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ARTICLE INFO ABSTRACT

Bioethanol production from lignocellulosic biomass is influenced by the

Article history effectiveness of the hydrolysis process in producing fermentable sugars.
Received April 04, 2026 This study aimed to compare the effects of acid hydrolysis and enzymatic
Revised August 14, 2026 hydrolysis on glucose conversion and bioethanol content produced from
Accepted August 18, 2026 cassava stems. Acid hydrolysis was carried out using H>SO: at

concentrations of 1 M, 2 M, and 3 M, while enzymatic hydrolysis used
varying enzyme dosages of 1 g, 2 g, and 3 g. The hydrolyzed sugars were

Keywords fermented with Saccharomyces cerevisiae, and the bioethanol was
Bioethanol separated by distillation and analyzed for its composition. All
Cassava stem experiments were conducted in triplicate, and data were analyzed using
Cellulase Welch's independent t-test. The results showed that enzymatic hydrolysis
Hydrolysis produced higher glucose concentration and glucose conversion after
Sulfuric Acid fermentation than acid hydrolysis. However, acid hydrolysis produced a

significantly higher bioethanol content (78-90+2%) than enzymatic
hydrolysis (10-28+1%) (p = 0.002). These findings indicate that under
the operating conditions used, acid hydrolysis is more effective at
producing bioethanol, whereas enzymatic hydrolysis is more effective at
producing fermentable sugars. This study concluded that the hydrolysis
method influences glucose conversion and bioethanol yield. Further
research is needed to optimize enzymatic hydrolysis, fermentation, and
distillation conditions and evaluate the combination of acid pretreatment
and enzymatic hydrolysis to increase bioethanol production.

This is an open access article under the CC—BY-SA license.

1. Introduction

According to data from the Ministry of Energy and Mineral Resources (ESDM), fuel oil (BBM),
especially the government-subsidized variety, has continued to increase annually. In 2020, the amount
was 18.14 million kiloliters, and it grew to 29.68 million kiloliters in 2022. This could lead to a
shortage of fossil fuels [1]. Therefore, Indonesia needs to switch to more environmentally friendly
renewable energy sources, such as bioethanol, to reduce dependence on fossil fuels and promote
sustainable development. Bioethanol is alcohol from plant-based materials or agricultural waste [2],
[3]. These materials are fermented to produce bioethanol, which converts carbohydrates such as starch,
sugar, and cellulose into alcohol [4]. Bioethanol has excellent development potential in Indonesia
because the country has abundant raw materials for its production. Bioethanol can be made from
several biomass products, including palm, cassava, corn stover, nipah, sago, sugarcane, cocoa husk
waste, and sorghum [1], [S]. Although the production cost of bioethanol from agricultural raw
materials may be higher than that of fossil fuels, government incentives and technological
improvements can help reduce these costs. Applying appropriate technology can reduce the
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production cost of bioethanol. This makes bioethanol an increasingly attractive option in the context
of renewable energy [6].

According to 2019 BPS statistics, cassava production centers are spread across eight provinces in
Indonesia, with the Special Region of Yogyakarta being the third largest after Lampung and Banten,
with a percentage of 12.30% [7]. Cassava stem waste is also inefficient because only 10% of the stem
height can be replanted, with the remaining 90% discarded. Cassava stems contain significant amounts
of lignocellulose, including 56.82% a-cellulose, 21.72% lignin, and 21.45% Acid Detergent Fiber
(ADF) [8]. The cellulose in cassava stem waste can be broken down into glucose, which can be used
as a feedstock for bioethanol production. Hydrolysis is the process of breaking down molecules with
water in the presence of acids or enzymes. Hydrolysis in an acidic environment breaks glycosidic
bonds. Acid hydrolysis commonly uses sulfuric acid, acetic acid, phosphoric acid, and hydrochloric
acid. Acid can alter the structure of lignocellulose and increase cellulose digestibility by increasing
accessibility. Therefore, the sugar produced from the acid process can be higher [9]. Besides using
acids, hydrolysis can also be carried out using cellulase enzymes [10].

Unlike chemically catalyzed acid hydrolysis, enzymatic hydrolysis uses biological catalysts to
convert cellulose into glucose. Cellulase enzymes act on the B-1,4-glycosidic bonds in cellulose
chains, enabling a more controlled conversion process. This method typically operates under milder,
less extreme operating conditions, including moderate temperatures and neutral pH. Because it
operates at a specific site, enzymatic hydrolysis generally produces fewer byproducts and inhibitors
and produces sugars with higher purity [11]. Factors that significantly influence the success of
enzymatic hydrolysis include the selection of microbial strains and substrate types [12].

Sulfuric acid hydrolysis and enzymatic hydrolysis differ significantly in operating conditions,
reaction mechanisms, selectivity, and byproduct formation. Both hydrolysis methods have been
widely used to convert lignocellulosic biomass into sugars for bioethanol production. From an
operational perspective, acid hydrolysis is often considered faster and requires lower catalyst costs.
However, the operating conditions used are harsher, the energy requirements are also higher, it has
the potential to cause corrosion problems in equipment, and an additional step, namely neutralization,
is required. On the other hand, enzymatic hydrolysis is more environmentally friendly and produces
fewer inhibitor compounds or byproducts, although it generally requires a longer reaction time and is
relatively more expensive.

Cassava stems have significant potential as a raw material for bioethanol production due to their
properties and availability. Although acid and enzymatic hydrolysis have been widely investigated
individually, direct comparisons of acid and enzymatic hydrolysis for cassava stems under identical
conditions remain rare. This gap makes it difficult to determine which hydrolysis strategy provides
superior glucose production and ethanol yield. This study aimed to investigate the impact of variations
in acid and enzyme concentrations during the hydrolysis of cassava stem cellulose on glucose yield
and bioethanol production. We hypothesize that enzymatic hydrolysis will produce higher glucose
yields with fewer inhibitors, but acid hydrolysis will yield higher ethanol due to more complete sugar
release.

2. Research Methodology

2.1. Materials

The materials used in this study included cassava stem waste from plantations in Gunung Kidul
Regency, distilled water (CV. Sentra Teknosains), sulfuric acid, H.SOs 97-98% (P.A., Merck,
Germany), citric acid, C¢HsO7 (P.A., Merck, Germany), cellulase enzyme (CV. Chatson Jaya Lab),
sodium hydroxide, NaOH (P.A., Merck, Germany), buffer solution (CV. Sentra Teknosains), urea
(P.A., Merck, Germany), and Saccharomyces Cerevisiae (yeast instant, S.I.L France).

2.2.Procedures

1) Preparation of Cassava Stem Samples

The cassava stems used in this research were sourced from Gunung Kidul Regency, Special Region
of Yogyakarta. They were cut and dried for approximately five days in the sun. They were then dried
again in an oven at 80°C until their weight was constant. The dried cassava stems were then cleaned
and ground (reduced in size) using a disk mill, and sieved through a 20-mesh sieve to obtain the
powder.
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2) Pre-Treatment of Cassava Stem Sample

30 g of cassava stem waste powder was placed in a 500 mL Erlenmeyer flask and added to 330
mL of 4% NaOH solution. The mixture was heated on a hot plate at 100°C for 120 minutes, then
cooled and filtered through a sieve to separate the solution from the solids. The resulting solids were
washed with distilled water until the filtrate became clear, and the solid slurry was oven-dried at 70°C
to remove moisture content.

3) The Process of Acid Hydrolysis of Cellulose into Glucose

Twenty grams of cassava stem cellulose powder was hydrolyzed with 200 mL of sulfuric acid at
concentrations of 1.0, 2.0, and 3.0 M at 90°C for 30 minutes with stirring at 680 rpm. The hydrolysis
product was cooled and filtered to obtain the filtrate, which was made neutral with NaOH. The
reducing sugar content was analyzed using UV-Vis spectroscopy by determining the wavelength
calibration curve.

4) The Process of Enzymatic Hydrolysis of Cellulose into Glucose

Twenty grams of cassava stem cellulose powder were placed in a beaker, and 200 mL of distilled
water was added. The solution's pH was adjusted to 6 with citric acid, then a buffer solution was added
to maintain a stable pH. The solution was then heated on a hot plate-magnetic stirrer to 50°C with
stirring at 680 rpm. Next, cellulase enzymes were added at 1, 2, and 3 grams, and the hydrolysis was
carried out for 90 minutes. The hydrolysis product was then cooled and filtered to obtain the filtrate.
The reducing sugar content was analyzed using UV-Vis spectroscopy by determining the wavelength
calibration curve.

5) Fermentation of Glucose into Bioethanol

Before the fermentation stage, a starter made from Saccharomyces cerevisiae is required. The
acidity (pH) of the hydrolysis product is measured, and NaOH is added little by little to achieve a
solution pH 0f 4.5-5.5. A total of 20 mL of the hydrolysis product is taken and placed in an Erlenmeyer
flask, and 0.01 grams of urea is added. Saccharomyces cerevisiae yeast is added to the solution at a
rate of 3 grams per liter. The solution is left to stand in a closed container for 24 hours. After that,
filter paper filtration is performed, and the starter is ready. The fermentation process uses 200 mL of
the hydrolysis product, added to the starter, along with 0.09 grams of urea. Fermentation is carried out
at room temperature (30°C) for 3 days.

6) Distillation of Bioethanol

The fermentation liquid is then vacuum-distilled using a rotary evaporator at 60-70°C to separate
the main product, ethanol, from the distillation residue, which is used as a by-product. The results of
the distillation process were analyzed for their bioethanol content.

7) Analysis of Cellulose Yield

This analysis assesses the effectiveness of the pretreatment and helps optimize process parameters.
High results indicate that the method successfully delignified the cellulose to its full potential.
Cellulose yield can be calculated using the following equation:

dry weight

cellulose yield = x100% )

initial weight

8) Analysis of Glucose Concentration by UV-Vis Spectroscopy

The Dinitrosalicylic acid (DNS) method was used to determine reducing sugar levels. A 1 mL clear
sample was placed in a test tube, followed by 3 mL of DNS reagent, and homogenized by vortexing.
The mixture was then heated in boiling water for 15 minutes, then cooled to room temperature.
Absorbance was measured at a wavelength of 540 nm. The blank solution used distilled water, while
a standard curve was prepared from glucose solutions with varying concentrations. The measurement
data were analyzed using a regression method to determine reducing sugar levels. Glucose levels were
tested both before and after fermentation.

9) Analysis of Bioethanol Concentration

Ethanol content is determined with an alcohol refractometer, which measures the concentration of
ethanol in the resulting bioethanol solution. This ethanol content is used to assess the quality and
purity of bioethanol and to evaluate the efficiency of the hydrolysis process, whether using acid or
enzymes.
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2.3. Statistical Analysis

All experiments were performed in triplicate. The results are expressed as the mean + standard
deviation (SD). Statistical significance was assessed using Welch’s independent t-test, with p < 0.05
considered statistically significant.

3. Results and Discussion

3.1. Pretreatment and Hydrolysis

Pretreatment of cassava stem powder aims to remove lignin and hemicellulose; this process uses a
4% NaOH solution at 100°C for 120 minutes. The solution's color changes from clear to dark brown
during the process (Fig. 1(a)), indicating lignin dissolution. This color change is consistent with the
delignification mechanism (Fig. 1(b)), in which hydroxide ions cleave bonds in the lignin structure,
forming sodium phenolate compounds that are soluble under alkaline conditions. Cellulose powder
(Fig. 1(c)) was obtained after repeated washing and drying in an oven. This indicates that the non-
cellulose fraction has been successfully separated. Quantitative data on cellulose yield from three
experiments are presented in Table 1.

Fig. 1. (a) Chemical pretreatment, (b) Delignification reaction with NaOH [14], (c) Cellulose powder

Table 1. Results of the Pretreatment Process

Pretreatment Process

Description with 4% NaOH
Initial weight of cassava stem powder (g) 120
Cellulose yield (%) 23.84+3
Total cellulose weight (g) 52.14+2

The yield obtained in this study was 23.84+3%. This result is higher than the previous study [13],
which was 7.2%. Both studies used the same NaOH concentration. However, this value is still lower
than the 34% result reported by [14] using 12% NaOH. Microwave assistance has been shown to
significantly increase the yield to 52.34% at the same NaOH concentration [15]. This difference in
results indicates that alkali concentration, operating temperature, and biomass characteristics affect
cellulose yield. Higher NaOH concentrations can accelerate delignification, but excessive use can
cause cellulose degradation. The pretreatment process effectively isolated cellulose from cassava
stems, yielding a satisfactory yield compared with previous studies. This cellulose fraction was then
used as feedstock for hydrolysis in the next stage.

The glucose content in hydrolysates was determined using the 3,5-dinitrosalicylic acid (DNS)
method, measured spectrophotometrically at 540 nm. Upon heating, DNS reacts with the aldehyde
group of glucose, producing 3-amino-5-nitrosalicylic acid (ANS), which generates a dark brown color
proportional to the glucose concentration Fig. 2.

Fig. 2 shows the glucose reduction reaction of 3,5-dinitrosalicylic acid (DNS). The DNS reagent,
which contains a nitro group, reacts with the aldehyde group in glucose, reducing it to 3-amino-5-
nitrosalicylic acid (ANS). This ANS product produces a dark brown to reddish color, with the color
intensity directly proportional to the concentration of reducing sugar in the sample. The DNS method
is widely used for quantitative analysis of reducing sugars because it is sensitive, simple, and can be
applied to various substrates [16].
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Fig. 2. (a) Before reaction, (b) Reaction process, (c) After reaction of DNS with glucose

The enzymatic method yields higher glucose concentrations at the same absorbance values,
indicating that enzymatic hydrolysis converts the substrate into glucose more efficiently. Table 2
presents the glucose concentration obtained after hydrolysis. The highest glucose concentration is
obtained from the enzymatic hydrolysis process (1450+£136 mg/L). This result is higher than those
reported in previous studies [17]. This confirms that enzymatic hydrolysis is preferable to acid
hydrolysis because enzymes such as cellulase act specifically on the B-1,4-glycosidic bonds in
cellulose. Due to this specificity, the cleavage of cellulose chains occurs in a controlled manner,
resulting in higher-purity glucose [18].

Table 2. The Concentration of Glucose After Hydrolysis

Hydrolysis Concentration Glucose (mg/L)
1M 411+14
Acid Hydrolysis 2M 589+95
3iM 972499
lg 80969
Enzymatic Hydrolysis 2g 1408+202
3g 14504214

3.2. Glucose Conversion During Fermentation

Fig. 3. shows a graph comparing glucose levels in each variation before and after fermentation. In
general, glucose levels decrease after fermentation, indicating that microorganisms (yeast) have
consumed glucose as a carbon source in the metabolic process. However, the effectiveness of
fermentation is determined not only by glucose consumption but also by the end products formed,
such as ethanol and COs.

The concentration of sulfuric acid used in the fermentation process affects glucose conversion.
Sulfuric acid with a concentration of 2 M produced the highest glucose conversion of 58+3%. The
decrease in glucose conversion at sulfuric acid concentrations of 3 M and 1 M may be due to several
factors, including the formation of inhibitory compounds. This is directly proportional to the research
[19] This is directly proportional to the research, as the concentration of the solution increases, the
number of free radical groups in the hydrolysis solution will also increase. However, low solution
concentrations also reduce the water content of the hydrolysis solution. As a result, hydroxide ions are
needed to bind free radicals, enabling the formation of inhibitor compounds.

In samples hydrolyzed using acid methods, it was observed that the higher the glucose
concentration before fermentation, the higher the glucose concentration remaining after fermentation.
This indicates that although fermentation occurred, the conversion of glucose into fermentation
products did not proceed to completion, possibly due to the presence of compounds that inhibit acid
hydrolysis and affect microbial activity. This is reinforced by research [20] and [21], low-
concentration strong acid solutions have limitations because they produce by-products such as furfural
and hydroxymethylfurfural (HMF). These compounds can inhibit the fermentation process. Reducing
the formation of inhibitory compounds during the pretreatment stage [22], [23] is a detoxification
strategy to mitigate the adverse effects of inhibitors.
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Fig. 3. Comparison of glucose levels in each variation before and after fermentation

In contrast, samples hydrolyzed using the enzyme method showed a greater difference in glucose
levels before and after fermentation. For example, the 3 g enzyme sample had the highest initial
glucose level; after fermentation, the glucose level decreased drastically to 214.7+4 mg/L. The
decrease in glucose in the enzymatic sample relative to the acid sample indicates that the glucose
produced by enzymatic hydrolysis has higher purity and is more readily consumed by microorganisms
during fermentation [24]. The sugars produced can be directly consumed by microorganisms, thereby
rapidly decreasing the glucose concentration in the medium during fermentation [25]. These results
are consistent with research [26], which states that enzymatic hydrolysis can lead to rapid fermentation
and high glucose levels. The catalytic properties of enzymes can activate other compounds, thereby
accelerating the reaction.
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Fig. 4. Effect of sulfuric acid concentration and enzyme loading on glucose conversion

Fig. 4 shows that increasing the dose of either acid or enzyme does not linearly increase glucose
conversion. At higher doses, conversion actually decreases. This indicates that there is an optimal
condition. In this study, the optimal condition was achieved at a medium concentration of 2 M acid
and 2 grams of enzyme. Overall, glucose conversion via enzymatic hydrolysis was higher than acid
hydrolysis. The increased conversion at the beginning of enzyme addition indicates the enzyme’s
important role in accelerating the reaction, as more substrate can bind to the active site simultaneously.
This phenomenon is explained by Michaelis-Menten kinetics, in which increasing enzyme
concentration at constant substrate concentration increases Vmax because more enzyme—substrate
complexes form.

The decrease in conversion at 3 g of enzyme indicates the presence of limiting factors in the system.
Excess enzyme leaves many active sites unoccupied, thus decreasing reaction efficiency. Furthermore,
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glucose accumulation can inhibit enzyme activity, and mass-transfer limitations can arise from
increased viscosity, which hinders enzyme-substrate contact. These results align with research by [27],
which confirmed that although increasing enzyme can increase conversion to the optimum, excess
enzyme actually decreases efficiency due to kinetic and transport limitations.

3.3.Ethanol Concentration

The higher the concentration of sulfuric acid used, the higher the concentration of bioethanol.
Research conducted by [28] found that increasing the concentration can increase the efficiency of
glucose fermentation into ethanol.

100
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50
40
30
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10 .

) H
lg 2g 3g

IM 2M 3iM

Bioethanol concentration (%)

acid and enzyme variation

Fig. 5. Bioethanol concentration under acid and enzymatic hydrolysis

Increasing the sulfuric acid concentration increased bioethanol from 77+3% to 90+1% (Fig. 5),
indicating that higher acid concentrations accelerate hydrolysis and produce more sugars for
fermentation [29]. Enzymatic hydrolysis yield increased at 2 g; however, it remained lower than that
of the acid method. This is due to differences in fermentation pathways: the enzymatic method can be
limited by the availability of NADH/NADPH, thus reducing ethanol production [30]. Acid
hydrolysates may contain more fermentable sugars (including xylose) that yeast can use, while
enzymatic hydrolysates are primarily glucose, which may lead to different fermentation kinetics.

Furthermore, the fermentation products from enzymatic hydrolysis were more difficult to distill
than those from acid hydrolysis. Fermentation media that still contained biomass solids, enzymes, and
microbial biomass were thought to increase solution viscosity, thereby inhibiting heat transfer and
reducing the efficiency of ethanol separation. As a result, ethanol recovery during distillation was
lower, which also contributed to the low bioethanol content obtained from the enzymatic hydrolysis
method. Therefore, under the conditions of this study, acid hydrolysis was more effective than
enzymatic hydrolysis for producing bioethanol.

An independent Welch’s t-test revealed a statistically significant difference in bioethanol
concentration between the acid hydrolysis and enzymatic hydrolysis methods (p = 0.002). The mean
bioethanol concentration obtained from acid hydrolysis was significantly higher than that obtained
from enzymatic hydrolysis.

4. Conclusion

This study shows that the hydrolysis method affects glucose conversion and the resulting
bioethanol content. Enzymatic hydrolysis yielded higher glucose concentrations and conversions after
fermentation, indicating that this method is more effective at hydrolyzing lignocellulosic biomass into
fermentable sugars. However, acid hydrolysis produced significantly higher bioethanol content than
enzymatic hydrolysis (p = 0.002). These results indicate that under the operating conditions used in
this study, acid hydrolysis is more effective in producing bioethanol than enzymatic hydrolysis. This
study has several limitations, including the use of only one operating condition across the hydrolysis,
fermentation, and distillation stages. It also failed to evaluate the formation of inhibitory compounds
such as furfural and 5-hydroxymethylfurfural (HMF), fermentation efficiency, and ethanol recovery
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during distillation. These factors are suspected to contribute to the low bioethanol content produced
by enzymatic hydrolysis despite its higher glucose conversion. Therefore, further research is needed
to optimize enzymatic hydrolysis conditions, including enzyme dosage, hydrolysis time, pH, and
temperature, and to evaluate fermentation conditions and distillation efficiency. Furthermore, studies
that combine acid pretreatment with enzymatic hydrolysis, along with analyses of inhibitory
compounds and ethanol recovery, are needed to improve the utilization of fermentable sugars and
achieve higher bioethanol yields.
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