CURRERGT ISSN: 0973-4929, Vol. 21, No. (1) 2026, Pg. 168-183

Current World Environment

WORLD

ENVIRONMENT www.cwejournal.org

Development and Optimization of a Process for Removal of
Phenolic Compounds from Wheat Straw Hydrolysate

YAECOB GEBRE, BALWINDER SINGH SOOCH* and RANJEETA BHARI

Department of Biotechnology and Food Technology, Punjabi University, Patiala, India.

Abstract

The efficient bioconversion of lignocellulosic biomass into xylitol is often
hindered by the presence of inhibitory phenolic compounds released
during pretreatment and hydrolysis. However, the presence of inhibitory
compounds in wheat straw hydrolysate (WSH) limits its direct utilization
during microbial fermentation. The present study aimed to evaluate the
effectiveness of treatment strategies for improving the quality of WSH while
preserving sugars. A technique for reducing phenolic compounds from
WSH was developed and optimized by assessing the influence of different
alkaline agents (NaOH, Ca(OH)2, and NHs) in combination with activated
charcoal treatment. Major process variables, including pH, incubation time,
temperature, and fixed concentration of activated charcoal application,
were systematically investigated to enhance the clarification efficiency of
WSH for thereafter microbial processing. Among the tested bases, NaOH
treatment achieved the highest phenolic removal efficiency, followed
by Ca(OH)z2, and NHs. Optimization of pH revealed that pH 10 resulted
in the maximum phenolic reduction of 74.1% with minimal sugar loss.
Temperature optimization indicated that treatment at 30 °C was effective,
achieving 76.6% phenolic removal and the highest sugar retention. The
incubation time significantly influenced detoxification efficiency, where
12 h showed optimal phenolic removal 77.8% while preserving total
sugars (12.8%, w/v and reducing sugars (10.9%, w/v). The removal of
inhibitory process resulted in a substantial reduction in phenolic content,
improvement in hydrolysate clarity, and enhanced recovery of reducing
sugars. These improvements indicate that the treated hydrolysate is
more suitable for subsequent microbial fermentation processes. Overall,
the study demonstrates that the combined alkaline treatment, process
variable optimization, and activated charcoal detoxification approach
effectively reduced the phenolic content and enhanced the suitability of
WSH, supporting its use as a substrate for downstream xylitol fermentation.
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Introduction

The growing global emphasis on sustainable and
eco-friendly technologies has increased awareness
of lignocellulosic biomass as a renewable resource
for producing value-added biochemicals. Among
the various agricultural residues; wheat straw
stands out due to its vast availability, low cost,
seasonal renewability, and rich composition of
cellulose and hemicellulosic polysaccharides. As
a major by-product of cereal cultivation, millions of
tons of wheat straw is generated annually, much
of which is either left unused or burned in open
fields an environmentally harmful practice that
contributes to air pollution and greenhouse gas
emissions.* Utilizing wheat straw as a biochemical
feedstock therefore not only prevents environmental
degradation but also enhances resource efficiency
and supports the transition toward greener industrial
systems.® Its high hemicellulose content, particularly
the abundance of xylose, makes wheat straw
an excellent substrate for bioconversion into
fermentable sugars and a diversity of industrially
relevant biological products. One of the most
commercially important of these is xylitol, a high-
value polyol mostly used in food, pharmaceutical,
nutraceutical, and dental-care applications due to
its low glycemic index, anticariogenic properties,
and suitability for diabetic-friendly formulations.®
As global demand for xylitol continues to increase,
biotechnological production from lignocellulosic
waste has emerged as a sustainable alternative
to traditional chemical synthesis. This approach
not only reduces reliance on petroleum derived
processes but also aligns with principles of circular
bioeconomy and agricultural waste valorization.”®

Pretreatment is a critical initial step in converting
wheat straw into a fermentable hydrolysate, as
the rigid lignin hemicellulose cellulose matrix limits
enzyme and microbial access to carbohydrates. 12
Methods such as dilute-acid, steam explosion,
alkaline, and physicochemical pretreatments are
commonly applied to disrupt the lignocellulosic
structure of wheat straw, and release hemicellulosic
sugars, particularly xylose.™ " However,
pretreatment severity strongly influences sugar
recovery as well as the formation of inhibitory by-
products, which can adversely affect the quality of
wheat straw hydrolysate. During pretreatment and
hydrolysis, inhibitory compounds such as furfural,
hydroxymethylfurfural (HMF), phenolics, and

organic acids are generated, thereby necessitating
detoxification strategies, including alkaline treatment
combined with activated charcoal adsorption, to
improve hydrolysate quality.’®'® In this context,
treatment parameters such as pH, temperature,
and incubation time play a critical role in enhancing
phenolic removal efficiency, reducing fermentation
inhibitors, and minimizing the loss of fermentable
sugars. Optimization of these parameters is therefore
essential to improve detoxification performance,
increase hydrolysate availability, clarity, and improve
the overall physicochemical quality of wheat straw
hydrolysate.®?!

Several detoxification methods, such as alkaline
neutralization and activated charcoal treatment,
have been reported to reduce these inhibitors;
however, many studies focus primarily on individual
detoxification approaches rather than evaluating the
combined effectiveness of multiple treatments under
optimized conditions.?2® In addition, limited attention
has been given to balancing efficient inhibitor
removal with minimal loss of fermentable sugars,
which is critical for improving hydrolysate quality prior
to fermentation. Therefore, there remains a need to
systematically evaluate and optimize detoxification
strategies for wheat straw hydrolysate to enhance
its suitability as a substrate for downstream xylitol
fermentation. This integrated approach improves
inhibitor removal and detoxification efficiency,
thereby strengthening the potential utilization of
wheat straw hydrolysate as a value-added substrate
within modern biorefinery systems.

Materials and Methods

Raw Material Collection

Wheat straw was collected from agricultural field
near Punjabi University, Patiala India. Freshly
harvested wheat straw free from soil, stones, or
other contaminants collected from fields was washed
to remove dust and impurities and then oven-dried
to reduce moisture content, which helps prevent
microbial spoilage during storage. Most chemicals,
reagents, and laboratory equipment used in the
present study were of analytical grade and were
obtained from Sigma, Sisco Research Lab (SRL),
and SD fine chemicals.

Preparation of Wheat Straw Powder
The dried wheat straw was subsequently ground
using a laboratory grinder (Type 530, Model Depose,
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France) to increase the surface area and enhance
the efficiency of subsequent pretreatment, removal
of phenolic content and hydrolysis processes for
xylitol production. The ground material was then
sieved to obtain a uniform particle size suitable for
further pretreatment and hydrolysis experiments,
and the processed substrate was stored in airtight
containers at room temperature until further use.
Finely ground, and screened (1-3 mm) to select the
fraction was tested for further experiments.?*

Determination Moisture Content of Wheat Straw
To determine the moisture content of the sample, the
petri dish was first thoroughly cleaned to remove any
residues or contaminants, then dried in an oven at 50
°C for 30 minutes, and finally cooled in a desiccator
to ensure a moisture-free and stable weighing
condition. A 200 g portion of the ground sample
was then placed into the Petri dish and heated in
an oven at a temperature of 70 °C for two hours. 2°
The sample was then removed from the oven and
allowed to cool in the desiccator. It was weighed, and
the heating procedure was repeated until the weight
remained constant. The initial and final weights of the
sample were then used to compute the percentage
moisture content on wet and dry basis using the
procedure outlined by Yiting et al.?

. (1)

Moisture content (wb) (%) = ))4:\’ x 100

Where, X = weight of container + sample (g)
Y = weight in of an empty container (g)

G = weight of container + dry sample (g)

wb = wet basis

(2

St CaINET

Moisture content (db) (%) = e

Where, X = weight of container + wet sample
G = weight of container + dry sample
Y = weight of empty container
db = dry basis

Estimation of Total Phenolic Content
Determination

The total phenolic content was determined using
Folin-Ciocalteu’s method.?” The absorbance

was then measured at 750 nm using a UV-Vis
spectrophotometer. Three independent extractions
were performed, and the reagent blank with solvent
served as the blank. Gallic acid was used as the
standard to plot the calibration curve. The total
phenolic content of the hydrolysates was expressed
as mg of gallic acid equivalent per 100 g of dry
mass. 22

Where, TPC = the total phenolic content, expressed
in (mg/L), C = phenolic concentration from calibration
curve (mg/L), V, the volume of the extract (ml), W,
the weight of the wheat extract (g). Calibration curve
and linear regression is calculated as follows.3°

GAE  CxV -(3)

Where, TPC = the total phenolic content, expressed
in (mg/L), C = phenolic concentration from calibration
curve (mg/L), V, the volume of the extract (ml), W,
the weight of the wheat extract (g). Calibration curve
and linear regression is calculated as follows.3°

_ -p) ..(5)
oW

Where, y = absorbance 765 nm, m = slope, x = gallic
acid concentration (mg/L), b = intercept.

Analytical Techniques

Estimation of Total Sugars

Total sugars of wheat straw were estimated by
Anthrone reagent method.*

Reagents

the following reagents were used to estimate the
total sugars from wheat straw. 0.2 g of anthrone
was dissolved in 100 ml of freshly made, ice-cold
95% H2S04. After adding 4 ml of anthrone reagent
to 1 ml of suitably diluted material, the test tube was
placed in a boiling water bath for 10-15 minutes. After
cooling to room temperature, the optical density (OD)
of the reaction mixture was measured at 630 nm
using a spectrophotometer. A standard calibration
curve was constructed using sucrose as the



GEBRE et al., Curr. World Environ., Vol. 21(1) 168-183 (2026) 171

reference standard to determine the concentration of
total sugars in the wheat straw hydrolysate samples
through spectrophotometric analysis.

Estimation of Reducing Sugars
Reducing sugars of wheat straw were estimated by
3,5-dinitrosaliclic acid (DNSA) method.*

Reagents

The reagents i.e DNSA solution and sodium
potassium tartarate solution, used for estimation of
xylose were prepared as follows:

DNSA Solution

In 100 ml of 1% (w/v) NaOH solution, 1 g of DNSA
and 0.2 g of phenol were dissolved to create the
solution. After that, 0.05 g of sodium sulfite was
dissolved before usage.

Solution of Sodium Potassium Tartarate
In distilled water, a 40% (w/v) sodium potassium
tartarate solution was made.

Procedure

After mixing 3 ml of DNSA solution with 3 ml of a
suitably diluted xylose sample (0.5 mg), the mixture
was heated for 10—15 minutes in a boiling water bath.
It was also mixed with 1 ml of sodium potassium
tartarate solution. After cooling to room temperature,
the optical density (OD) of the reaction mixture was
measured at 575 nm using a spectrophotometer
against a reagent blank. A standard calibration curve
was constructed using known concentrations as the
reference standard, and this curve was subsequently
used to estimate the concentration of reducing sugars
present in the wheat straw hydrolysate samples.

Pre-treatment of Wheat Straw by Acids Hydrolysis
Acid hydrolysis pretreatment of wheat straw is
widely applied to enhance its biodegradability
by disrupting the lignocellulosic matrix, mainly
through the solubilization of hemicellulose and
partial breakdown of lignin, which in turn increases
cellulose accessibility for downstream conversion
processes. The pretreatment is carried out using
different acid types at a concentration of (0.5%, v/v)
(H2S0a, H2PO., HCI, and HNOs) under controlled
conditions at 121 °C for 30 minutes. The efficiency
of this pretreatment is strongly influenced by
the optimization of key parameters such as pH,
incubation time, and temperature. In addition to

hydrolysis, the process involves delignification
and the release of phenolic compounds that inhibit
subsequent biological processes when not properly
managed. Therefore, detoxification steps are
often incorporated to remove or reduce inhibitory
substances such as phenolic compounds and other
degradation products, thereby improving the overall
efficiency of enzymatic hydrolysis, fermentation, or
anaerobic digestion.®*3%

Preparation of Wheat Straw Hydrolysate

Wheat straw hydrolysate (WSH) was prepared
following the method described by Wu et al.,36 in
which enzyme-free re-hydrolysis of wheat straw
residues enhances the overall cellulose hydrolysis
yield and improves intracellular product fermentation
efficiency.?® g of dried wheat straw powder (WSP)
was mixed in the mixture of total volume of 100 ml
certainly distilled water and (0.5%, v/v) specified
dilute acid, and the solution was kept overnight at
room temperature. The acid treatment is applied
to the wheat straw to cause the hemicelluloses
to disintegrate in to the monomeric components.
The mixture was autoclaved at 121 °C under
15 psi pressure for 30 min to accelerate the
hydrolytic cleavage of glycosidic bonds, enhance the
solubilization of hemicellulosic sugars, and improve
the overall fermentability of the resulting wheat
straw hydrolysate for subsequent detoxification and
downstream fermentation processes.*”

After hydrolysis, the mixture was cooled and filtered
through muslin cloth followed by Whatman No. 1
filter paper to remove residual solid particles. The
obtained hydrolysate was neutralized using calcium
hydroxide (1%, w/v) and sodium hydroxide solutions
(1%, wiv) to adjust the pH to approximately 10, which
facilitated detoxification through precipitation of
phenolic compounds derived from lignin degradation
and removal of ionic impurities that may inhibit
microbial metabolism. The neutralized hydrolysate
was re-filtered and further treated with activated
charcoal powder (3%, w/v) under continuous
stirring to adsorb colored compounds.® The role
and mechanism of activated charcoal in removing
the inhibitory compounds during the detoxification
process are described in detail in Section 2.6

Effect of Acid Types
To evaluate the effect of different acids on wheat
straw hydrolysis, sulfuric acid (HsSQOa4), hydrochloric
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acid (HCI), phosphoric acid (HsPO.), and nitric
acid (HNOs) were applied at 0.5% (v/v) to prepare
the hydrolysate. Hydrolysis was performed by
autoclaving the mixture at 121 °C for 30 minutes,
aiming to break down hemicellulosic and cellulosic
components into fermentable sugars. This step is
critical for converting lignocellulosic biomass into a
substrate suitable for microbial fermentation, as it
facilitates sugar release while partially solubilizing
inhibitory compounds. The approach allowed the
identification of the optimal acid for producing high-
quality hydrolysate, maximizing sugar recovery and
minimizing the formation of fermentation inhibitors
such as phenolics, furfural, and hydroxymethylfurfural
(HMF). By optimizing hydrolysis conditions, the
resulting hydrolysate provides a nutrient-rich
and low-toxin medium that enhances microbial
growth and downstream bioconversion efficiency,
supporting the development of a sustainable process
for value-added bioproducts.3°4°

Detoxification and Delignification

The effectiveness of the detoxification and
delignification processes was validated by evaluating
the reduction of inhibitory compounds and the
improvement in fermentable sugar availability in
the treated wheat straw hydrolysate. Delignification
was verified by the disruption and partial removal of
lignin components during dilute acid pretreatment
and subsequent processing, resulting in improved
accessibility of hemicellulosic fractions and
increased release of xylose-rich sugars.*' Different
detoxification techniques are commonly employed
to improve hydrolysate quality. Overliming involves
adding calcium hydroxide (5%, w/v) to raise the pH
10, leading to the precipitation of inhibitors, though
careful pH control is needed to minimize sugar
loss.*2 The pH of the wheat straw hydrolysate was
adjusted after alkaline treatment. Neutralization of
the acid-pretreated hydrolysate was carried out by
the gradual addition of 2 (%, w/v) NaOH solution with
continuous stirring until the desired pH was reached.
After treatment, the hydrolysate pH was readjusted,
if necessary, to the optimum level required for
subsequent microbial fermentation.*

After alkaline neutralization, the hydrolysate
was treated with powdered activated charcoal
(<100 pm) at 3% (w/v), incubated at 30 °C for 60
minutes under continuous agitation (120 rpm),
and subsequently filtered through Whatman

paper to obtain a clarified solution. This treatment
significantly reduced phenolic compounds, and
colored impurities, resulting in improved hydrolysate
clarity. Charcoal treatment is widely recognized as
an effective detoxification step for lignocellulosic
hydrolysates, including wheat straw hydrolysate,
facilitating the removal of fermentation inhibitors
prior to microbial conversion while minimizing the
loss of fermentable sugars.***® These success of
the treatments was further supported by improved
reducing sugar recovery, reduced inhibitor toxicity,
and enhanced microbial growth and xylose utilization
during fermentation experiments, demonstrating
that the treated hydrolysate was suitable for
downstream xylitol production. These observations
collectively confirmed that the applied detoxification
and delignification strategies effectively minimized
fermentation inhibitors while preserving fermentable
sugars necessary for efficient bioconversion.*647

Effects of the Alkaline Treatment

This study evaluates the effectiveness of alkaline
pretreatments using 2% (w/v) Sodium hydroxide
(NaOH), 5% (w/v) Calcium hydroxide [Ca(OH)],
and 2% (w/v) Ammonia adjusted (NHs) to pH 10 for
reducing phenolic content in wheat straw hydrolysate
(WSH) during biomass processing at 25 °C for 6 h.48
Lignocellulosic substrates are subjected to controlled
alkaline pretreatment under optimized conditions of
concentration, temperature, and retention time for
each aldehyde treatment. Following pretreatment,
the treated biomass is washed and neutralized
to remove residual alkali and soluble inhibitors.
Total phenolic content is quantified using standard
analytical methods. The performance of each
pretreatment is compared based on phenolic
reduction efficiency and sugar concentration. This
design enables systematic assessment of the role
of different alkaline agents in mitigating phenolic
inhibition and improving overall process efficiency.*®

Effect of pH

The effect of pH on the detoxification of wheat
straw hydrolysate (WSH) was studied by adjusting
the pH of hydrolysate to different predetermined
levels using appropriate acid or alkaline solutions,
while keeping temperature, and incubation time
constant. The detoxification process was then
carried out under these conditions, followed by
separation of the detoxifying agent by filtration. The
treated hydrolysate was analyzed for total phenolic
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content, and fermentable sugars. The impact
of pH was evaluated based on the efficiency of
inhibitor removal and the extent of sugar retention,
allowing identification of the optimal pH for effective
detoxification.%°

Effect of Temperature

The selection of appropriate temperature ranges
for removing phenolic compounds from wheat
straw hydrolysate is based on the strong influence
on detoxification efficiency, sugar preservation,
and suitability of the hydrolysate for downstream
microbial fermentation.?? Temperature plays a
critical role because moderate heating enhances the
breakdown of lignin carbohydrate complexes and
improves the removal of phenolic inhibitors, whereas
excessively high temperatures may promote the
formation of additional inhibitory compounds such
as furfural and hydroxymethylfurfural and lead to
degradation of fermentable sugars.®" The effect
of temperature on the detoxification of WSH was
investigated by conducting the detoxification process
at different temperatures (20°C, 25°C, 30°C, 35°C,
40°C, and 45°C) under constant pH and incubation
time conditions. The hydrolysate was incubated with
the detoxifying agent at the selected temperatures,
and after completion of the treatment, the samples
were filtered and analyzed. Changes in phenolic
content, and sugar levels were used to assess the
influence of temperature on detoxification efficiency
and stability of fermentable sugars.*?

Effect of Incubation Time

Incubation time determines the extent of contact
between detoxifying agents (such as activated
charcoal or alkali) and phenolic compounds,
allowing sufficient adsorption or chemical interaction
for their effective removal.®* However, prolonged
incubation beyond the equilibrium period may reduce
detoxification efficiency and cause unnecessary
sugar loss or secondary inhibitor formation.
Therefore, this examination investigates the effect
of incubation time on the reduction of phenolic
compounds and the preservation of fermentable
sugars in wheat straw hydrolysate (WSH) during
the detoxification process.’* WSH samples are
incubated for different time intervals (6, 12, 18, and
24 h) under fixed pH, temperature, and reagent
concentration to study the influence of contact time.
At the end of each incubation period, the samples
are neutralized and filtered to remove solubilized

inhibitory compounds. Total phenolic content, as
well as total and reducing sugar concentrations,
are quantified using standard analytical methods.
The effect of incubation time is evaluated based
on phenolic removal efficiency, sugar retention,
and suitability for downstream fermentation.
Therefore, moderate incubation ranges are typically
selected to achieve maximum phenolic reduction
while maintaining hydrolysate quality, ensuring
improved appropriateness for subsequent microbial
processing such as xylitol fermentation.5®

Statistical Analysis

All experimental measurements were recorded in
triplicate (n=3), and the mean * standard deviation
(SD) was calculated using Microsoft Excel 2007.
The STDEV.S function was applied to each set of
replicate values to determine the variability within
each treatment. Phenol removal efficiency and
sugar retention across different incubation times
were compared, and the results were expressed
as mean * SD.

Results

Estimation of Moisture Content Of Wheat Straw
The oven-drying method is used to determine
a sample's moisture content, showing values
calculated on both a wet basis and a dry basis. The
content of moisture on a wet basis (7.3%) expresses
the amount of water relative to the sample’s total
initial weight, whereas moisture content on a dry
basis (7.87%) expresses the same moisture amount
relative only to the weight of the dry material. Since
the dry weight is lower than the wet weight, the
percentage value on a dry basis is slightly higher.
Both values represent the same moisture level but
are calculated using different reference weights.

Pretreatment by Acid Hydrolysis to Prepare
Wheat Straw Hydrolysate

Acid hydrolysis is utilized to degrade the complex
biomass structural matrix of wheat straw and
release pentose and hexose sugars, especially
xylose, needed for xylitol production. In this
step, wheat straw powder (WSP) is mixed with
diluted specified acid (0.5%, v/v) under controlled
conditions of temperature, concentration, and
time. The acid disrupts hemicellulose and partially
cellulose, converting them into soluble sugars
that form the hydrolysate. The dark or black
color of the hydrolysate indicates the presence
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of lignin derived compounds, phenolics, and
sugar degradation products formed during harsh
pretreatment conditions, which act as fermentation
inhibitors. The clear or light colored hydrolysate
shows effective detoxification and delignification,
where these colored inhibitory compounds are
removed, resulting in a sugar-rich solution that is
more suitable for microbial fermentation and efficient
xylitol production. The resulting hydrolysate is filtered
and may be detoxified before fermentation.

Effect of Different Acids

The results shown in Table1 illustrate the effect of
different acids on wheat straw hydrolysate, where the
phenolic content, total and reducing sugar contents

174

were measured at varying acid concentrations.
Different acids were differing considerably in their
ability to break down lignocellulosic biomass, and the
choice of acid directly influences sugar yield, inhibitor
formation, and overall process cost. Optimization
of acid type is essential to balance sugar yield
with process practicality. Table1 illustrates the
comparative efficiency of four acids H2SO4, HaPOs,
HCI, and HNO:s in releasing total and reducing
sugars from wheat straw. The observed differences
in sugar release are attributed to variations in
intrinsic acid strength, dissociation behavior, and
reactivity toward lignocellulosic biomass, which
influence hemicellulose solubilization and cellulose
accessibility.

Table 1: Effects of Acid Type and Their Concentration on Sugar
Concentration and Phenol Content (mean * SD)

Acids Concentration  Total sugar Reducing sugar Phenolic content
(%) (TS) (%, wiv) (RS) (%, wiv) (mg/L)

H2SO4 0.5% 12.0£0.0092 8.0+0.0082 0.488+0.0052

HaPQOa 0.5% 5.6+0.007° 2.8+0.004° 0.480+0.006°

HCI 0.5% 6.7+0.007¢ 3.2+0.006° 0.490+0.004¢

HNOs 0.5% 8.0+0.008¢ 4.0+£0.006¢ 0.468+0.007¢

Values with different superscript letters differ significantly. SD=standard deviation (n=3).

Among them, H-SO+ demonstrates the highest
hydrolytic performance, producing about 12 %,
w/v total sugars and 8 %, w/v reducing sugars,
indicating strong degradation of hemicellulose
and cellulose. The maximum concentrations of
total and reducing sugars were observed in the
sulphuric acid (H2SOa4, 0.5%) treated wheat straw
hydrolysate. Therefore, results clearly shows that
sulfuric acid is the most effective pretreatment acid
for liberating fermentable sugars from wheat straw,
and strongly cleaves lignin carbohydrate complexes
and promotes lignin depolymerization, releasing
more soluble phenolic compounds, followed by
nitric acid, while hydrochloric and phosphoric acids
perform comparatively lower.

Effect of Different Alkaline Solutions for Removal
Of Phenolic Content

The sodium hydroxide (NaOH), calcium hydroxide
(Ca(OH)2), and ammonia (NHs) was assessed using
the same initial phenol content (0.488 mg/L). The

results presented in Table 2 show that the highest
phenolic content removal was achieved using NaOH,
which reduced the phenol concentration to 0.272
mg/L after base treatment and further to 0.126 mg/L
following charcoal treatment, corresponding to a
74.1% removal efficiency.

A relatively similar study on the removal of phenol
from aqueous solutions using carbon derived from
African potato (Hypoxis hemerocallidea) waste was
reported by Shooto and Thabede.5” In comparison,
Ca(OH)z exhibited moderate performance, lowering
the phenol concentration to 0.201 mg/L after
charcoal treatment and achieving a 58.8% removal.

NHs was the least effective, with phenol remaining
at 0.261 mg/L and only 46.5% removal. Therefore,
NaOH proved to be the most suitable base for
detoxification, removing the greatest amount of
phenolic inhibitors from the hydrolysate. Different
basic solutions vary in how effectively they neutralize
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or precipitate phenolic compounds present in
hydrolysates. Evaluating phenolic content after
treatment with different bases helps identify
which reagent most efficiently removes these
toxic inhibitors. While some bases enhance lignin

precipitation, others may reduce phenols more
significantly. This comparison is essential for
selecting the most suitable detoxification method
for producing a cleaner hydrolysate.

Table 2: Phenolic Content in Different Basic Solutions (mean * SD)

Bases phenol content (inraw  phenol content phenol content) % removal
hydrolysate) mg/L hydrolysate filtrate (in hydrolysate of phenol
(in obtained after obtained after
base treatment) charcoal treatment
mg/L mg/L
NaOH 0.488+0.0052 0.272+0.003¢ 0.126+0.0022 74.1%
Ca(OH): 0.488+0.0052 0.265+0.003° 0.201+0.002° 58.8%
NHa 0.488+0.0052 0.276+0.003° 0.261+0.002° 46.5%

Values are presented as mean + standard deviation (n = 3). Different superscript letters differ significantly,
whereas values with the same superscript letters show no significant difference.

Effect of pH in Removal of Phenol Content

The effect of pH on wheat straw hydrolysate was
investigated, and the phenolic removal and sugar
content were measured at pH values of 8, 10, and 12.
The efficiency of phenolic removal largely depends
on the pH to which the hydrolysate is adjusted. At
pH 10, phenol removal is the maximum at 74.1%,
with charcoal reducing phenol to 0.126, and total

and reducing sugars reaching their peak values
(TS: 12.2%, wlv, RS: 10.6%, w/v). At pH 8, phenol
removal is lower (63.5%) and sugar extraction
is moderate. At pH 12, although phenol removal
is fairly high (46.3%), sugar concentrations drop
significantly, likely due to sugar degradation under
strongly alkaline conditions.

Table 3: Effects of pH on Phenol Content and Sugar Concentration
in Wheat Straw Hydrolysate (mean * SD)

pH phenol content phenol content phenol content % removal
(in raw hydrolysate) (in hydrolysate (in hydrolysate of phenol
mg/L filtrate obtained filtrate obtained
after pH treatment) after charcoal
mg/L treatment) mg/L
8 0.488+0.0052 0.322+0.003° 0.178+0.0022 63.5 %
10 0.488+0.0052 0.272+0.003° 0.126+0.002° 741 %
12 0.488+0.0052 0.456+0.003¢° 0.262+0.002° 46.3 %

Values are presented as mean + standard deviation (n = 3). Different superscript letters differ significantly,
whereas values with the same superscript letters show no significant difference.

At lower pH, phenolics remain dissolved, while at
higher pH, they tend to precipitate out as insoluble
complexes. Evaluating different pH values helps
identify the optimum range usually around pH 9-11

where phenol precipitation is highest. Too low pH
results in poor detoxification, whereas extremely
high pH may degrade sugars or introduce new
problems like salt accumulation. Determining
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the ideal pH ensures maximum removal of toxic
phenolics while maintaining sugar quality. Thus, pH
10 is optimal, providing maximum phenol removal
while preserving the highest sugar yield.

Effects of Temperature

Temperature plays an important role in the
detoxification and delignification process. The higher
temperatures generally enhance the precipitation

of phenolic compounds by increasing chemical
reactivity and reducing viscosity. The effect of
temperature was recorded by heating the wheat
straw hydrolysate to accelerate lignin removal and
improve the binding of phenolics to detoxifying
agents like activated charcoal or lime (Table 4).
This result clearly describes the effect of different
temperatures (20°C to 45°C) on phenol removal and
sugar concentration.

Table 4: The Effects of Temperature on Phenol Content and Sugar
Concentration in Wheat Straw Hydrolysate (mean * SD)

Temperature  phenol phenol phenol % removal total reducing
content content in content) in of phenol sugar sugar
in raw hydrolysate hydrolysate (TS) %, (RS) %,
hydrolysate filtrate obtained wiv wiv
(mgl/L) obtained after

after treatment
temperature (mg/L
treatment

(mglL)

20 °C 0.488+ 0.480+0 0.27+0 44.6% 4.2+0. 3.210.
0.0052 0032 .002a 006? 004

25°C 0.488+ 0.272+0. 0.1260. 74.1 % 8.610. 6.1x0.
0.0052 003° 002 007° 005

30°C 0.488+0. 0.268+0. 0.114+0. 76.6% 12.7+0. 10.8+0.
0052 003° 002° 009° 008

35°C 0.488+0. 0.269+0. 0.115+0. 75.6% 12.5+40. 9.2+0.
0052 003¢ 002¢ 009 007

40 °C 0.488+0. 0.38+0. 0.2210. 53% 8.1x0. 6.2+0.
0052 003¢ 002¢ 007¢ 005

45°C 0.488+0. 0.39+0. 0.27+0. 44.7% 3.310. 2.8+0.
0052 003f 002" 004f 004

Values are presented as mean + standard deviation SD (n = 3). Different superscript letters differ significantly,

whereas values with the same superscript letters show no significant difference.

The optimal temperature is 30°C, where phenol
removal is highest (76.6%) and sugar levels
reach their peak TS: 12.7 (%, w/v), RS: 10.8 (%,
w/v). At lower temperatures like 20 °C and 25 °C,
detoxification is less efficient, but performance

begins improving as temperature increases. At 35°C,
phenol removal remains high (75.6%) and sugars
stay high, similar to 30°C. At 40°C and 45°C, both
phenol removal and sugar concentrations decline,
likely due to thermal degradation of sugars and
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decreased adsorption performance. Overly high
temperatures can degrade sugars or stimulate the
formation of additional inhibitory compounds, making
temperature optimization crucial during detoxification.
Evaluating different temperatures helps determine
a range that effectively removes inhibitors while
maintaining the integrity of fermentable sugars,
thereby enhancing the hydrolysates suitability
for xylitol fermentation. In this study, 30 °C was
recognized as the most effective condition, offering
the best balance between detoxification efficiency
and sugar preservation.

Effect of Incubation Time

The effect of incubation time was tested for the
removal of phenolic compounds for wheat straw
hydrolysate by using the incubation time (6, 12, 18,
and 24). The maximum removal of phenolic content
was observed after 12 h (Table 5). The 12 h, where
phenol removal reaches the highest value of 77.8%.
At 18 h, phenol removal drops to 66% and sugars
decline sharply, suggesting degradation due to
prolonged exposure. At 24 hours, phenol removal
decreases further to 47%, and sugar levels become
very low.

Table 5: Effect of Incubation Time on Phenol Content and Sugar
Concentration in Wheat Straw Hydrolysate (mean * SD)

Hours phenol phenol phenol content % removal total sugar reducing
content content in in hydrolysate of phenol (TS) %, w/v  sugar
in raw hydrolysate  obtained after (RS) %, wiv
hydrolysate filtrate charcoal
(mg/L) obtained treatment
after (mg/L)
incubation
treatment
(mglL)
6 0.488+0.005 0.26+0.003 0.114+0.002 76.6% 12.7+0.009 10.8+0.008
12 0.488+0.005 0.281+0.003  0.108+0.002 77.8% 12.8+0.009 10.9+0.008
18 0.488+0.005 0.278+0.003  0.165+0.002 66.2% 10.3+0.008 9.8+0.008
24 0.488+0.005 0.270+£0.003  0.26040.002 47% 9.0+0.008 8.7+0.006

Values are presented as mean * standard deviation (SD) (n = 3). Different superscript letters differ
significantly, whereas means with the same superscript letters do not differ significantly.

Thus, 12 h is the optimal incubation time, balancing
maximum phenol removal and highest sugar
recovery. After adding the detoxifying agent and
adjusting pH, the mixture is allowed to incubate for
a certain period to promote complete precipitation
of inhibitors. The current study shows the incubation
time influences how thoroughly phenolics, furans,
and lignin fragments settle out. Short incubation
periods may lead to incomplete detoxification,
while excessively long periods may not significantly
improve removal and could reduce process efficiency.
Evaluating different incubation times helps determine
the minimum time required for maximum inhibitor
removal without sugar loss, typically ranging from 30
minutes to several hours depending on the method.

Discussion

The presence of phenolic compounds in lignocellulosic
hydrolysates represents one of the most significant
barriers to efficient microbial fermentation, as these
compounds disrupt cellular metabolism through
inhibition of key enzymes, alteration of membrane
permeability, and induction of oxidative stress
within microbial cells. Consequently, effective
detoxification of wheat straw hydrolysate is an
essential prerequisite for improving its fermentability
and enabling its application as a suitable substrate
for downstream biotechnological processes such as
xylitol production. In the present study, a systematic
detoxification strategy was implemented to reduce
phenolic inhibitors while maintaining the integrity of
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fermentable sugars, thereby enhancing the overall
quality of the hydrolysate.

Alkaline treatment functioned as an effective primary
detoxification step due to its strong ability to disrupt
lignin structure and promote solubilization of lignin-
derived phenolic compounds. Among the alkaline
agents evaluated, NaOH demonstrated superior
detoxification performance compared with Ca(OH)-
and NHa. This higher effectiveness can be attributed
to its stronger delignification capacity and enhanced
ability to cleave within the lignin carbohydrate
complex. In addition, hydroxide ions participate in
bond cleavage reactions within the lignin matrix,
while sodium ions interact with lignin fragments
to form soluble sodium phenolate complexes that
remain suspended in solution as part of the dark
alkaline extract commonly referred to as black
liquor. These observations are consistent with earlier
studies reporting that strong alkaline pretreatment
enhances delignification and improves detoxification
efficiency in lignocellulosic hydrolysates.5®

Adjustment of pH played a crucial role in improving
detoxification efficiency by influencing the
ionization state and adsorption behavior of phenolic
compounds. Under moderately alkaline conditions,
phenolic molecules become increasingly ionized,
which enhances their interaction with activated
charcoal surfaces and promotes their removal from
solution. However, excessively high alkalinity can
negatively affect hydrolysate quality by promoting
degradation of fermentable sugars and formation
of secondary inhibitory compounds. This highlights
the importance of maintaining an optimal pH
environment that balances efficient inhibitor removal
with preservation of carbohydrate fractions essential
for fermentation.

Temperature also significantly influenced the
detoxification process by affecting adsorption
kinetics and chemical stability of hydrolysate
components. Moderate temperatures were found
to support efficient interaction between activated
charcoal and phenolic molecules while maintaining
stability of fermentable sugars. In contrast, elevated
temperatures may accelerate undesirable side
reactions, including thermal degradation of sugars
and transformation of phenolic intermediates,
which can reduce both detoxification efficiency and
substrate quality. These findings emphasize that

temperature optimization is necessary to ensure
effective removal of inhibitory compounds without
compromising fermentable sugar availability.

Incubation time represented another critical factor
influencing detoxification performance. Adequate
contact time between activated charcoal and
hydrolysate components allows sufficient adsorption
of phenolic inhibitors, thereby improving hydrolysate
clarity and reducing toxicity. However, excessive
exposure to alkaline conditions may promote
degradation of carbohydrate fractions and facilitate
the formation of secondary inhibitory products.
Therefore, careful control of incubation duration is
essential to achieve an appropriate balance between
inhibitor removal and sugar preservation.

The integration of alkaline treatment with activated
charcoal adsorption proved particularly effective as a
combined detoxification strategy. Alkaline treatment
primarily facilitated disruption of lignin structures
and release of phenolic compounds into solution,
whereas activated charcoal selectively adsorbed
the remaining soluble phenolic fractions without
causing significant loss of fermentable sugars.
This complementary mechanism highlights the
advantage of combining chemical and adsorption-
based detoxification approaches to improve
hydrolysate quality while minimizing substrate loss.
Such integrated treatment strategies are especially
valuable in lignocellulosic biorefineries where
efficient inhibitor removal must be achieved without
compromising downstream fermentation potential.

The present study was focused to reduce phenolic
inhibitor content in wheat straw hydrolysate and
prepare a detoxified substrate suitable for further
experimental investigation. The improved hydrolysate
quality obtained through the optimized detoxification
process is expected to enhance microbial tolerance
to inhibitory compounds, support stable metabolic
activity, and improve overall fermentation efficiency
during subsequent bioconversion processes. These
improvements are particularly relevant for xylitol
production, where inhibitor sensitivity of xylose-
utilizing microorganisms often represents a major
limitation to process performance.

Overall, the findings demonstrate that systematic
optimization of detoxification parameters plays
a crucial role in maximizing removal of phenolic
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inhibitors while preserving fermentable sugars
required for microbial metabolism. The developed
detoxification strategy therefore represents a robust
upstream processing approach that supports the
efficient utilization of wheat straw hydrolysate as a
renewable substrate for value-added biochemical
production. Furthermore, incorporation of biological
detoxification strategies such as enzyme-assisted
treatment or microbial phenolic degradation
may further enhance sustainability by reducing
reliance on chemical inputs. Future investigations
should also explore the use of alternative low-
cost adsorbents and regeneration strategies for
activated charcoal to improve process economics.
In addition, comprehensive fermentation trials
using different xylitol-producing microorganisms,
combined with real-time inhibitor profiling and
process integration analysis, will provide deeper
insight into detoxification—fermentation interactions
and support development of efficient and sustainable
lignocellulosic biorefinery systems.

Conclusion

The present study demonstrated that phenolic
compounds present in wheat straw hydrolysate
significantly affect its suitability as a substrate
for microbial fermentation and therefore require
effective removal prior to bioconversion processes.
A systematic detoxification strategy involving alkaline
treatment followed by activated charcoal adsorption
was successfully applied to reduce phenolic inhibitors
while preserving fermentable sugars essential for
microbial metabolism. Among the alkaline agents
evaluated, NaOH showed superior performance in
removing lignin-derived phenolic compounds due
to its strong delignification capacity and ability to
disrupt lignin—carbohydrate linkages. Optimization
of key process variables, including pH, temperature,
and incubation time, further enhanced detoxification
efficiency by improving adsorption performance
of phenolic compounds and minimizing sugar
degradation. The integration of alkaline treatment
with activated charcoal adsorption conformed
particularly effective as a combined detoxification
approach, enabling selective removal of inhibitory
compounds while maintaining hydrolysate quality.
The optimized detoxification process significantly
improved the physicochemical characteristics of
wheat straw hydrolysate, making it more suitable for
subsequent microbial processing and potential xylitol
fermentation applications. These findings highlight
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the importance of carefully controlling detoxification
parameters to achieve an optimal balance between
inhibitor removal and preservation of fermentable
sugars. Overall, the study provides a practical
and efficient upstream detoxification strategy for
improving the quality of lignocellulosic hydrolysates
and supports the sustainable utilization of wheat
straw as a renewable feedstock for value-added
biochemical production. Future work should focus
on integrating biological detoxification techniques,
evaluating alternative low-cost adsorbents, and
conducting fermentation studies using xylitol-
producing microorganisms to further validate
the effectiveness of the optimized hydrolysate in
industrial bioprocess applications.
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