester groups in hemicellulose) (Sun et al., 2000) 
both decreased with increasing NaOH concentration. The 
greater reduction in the 3% and 5% NaOH samples compared 
to 1% further supports enhanced delignification at higher alkali 
level.  

A clear decline in intensity was also observed at 1031 cm-1, 
linked to aromatic skeletal vibrations of lignin (Bergamasco et 
al., 2023), reflecting a consistent reduction in lignin content 
from untreated to 5% NaOH-treated samples. Meanwhile, the 
896 cm-1 band, assigned to β-glycosidic C-O-C linkages in 
cellulose and hemicellulose (Xie et al., 2010), remained 
relatively unchanged, indicating preservation of carbohydrate 
structure. 

In summary, pretreatment with 3% and 5% NaOH 
effectively reduced lignin and hemicellulose-related functional 
groups while preserving cellulose integrity. These spectral 
trends are consistent with the Chesson-Datta compositional 

data and confirm that delignification was most effective at 
higher NaOH concentrations. However, some functional groups 
(e.g., cellulose vs hemicellulose O-H or C-O signals) have 
overlapping peaks and cannot be fully resolved by FTIR alone, 
which is a common limitation in biomass (Kacuráková & Wilson, 
2001; Schwanninger et al., 2004). 

3.4 Effect of Alkali Pretreatment on Cellulose Crystallinity  

XRD analysis was conducted to identify the presence and 
structural changes of cellulose and hemicellulose in Pakchong 
grass before and after alkali pretreatment. The diffraction 
patterns and variations in relative intensity ratios between 
cellulose and hemicellulose peaks at different NaOH 
concentrations are shown in Figure 7. As shown in Figure 7(a), 
four main diffraction peaks were observed: 15.0° and 22.5°, 
corresponding to the amorphous and crystalline regions of 
cellulose; and 18.2° and 24.3°, associated with hemicellulose-
rich amorphous domains (Meraj et al., 2024). 

Changes in the relative intensities of these peaks (Figure 
7(b)) quantitatively reflect structural modifications in the 
lignocellulosic matrix due to pretreatment. The increasing peak 
ratio with higher NaOH concentrations indicates effective 
hemicellulose removal without significant cellulose loss. This 
trend aligns with the compositional results obtained using the 
Chesson-Datta method. 

Table 4 
Comparison of lignocellulosic composition and removal/recovery ratios of pretreated Pakchong grass with previous studies. Parameters shown 
include cellulose (Cel), hemicellulose (Hem), and lignin (Lig) content before and after pretreatment, as well as solid recovery (SR), cellulose recovery 
(CR), hemicellulose removal (HR), lignin removal (LR), and cellulose-to-lignin ratio (C/L). 

Pretreatment Untreated composition 
(%) 

Pretreated composition 
(%) 

Removal or recovery ratio (%) Reference 

Cel Hem Lig Cel Hem Lig SR CR HR LR C/L 

5% NaOH at 120°C for 15 min 40.2 45.8 14.0 65.0 24.7 10.3 40.5 65.4 78.2 70.1 6.3 This work 

3% NaOH at 121°C for 60 min 55.6 16.3 28.1 81.9 4.2 13.9 39.9 58.7 89.7 80.3 5.9 Manokhoon 
et al, 2020 

3% NaOH at 121°C for 60 min 57.1 33.5 9.4 85.0 12.4 2.6 36.7 54.7 86.5 89.9 32.9 Pensri et al, 
2016 

1.5% H2SO4 at 121°C for 60 
min and followed by 2% 

NaOH at 80°C for 6 h 

44.1 22.6 33.3 63.7 11.0 25.3 41.0 59.3 80.1 68.9 2.5 Camesasca 
et al, 2015 

5.5% NaOH at 70°C for 2 hr 65.3 25.8 8.9 68.1 26.5 5.4 76.5 79.7 21.3 53.4 12.6 Minmunin 
et al, 2015 

 

 

 
 

Figure 6. FTIR spectra of Pakchong grass before and after alkaline pretreatment and corresponding functional groups 
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To further assess the impact of pretreatment on enzymatic 
accessibility, the crystallinity index (CrI) was calculated and 
shown in Figure 7(c). Cellulose with high crystallinity typically 
resists enzymatic hydrolysis due to its dense crystalline regions, 
whereas decreased crystallinity enhances porosity and enzyme 

accessibility (Manokhoon & Rangseesuriyachai, 2020).  
In this study, the CrI of untreated grass was 41.8% and 

remained nearly unchanged after 1% NaOH pretreatment 
(41.9%). A notable decrease occurred at 3% NaOH (38.41%), 
followed by a further reduction to 34.28% at 5%. These results 
confirm that NaOH concentrations ≥3% effectively disrupted 
the crystalline structure of cellulose, improving its susceptibility 
to enzymatic hydrolysis in saccharification process. 

3.5 Effect of Alkali Pretreatment on Morphological Structure  

The morphological changes in Pakchong grass before and 
after alkali pretreatment are illustrated in Figure 8. In the 
untreated sample, the surface appeared compact, with cellulose 
fibers tightly encapsulated within a hemicellulose-lignin matrix. 
This structure represents the native integrity of lignocellulose 
biomass, where components are strongly interlinked.  

After pretreatment, particularly at NaOH concentrations 
≥3%, the surface morphology changed significantly. At 750× 
magnification, the fibers appeared more porous and 
fragmented, with lignin disrupted and unevenly distributed. The 

loss of the hemicellulose-lignin binding matrix indicates that 
alkaline treatment successfully released hemicellulose and 
lignin fractions from cellulose. 

Higher magnification (5000×) of SEM images in Figure 9 
revealed detailed lignin structural changes across treatments. In 

 
Fig 7. (a) XRD patterns of Pakchong grass before and after alkaline pretreatment and changes in (b) cellulose-to-hemicellulose intensity ratio 
with NaOH concentration as well as (c) cellulose crystallinity index before and after alkaline pretreatment with varying NaOH concentrations. 

 

 

Table 5 
Identification of vibration modes and corresponding components in the FTIR spectra of Pakchong grass as reported in previous studies 

No. Wavenumber (cm-1) Vibration mode Components 

1 3342 O-H stretching Cellulose+, hemicellulose+, lignin 

2 2919, 2852 C-H stretching Cellulose+, hemicellulose+, lignin 

3 1725, 1745, 1630 C=O stretching Hemicellulose, lignin+ 

4 1515 C-H in-plane bending Lignin 

5 1240 C-O stretching Lignin 

6 1031 aromatic C-H in-plane deformation Cellulose, lignin+ 

7 896 C-O-C stretching Cellulose, hemicellulose 

Source: (Cheng et al., 2016; Lara-Serrano et al., 2019; Lun et al., 2017; Meraj et al., 2024; Raspolli Galletti et al., 2015; Zhuang et al., 2020) 

 

 
Fig 8. SEM images of Pakchong grass at 750× magnification: (a) 
untreated; and pretreated with (b) 1% NaOH, (c) 3% NaOH, and 

(d) 5% NaOH. 
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untreated samples, lignin appeared as interwoven strands, 
indicating its association with hemicellulose in the lignin-
hemicellulose complex (Tarasov et al., 2018). The illustration in 
Figure 9 (right) shows that with 1% NaOH treatment, the 
hemicellulose layer surrounding lignin began to thin. With 3% 
NaOH pretreatment, lignin started to become exposed, and at 
5% NaOH concentration, the lignin structure began to break 
down. These changes opened up access for cellulase enzymes 
to more easily penetrate the lignin layer and reach the cellulose 
during the saccharification process. 

3.6 Effect of Cellulase Concentration on Glucose Production 

Based on the stoichiometry of cellulose hydrolysis, 1 g of 
cellulose theoretically yields 1.111 g of glucose. In this study, 1 
g of NaOH-pretreated Pakchong grass contained 0.6463 g 
cellulose, with a maximum theoretical glucose yield of 0.7181 g 
(71.81 g/L) in 10 mL solution. As shown in Figure 10, hydrolysis 
dynamics varied with cellulase concentration.  

According to Table 6, at 5 g/L cellulase, saccharification 
followed a linear trend with an average rate of 0.1797 g/L per 
hour, reaching 43.42% of the theoretical yield. However, the 
relatively low conversion efficiency suggests that this enzyme 
dosage was insufficient to complete hydrolysis. At 10 g/L 
cellulase, glucose accumulation displayed a reversed 
exponential slowdown during the first 100 hours. The initially 
high glucose concentration likely caused product inhibition, as 
limited stirring (every six hours) allowed glucose to accumulate 
around cellulose particles, hindering enzyme access (Shadbahr 
et al., 2017). After 108 hours, glucose levels increased 

significantly, reaching 54.7 g/L or 76.18% of the theoretical 
yield, once diffusion redistributed the glucose and reduced local 
inhibition effects. 

Meanwhile, at 15 g/L cellulase, a similar slowdown was 
observed during the initial 80 hours. Although this treatment 
produced a 2.8% higher yield than 10 g/L, the 50% increase in 
enzyme use made it less efficient from a cost standpoint. Thus, 
a dosage of 10 g/L cellulase (7.15 FPU or 10.79 FPU/g) for five 

 
Fig 9. SEM images of Pakchong grass at 5000× magnification: (a) untreated; and pretreated with (b) 1% NaOH, (c) 3% NaOH, and (d) 5% 

NaOH 

 

 

Table 6 
Glucose concentration and saccharification efficiency of cellulose from Pakchong grass at different cellulase concentrations 

Cellulase concentration 
(g/L) 

Glucose concentration 
(g/L) 

Saccharification rate 
(g/L/h) 

Glucose yield 
(g/g biomass) 

Conversion efficiency (%) 

5 31.177 0.17970 0.3114 43.416 

10 54.703 0.30646 0.5469 76.177 

15 56.723 0.42933 0.5671 78.990 

 

 
Fig 10. Time-dependent glucose concentration during 
saccharification with cellulase concentrations of 5 g/L, 10 g/L, and 
15 g/L. 
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days was determined to be the optimal balance between yield 
and resource utilization, producing 546.9 mg glucose per g 
biomass. 

These findings are comparable with previous studies on 
lignocellulosic biomass. Pensri et al. (2016) reported 522 mg/g 
glucose yield using 50 FPU of cellulase at 10% total solids, while 
Kongkeitkajorn et al. (2021) obtained 70 g/L glucose using 40 
FPU/g at 15% total solids. Yasuda et al. (2014) achieved 67% 
saccharification efficiency using Acremonium cellulolyticus on 
LMAA-pretreated Napier grass, while Panakkal et al. (2022) 
reported a higher yield of 87.09% using Cellic® Ctec2 enzyme. 
Camesasca et al. (2015) further enhanced hydrolysis by adding 
β-glucosidase and PEG 6000, achieving 27 g/L glucose (45% 
conversion). Although higher yields were often achieved with 
more potent enzyme formulations or enzyme cocktails, the 
approach used in this study remains advantageous for its lower 
enzyme loading requirement and simplified process conditions. 

3.7 Optimum Fermentation Scheme 

Fermentation performance was evaluated based on ethanol 
concentration and efficiency relative to theoretical yield (Table 
7). Six fermentation strategies were tested, including single- and 
multi-feed variants of both FSSF and PSFF systems, with 
durations adjusted to match enzymatic hydrolysis dynamics 
(Figure 11) and yeast metabolic adaptation. 

The SE1 scheme, involving a single substrate and enzyme 
feeding followed by seven days of fermentation, produced the 
lowest ethanol concentration (11 g/L, 32.8% of theoretical). 
Despite its high initial enzyme and substrate loading, SE1 

showed clear glucose accumulation within the first 24 hours, 
likely causing osmotic stress in yeast adapting to anaerobic 
conditions (Chang et al., 2018). The imbalance between 
hydrolysis and fermentation rates also contributed to feedback 
inhibition on both yeast and enzyme activity (Hung et al., 2023, 
2025; Pendse et al., 2023). As a conventional SSF setup, SE1 was 
the least efficient due to poor synchronization between peak 
enzyme activity and yeast adaptation. 

In contrast, SE2, the two-feed FSSF variant (0 and 24 hours), 
achieved the highest ethanol concentration (32 g/L, 95.4% of 
theoretical). This configuration enabled gradual saccharification 
and fermentation, allowing yeast to adapt and maintain 
metabolic activity (Wang et al., 2013). Enzyme performance 
remained stable through balanced substrate availability and 
reduced local glucose accumulation (da Silva et al., 2020). This 
result also confirmed the compatibility of T. reesei-derived 
cellulase with S. cerevisiae fermentation at room temperature. 
The 24-hour feeding interval aligned with the period of fastest 
enzymatic hydrolysis and active yeast metabolism. 

Interestingly, SE3, which introduced three feedings (0, 24, 
and 48 hours), yielded lower ethanol levels (27.2 g/L, 81.1% 
efficiency) despite identical total enzyme and substrate 
amounts. This reduced yield is attributed to limited glucose 
during the yeast’s peak metabolic window (6-24 hours), thus 
limiting fermentation productivity (Hoyer et al., 2010). Since 
yeast cannot sustain maximum ethanol production indefinitely, 
extending feeding beyond this window likely reduced efficiency 
(Kottelat et al., 2021; Xiao et al., 2025). The decrease in yield 
may also reflect underutilized enzyme potential and early yeast 

 
Fig 11. Comparison of ethanol concentrations from PSFF and FSSF schemes with different feeding portions. 

 

Table 7 
Ethanol concentration and fermentation efficiency of Pakchong grass in different PSFF and FSSF fermentation schemes 

Fermentation scheme Ethanol concentration (g/L) Ethanol yield (g/g glucose) Conversion efficiency (%) 

FSSF SE1 11 0.167 32.79 

SE2 32 0.487 95.41 

SE3 21 0.320 62.61 

PSFF S1 16 0.244 47.70 

S2 24 0.366 71.56 

S3 28 0.426 83.48 
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deactivation when glucose supply becomes too diluted (Liu et 
al., 2016). 

For PSFF schemes, where pre-saccharification precedes 
fermentation, S1 achieved 50% higher ethanol concentration 
than SE1 (16.6 g/L vs. 11 g/L), confirming that pre-
saccharification in SSF significantly improves glucose 
availability and fermentation stability. S1 involved four days of 
hydrolysis followed by three days of fermentation. Residual 
enzymes in the reactor continued hydrolysis during 
fermentation, enhancing conversion (Hoyer et al., 2010). This 
suggests that partially decoupling hydrolysis from fermentation 
helps reduce osmotic stress while preserving enzymatic activity. 

The substrate-fed PSFF variants (S2 and S3) demonstrated 
progressively higher ethanol yields with increased feedings. S3, 
which applied three substrate additions (0, 24, and 48 hours) 
after two days of hydrolysis, achieved 28 g/L (83.5% efficiency). 
Unlike FSSF, PSFF variations only delayed substrate addition, 
without further enzyme feeding during fermentation, which is 
beneficial since excess free enzyme can inhibit yeast 
fermentation (Battista et al., 2019; Kristensen et al., 2009; 
Podkaminer et al., 2012). Gradual substrate feeding also 
reduced medium viscosity, ensuring smoother glucose release 
and minimizing fermentation bottlenecks (Fornazier et al., 
2025).  

Although S3 did not surpass SE2, its consistent yield 
improvement across feeding stages suggests strong potential for 
continuous fermentation optimization. These findings indicate 
that: (i) SE2 is optimal for batch or semi-batch configurations 
with limited enzyme and yeast; (ii) PSFF with multiple substrate 
feedings (S3) is more suitable for continuous fermentation 
systems; (iii) enzyme-only feeding does not enhance 
fermentation yield, while substrate-only feeding improves it 
without increasing enzyme cost; and (iv) yeast activity peaks 

between 6-24 hours post-inoculation, emphasizing the 
importance of precise glucose supply timing. 

In this study, the highest ethanol concentrations reached 32 
g/L under the FSSF scheme and 28 g/L under the PSFF 
scheme. Prasetyo et al. (2025) investigated oil palm empty fruit 
bunch and optimized each process similar to this study, 
achieving 40 g/L ethanol from both FSSF and PSSF. Gao et al. 
(2018) also applied process optimization using the PSFF scheme 
on sugarcane bagasse and obtained a higher yield of 75.57 g/L, 
mainly due to the favorable composition of the biomass. In 
comparison, Kongkeitkajorn et al. (2021) reported 28.5 g/L 
ethanol from Pakchong grass using a simple SSF scheme. These 
comparisons indicate that the PSFF modification can improve 
fermentation efficiency, although the ethanol yield remains 
strongly influenced by the characteristics of the biomass 
feedstock. 

The mass balance for ethanol production (Figure 12) was 
calculated from 1 kg of fresh Pakchong grass leaves (40 days). 
After pretreatment with 10 L of 5% NaOH, 404.7 g of solid 
biomass remained, containing 261.5 g cellulose. Based on a 
saccharification efficiency of 76.2% and theoretical conversion 
stoichiometry, this equates to 199.2 g glucose, corresponding to 
101.7 g theoretical ethanol. In the SE2 (FSSF) scheme, this 
yielded 97.1 g ethanol (95.4% efficiency), while S3 (PSFF) 
produced 84.97 g ethanol (83.5% efficiency). These correspond 
to process efficiencies of 23.99% (SE2) and 21.0% (S3), with 
overall efficiencies of 9.71% and 8.5%, respectively, when 
calculated per raw biomass (Table 8). 

While SE2 was more efficient under batch configuration, S3 
demonstrated better potential for scale-up due to its 
compatibility with continuous feeding and reduced yeast stress. 
The comparison between FSSF and PSFF schemes highlights 
the importance of synchronizing saccharification and 

 
Fig 12. The mass balance analysis for bioethanol production from Pakchong grass using the FSSF and PSFF schemes. 

 
 

Table 8 
Comparison of process and total efficiency between theoretical approach, FSSF, and PSFF fermentation scheme 

Simulation approach Fermentation efficiency (%) Total efficiency (%) 

Theoretical 36.68 14.85 

FSSF 23.99 9.71 

PSFF 20.99 8.50 
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fermentation timing, as well as how substrate feeding and 
enzyme dynamics collectively determine ethanol yield. 

4. Conclusion 

This study confirms Pakchong grass as a promising 
feedstock for bioethanol production through an integrated 
bioconversion strategy. Alkaline pretreatment with 5% NaOH 
for 15 minutes was optimal for enhancing cellulose accessibility 
while minimizing processing time. Enzymatic saccharification 
using 10 g/L cellulase for five days provided the highest glucose 
yield (76.18%), with higher enzyme doses offering minimal 
additional benefit. Among six fermentation schemes, the two-
feed FSSF (SE2) showed the best ethanol yield (32 g/L), 
achieving 95.41% of theoretical conversion and 23.99% process 
efficiency. In contrast, PSFF strategies such as S3 provided 
more stable fermentation under continuous substrate input, 
though with slightly lower yield. The findings highlight that 
yeast activity peaks within 6-24 hours post-inoculation, making 
timely glucose availability critical. Gradual substrate feeding 
proved more beneficial than combined enzyme-substrate 
feeding during fermentation. Future work should investigate 
scale-up scenarios for FSSF, explore enzymatic recycling, and 
assess continuous fermentation models to further improve 
economic and operational viability. 
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