i polysaccharides @w

Article
Dual Modification of Red Lentil Starch: Enhancing Functionality
for Environmental and Pharmaceutical Applications

Abhijeet Puri '*©, Popat Mohite 107, Aakansha Ramole !, Sagar Pardeshi !, Krutika Bhoir !, Sonali Verma !
and Sudarshan Singh 23*

1 AET’s St. John Institute of Pharmacy and Research, Palghar 401404, Maharashtra, India;
mohitepb@gmail.com (P.M.); aakansharamole123@gmail.com (A.R.); sagarp@sjipr.edu.in (S.P.);
krutikabhoir1994@gmail.com (K.B.); vsona.ikz@gmail.com (S.V.)

2 Office of Research Administration, Chaing Mai University, Chiang Mai 50200, Thailand

3 Faculty of Pharmacy, Chaing Mai University, Chiang Mai 50200, Thailand

*  Correspondence: abhijeetp@sjipr.edu.in (A.P.); sudarshan.s@cmu.ac.th (S.S.)

Abstract

This study explored the dual chemical modification of starch isolated from red lentils (Lens
culinaris) to develop a biodegradable polymer with enhanced functionality for multifaceted
applications. Native starch was isolated via combined salt-alkali treatment and sequen-
tially modified through epichlorohydrin-mediated crosslinking, followed by cationization
using glycidyl trimethylammonium chloride (GTAC). Utilizing a Quality by Design (QbD)
strategy through Response Surface Methodology (RSM), the cationization endured fine-
tuning to reach an optimal degree of substitution (DS = 0.572) under foremost conditions
(GTAC: 2.1 mol, NaOH: 0.09 mol, reaction time: 18 h). Structural and functional characteri-
zation using FTIR, XRD, TGA, SEM, and zeta potential analysis confirmed the successful
modification, indicating enhanced thermal stability, a transition to a more amorphous
structure, and a moderately positive surface charge (+7.24 mV). The dual modified cationic
lentil starch (CLS) demonstrated effective flocculation of kaolin suspensions, achieving a
transmittance of up to 94%. Additionally, CLS showed significantly improved emulsion sta-
bility, maintaining over 70% stability after 24 h, compared to native starch, which dropped
below 30%. These results emphasize the promising potential of CLS as an eco-friendly and
high-performance alternative to synthetic polymers for water treatment and stabilization
of emulsion-based formulations.

Keywords: red lentil starch; chemical modification; crosslinking; cationization; quality by
design; flocculation; emulsion stability
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applications. Physical modifications, such as heat-moisture treatment, annealing, pre-
gelatinization, and extrusion, alter the structure of starch without changing its chemical
composition. Enzymatic modifications employ precise enzymes to selectively degrade
starch molecules, thereby customizing their molecular weight and branching [4]. Chemical
methods introduce new functional groups or crosslinks through reactions such as oxidation
and grafting, resulting in greater changes in solubility and stability compared to physical
or enzymatic approaches. Chemical modifications of starch are commonly performed to
address these limitations. Among the several modification techniques available, crosslink-
ing and cationization are particularly effective for enhancing the structural and functional
properties [5]. Crosslinking introduces covalent bonds between adjacent starch molecules,
reinforcing the internal structure and improving resistance to breakdown during heating,
shearing, or exposure to acidic environments. It increases resistance to shear, heat, and
acid, making crosslinked starches valuable in stable applications like food production,
pharmaceuticals, and bioplastics. Additionally, it reduces retrogradation, improves paste
viscosity and clarity, and allows starch to maintain its texture under demanding conditions.
These features make crosslinked starches highly favorable for uses where conventional
starch may fail [6]. Epichlorohydrin (EPI) is frequently employed as a crosslinking agent
due to ether bonds formation property between the hydroxyl groups on the starch backbone
under alkaline conditions. The degree of crosslinking can be managed by altering the molar
ratio of EPI to starch that had a direct impact on the gel’s strength, solubility, and viscosity
properties. Cationization represents a chemical process that alters the surface properties of
starch by adding positively charged groups. This change affects its interactions with other
materials and imparts multiple characteristics [7]. It enhances engagement with negatively
charged materials, rendering cationic starch vital in sectors such as paper production (as a
retention aid), water treatment, and biomedicine. It also improves binding, adhesion, and
flocculation properties, which allows for a wider range of functional applications. There is
increased solubility in cold water and enhanced effectiveness in moist conditions.
Cationic starches are chosen for their adaptability and functional advancements in
product formulation and environmental uses [8]. Dual modification of starch through
crosslinking and cationization leads to enhanced functional properties that exceed what
either method can achieve alone. This combination develops a robust and interactive
polymeric material, which is suitable for multifaceted applications like food processing,
papermaking, textile sizing, water treatment, and pharmaceutical biphasic dosage form
stabilization. The resulting starches maintain viscosity and texture under stress while
improving their ability to bind and interact with various materials. This approach expands
the versatility of starch for use in extreme processing environments and advanced formu-
lations [9]. Glycidyl trimethylammonium chloride (GTAC), a commonly used cationic
reagent, reacts with starch hydroxyl groups under mildly alkaline conditions to form stable
ether linkages. This results in starch molecules carrying quaternary ammonium groups,
which enhances their ability to interact with negatively charged materials. Cationic starches
have been used in various industrial sectors, such as papermaking [10], textiles [11], and
wastewater treatment [12], owing to their improved adhesion, thickening ability, and
charge-based binding capabilities [13]. Although starch from conventional sources such
as maize and potatoes has been well studied, starch extracted from legumes, particularly
red lentils, remains underexplored. Red lentils (RL: Lens culinaris) are widely cultivated
and known for their high starch content. Lentil starch is typically characterized by a small
granule size and relatively high amylose content, which may offer distinct advantages for
gel formation and film development when modified [14]. Red lentil starch was selected
for modification through crosslinking and cationization due to its optimal amylose and
resistant starch content, which enhances gel strength, thermal stability, and gut health. Its
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rich protein and fiber content improves water retention and gelling ability. This starch
performs better in food processing than other legumes, making it suitable for harsh con-
ditions. Additionally, RL is a sustainable, cost-effective crop that aligns with eco-friendly
food trends. The dual modification enhances the starch’s stability and properties without
losing nutritional value, broadening its industrial applications, compared to more common
starches [15]. The present study explored two main application areas for cationic starch:
flocculation and emulsion stability. In flocculation, cationic starch aggregates negatively
charged particles, such as suspended solids in wastewater, making it an eco-friendly floc-
culent. For emulsion stability, modified starch acts as a stabilizing agent in oil-in-water
systems by utilizing crosslinking and electrostatic interactions to prevent phase separation.
Furthermore, this research investigated how varying molar ratios of reagents impacted
starch modification and evaluated its physical, structural, and functional properties us-
ing various analytical methods. This work aims to advance starch-based materials as
sustainable alternatives to synthetic polymers for water treatment and emulsion systems.

2. Materials and Methods
2.1. Materials

Red lentils (Lens culinaris) were obtained from a local market in Palghar. Sodium
chloride (NaCl), methanol, sodium hydroxide (NaOH), ethanol, hydrochloric acid (HCI),
isopropanol, and kaolin were sourced from Loba Chemie Pvt. Ltd. (Mumbai, India) Castor
oil was acquired from Yucca Enterprises Ltd. (Mumbai, India) Epichlorohydrin (EPI) was
purchased from Antares Chem Private Ltd. (Mumbeai, India), Glycidyltrimethylammo-
nium chloride (GTAC) was procured from BLD Pharmatech (Mumbai, India) Pvt Ltd.
(Hyderabad, India). To evaluate the performance of CLS, a commercial flocculant, cationic
Magnafloc LT 22, was obtained from Kryton Chemicals (Hyderabad, India).

2.2. Isolation of Starch

Starch was isolated from RL using a combined salt and alkali treatment method
designed to separate starch from proteins and other fibrous materials effectively. The RL
were pulverized and converted to flour, which was initially mixed with distilled water to
form a slurry. A 1% (w/v) NaCl solution was introduced and stirred to loosen the protein
structures and disrupt the cellular matrix [16]. The mixture was then passed through a fine
mesh to eliminate coarse residues, and the collected filtrate was rinsed with the same salt
solution to remove any remaining soluble proteins. Subsequently, the filtrate was treated
with a 1M NaOH solution under continuous stirring to facilitate the breakdown of residual
protein—polysaccharide complexes and to release the starch granules more efficiently [17].
The produced slurry was subjected to filtration, and the retained starch underwent multiple
washes with an alkaline solution to thoroughly remove non-starch components. Following
each washing, sedimentation or centrifugation (Remi Bench Top C-854/4, Mumbai, India)
was employed to collect the starch-rich layer [18]. To further purify the starch, the sediment
was thoroughly rinsed with distilled water in multiple steps to remove salt, alkali, and
other soluble contaminants. The final starch was dried in a hot air oven (Labline LSC-35A,
Mumbai, India) at 45 °C for 67 h, until it reached a constant weight. It was then gently
ground and sieved to ensure uniformity. The processed starch was stored in an airtight
container to prevent moisture absorption before further analysis [19].

2.3. Synthesis of Cationic Starch

One gram of RL starch was dispersed in 150 mL of distilled water and stirred con-
tinuously at room temperature for an hour to ensure even distribution. To initiate the
crosslinking process, 1 M NaOH was added gradually over 15-20 min to develop an alka-
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line environment, thereby activating the hydroxyl groups on the starch. Epichlorohydrin
was then introduced, and the mixture was maintained at a temperature of 45-50 °C with
constant stirring for 24 h using a Digital Heating Mantle with Magnetic Stirrer (DAN Log-
itech 1221.DNEU, Haryana, India).This process led to the formation of ether bonds between
adjacent anhydro-glucose units through nucleophilic substitution reactions, resulting in
a cross-linked starch structure. The final product was separated by centrifugation (Remi
Bench Top C-854/4, Mumbai, India) at 3000 rpm for 10 min, thoroughly washed with
distilled water, and dried in a hot-air oven (PLOV, ProLab, Mumbai, India) at 45 °C [20]. A
molar ratio of anhydro glucose unit AGU:EPI:NaOH:H,O at 1:0.005:0.06:10 was selected to
ensure stability and an appropriate gel texture. For cationic modification, the crosslinked
starch was dispersed in 150 mL of distilled water and stirred for 1 h. The pH was adjusted
to approximately 10 using 1 M NaOH. Glycidyltrimethylammonium chloride (GTAC)
was added as a cationic reagent, and the reaction was maintained at 45-50 °C for 24 h
using Digital Heating Mantle with Stirrer (DAN Logitech 1221. DNEU, Haryana, India).
Sodium hydroxide catalyzed the epoxide ring-opening of GTAC, enabling its attachment
to starch via ether bonds through a substitution reaction. Upon completion, the pH was
lowered to 8 using a dilute hydrochloric acid solution. The final product was isolated by
centrifugation, washed with water, and dried at 45 °C. The molar ratio employed for this
step was AGU:GTAC:NaOH:H,O = 1:0.2:0.04:3.5, aiming for moderate substitution without
compromising starch integrity [21].

2.4. Statistical Analysis and Model Validation

The experimental data obtained from the Central Composite Design (CCD) underwent
an extensive statistical evaluation using Response Surface Methodology (RSM) via Design
Expert® Software Version 10.0 (Stat-Ease Inc., Minneapolis, MN, USA). This multivariate
optimization approach was utilized to investigate the combined impacts of three indepen-
dent variables: GTAC concentration (mol/L), NaOH concentration (mol/L), and reaction
time (h.) on the DS of CLS during the cationization process, as detailed in Table 1. To
assess the model’s suitability, an Analysis of Variance (ANOVA) was performed. The model
proved to be statistically significant (p < 0.05), effectively capturing the relationship between
the independent variables and the response. The F-value obtained from ANOVA high-
lighted the regression model’s relative importance, and the lack of a significant lack of fit
(p > 0.05) suggested that the model fit the experimental data well. The model’s performance
was further confirmed through multiple regression parameters, such as the coefficient of
determination (R?), adjusted R? (Adj-Rz), and predicted R? (Pred-R?). The high R? value
indicates that the model accounts for a substantial portion of the variability in the DS
response. The close agreement between the Adj-R? and Pred-R? values implies minimal
model overfitting and excellent agreement between the predicted and experimental values.
Moreover, the adequate precision ratio, which quantifies the signal-to-noise ratio, exceeded
the recommended threshold of 4, indicating that the model possesses an adequate signal
and is suitable for navigating the design space. Independent variables tested included
GTAC concentration (0.3-3.0 moL), NaOH concentration (0.03-0.15 moL), and reaction
time (12-24 h).
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Table 1. The comprehensive design matrix outlining the preparation of CLS.

Factor 1 Factor 2 Factor 3 Response 1
Std. Run A: GTAC B: NaOH C: Reaction Time Degree of
(mol/L) (mol/L) (h) Substitution (DS)
4 1 3 0.15 18 0.35
13 2 1.65 0.09 18 0.6
3 0.3 0.03 18 0.5
8 4 3 0.09 24 0.2
14 5 1.65 0.09 18 0.69
6 0.3 0.09 12 0.5
7 3 0.09 12 0.2
10 8 1.65 0.15 12 0.3
16 9 1.65 0.09 18 0.69
12 10 1.65 0.15 24 0.5
7 11 0.3 0.09 24 0.34
15 12 1.65 0.09 18 0.46
17 13 1.65 0.09 18 0.69
14 3 0.03 18 0.5
15 0.3 0.15 18 0.12
11 16 1.65 0.03 24 0.5
9 17 1.65 0.03 12 0.3

The proposed experiment included 17 trials, spread across three factors identi-
fied by the RSM/CCD. The resulting data were examined through analysis of variance
(ANOVA). The DS value derived from the proposed experiments was expressed using a
polynomial regression equation, leading to the creation of a model, as illustrated in the
following equation:

k k k=1 k
Y =Bo+ ) Biki+ ) Bukid + ). Y B 1)
i=1 i=1 i=1j>]

In the equation, the variables are described as follows: Y stands for the expected
responses, By is the coefficient constant term, §; is the linear coefficient term for the ith
factor, B;; is the quadratic coefficient term, f;; is the interaction coefficient term between the
ith and jth factors, and x; and xj represent the factors.

2.5. Degree of Substitution of Synthesized Cationic Lentil Starch

The degree of substitution is related to the AGUs, which replace the hydroxyl groups
per glucose unit [22]. An elemental analyzer (Vario EL III; Elementar Analysensysteme
GmbH, Langenselbold, Germany) was used to determine the DS. The estimation process
employed only three elements: carbon, nitrogen, and hydrogen [23]. The nitrogen percent-
age was determined by analyzing three sample replicates [24], with particular emphasis on
achieving a subdivided standard deviation (<0.5) using the following formula:

162N

D f substitution =
egree of substitution (1400 — CA x N)

(2)
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where 162 = anhydrous glucose unit molecular weight, AGU; N = nitrogen percentage; and
GTAC (Cationic Agent) = 151.

2.6. Characterization of LS, GTAC and CLS

The vibrational and structural properties of LS, GTAC, and CLS were assessed using
a Fourier-transform infrared spectrometer (Jasco ATR-FT/IR-4600, Tokyo, Japan) over a
range of 4000 to 600 cm~! with a scan duration of 1 s. Thermal analysis was conducted with
a TG-DSC (NETZSCH STA 449 F3 Jupiter, Selb, Germany) under nitrogen gas, spanning
temperatures from 25 to 600 °C. X-ray diffraction of the samples was performed using a
Shimadzu XRD-6000, Kyoto, Japan, diffractometer with Cu K« (A = 1.5418 A) radiation at
room temperature. The instrument operated at 30 kV and 30 mA, with a detection angle
of 20 and a scanning range of 2° to 30°. An elemental analyzer (Vario EL III Elementar
Analysensysteme GmbH, Langenselbold, Germany) was employed to measure the nitrogen
content, with scanning performed at 2° /min in continuous scan mode. The granular mor-
phologies and surface structures of LS and CLS (from —200V to 30 kV) were captured using
a field-emission scanning electron microscope (FE-SEM QUANTA 200 FEG microscope,
Eindhoven, Netherlands) at various magnifications. The zeta potential of the samples was
measured using a Malvern V.2.3 zeta potential analyzer to assess the surface charge and
colloidal stability of the modified starch in aqueous dispersion. Measurements were taken
within a voltage range of —200 mV to +200 mV to evaluate electrostatic interactions.

2.7. Pharmaceutical Application of Modified Cationic Lentil Starch
2.7.1. Flocculation Tests of Kaolin Suspension

The flocculation capability of cationic lentil starch (CLS) was assessed using a standard
kaolin suspension system, relevant to both pharmaceutical and environmental contexts. A
0.1% (w/v) kaolin suspension was created by dispersing 1 g of kaolin clay in 1000 mL of
deionized water, ensuring even distribution through continuous stirring. After adding CLS,
each mixture underwent rapid mixing at 120 rpm for 1 min, followed by gentle stirring at
40 rpm for 20 min to facilitate floc formation via charge neutralization and bridging. The
suspension was then allowed to settle undisturbed for 15 min to enable sedimentation.
Flocculation performance was determined by measuring transmittance at 620 nm using a
UV-Vis spectrophotometer (UV/Vis-1800, Shimadzu, Kyoto, Japan) [25].

2.7.2. Cationic Starch as Emulsion Stabilizer

Cationic starch extracted from RL was assessed for its effectiveness as a natural emul-
sifier in stabilizing oil-in-water (O/W) emulsions, which is crucial for pharmaceutical and
cosmetic applications. The introduction of quaternary ammonium groups during the cation-
ization process confers surface activity to the starch molecules, enabling them to adsorb
at the oil-water interface and prevent droplet coalescence through electrostatic repulsion.
The oil-in-water emulsions were created with a fixed oil phase of 7% (v/v) and an aqueous
phase of 93% (v/v), composed of phosphate buffer (pH 7.0) and varying concentrations
of cationic starch (0.1, 0.3, 0.5, and 1.0% w/v). Cationic starch solutions were prepared by
dispersing the required amounts of starch in phosphate buffer, followed by heating at 85 °C
for 30 min with continuous stirring to ensure complete gelatinization. After cooling to room
temperature, 7 mL of oil was added to 93 mL of the prepared starch solution, resulting
in a total volume of 100 mL for each emulsion sample. Pre-emulsification was conducted
using a magnetic stirrer for 5 min, followed by homogenization at 12,000 rpm for 3 min
with a high-speed homogenizer to ensure even dispersion of the oil droplets. A control
emulsion without starch was prepared under the same conditions. All emulsion samples
were stored at room temperature, and their stability was evaluated at specified intervals.
Visual observations were used to monitor phase separation and creaming behavior. The
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creaming index was determined by centrifuging 10 mL of each emulsion at 3000 rpm (Remi
Bench Top C-854/4, Mumbai, India) for 15 min, and the extent of creaming was calculated
as a percentage of the total height of the emulsion. Turbidity was measured spectrophoto-
metrically (UV/Vis-1800, Shimadzu, Kyoto, Japan) at 600 nm to evaluate droplet dispersion,
and droplet size distribution was analyzed using optical microscopy [26,27].

3. Results and Discussion

Starch was isolated from RL using an alkaline solution, which facilitated the effec-
tive separation of starch granules while minimizing interference from proteins and other
non-starch components present in the red lentils. The starch underwent crosslinking with
epichlorohydrin in the presence of sodium hydroxide. This reaction encouraged the for-
mation of ether bonds between the hydroxyl groups of adjacent glucose units, resulting
in a structurally enhanced starch network. The starch was further modified to introduce
cationic properties by reacting it with GTAC. Under mildly alkaline conditions, sodium
hydroxide assisted in the ring-opening of the GTAC epoxide group, enabling the attach-
ment of quaternary ammonium groups to the starch backbone as depicted in Figure 1. This
modification imparted a positive surface charge, enhancing the interaction with negatively
charged particles, a crucial feature for applications such as flocculation. The cationic starch
was used to stabilize oil-in-water emulsions. The presence of charged groups on the starch
surface enhances its ability to adsorb at the oil-water interface, thereby reducing droplet
coalescence and contributing to improved emulsion stability. The entire modification
process was optimized to preserve structural integrity while achieving sufficient incorpo-
ration of functional groups, confirming the potential of the developed starch for use in
both environmental and formulation-based applications. The goal was to achieve an ideal
balance that would maximize the incorporation of quaternary ammonium groups without
causing starch degradation. Under optimized conditions, the modified starch exhibited an
increased degree of substitution (DS), indicating the extent of cationic group attachment
to the starch backbone. This enhanced DS signifies successful modification, contributing
to improved functional properties, such as charge density and interaction potential with
negatively charged particles in suspensions and emulsions. The synthesis process was
optimized using the QBD approach, concentrating on the levels of GTAC, the concentration
of the NaOH catalyst, and the duration of the reaction. Through QBD, a high DS for CLS
was achieved, which is a crucial measure of its modification degree, reaching a peak DS of
0.572 under the best conditions.

3.1. Model Data Analysis and Evaluation for Cationic Starch Synthesis
Constructing the Equation for the Regression Model

CLS was synthesized via etherification by grafting GTAC onto a starch backbone,
resulting in cationic properties essential for flocculation. The experimentally obtained
degree of substitution (DS) values ranged from 0.12 to 0.28. Based on the sequential sum of
squares analysis, a quadratic model was identified as the most appropriate for describing
this response. The final empirical equation representing the relationship between DS and
the coded variables is as follows,

DS = 0.62600 — 0.0263A — 0.0663B + 0.0300C + 0.0575AB + 0.0400AC + 0.0300BC — 0.1742A% — 0.0842B> — 0.1418C>  (3)

where A, B, and C refer to the GTAC concentration, NaOH concentration, and reaction time,
respectively. The model’s performance was assessed using the standard deviation (SD) and
the correlation coefficient (R?). The model exhibited a relatively low standard deviation
of 0.1563 and a correlation coefficient of 0.7654, indicating a reasonable level of predictive
accuracy. A correlation coefficient approaching one reflects a strong alignment between
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the predicted and actual values. Statistical analysis revealed that the selected experimental
factors accounted for approximately 95.62% of the total variation observed in the DS. These
high values, close to unity, confirm the model’s reliability and suggest minimal deviation
between the predicted and observed DS outcomes [28,29].

(AGU) of Starch

%%%

NaOH (aq.)
Anhydrous glucose Unit O Cross-linked Starch
% or
o o
HO OH O/%\ -
oH 0~

Step I) Cross- linked Starch

Epichlorohydrin

HO

o H

GTAC

N—CHSCI NaOH (aq.)
Step II) Cationization

f
%\

7

%\

(CH3)3CI

HO  N'(CHy)sClm

Cationic Lentil Starch

Figure 1. (Step I) Schematic representation of starch crosslinking via epichlorohydrin, forming ether
linkages between starch molecules, (Step II) Schematic representation of cationic starch synthesis via
etherification of starch with GTAC.

3.2. Analysis of Variance

ANOVA was conducted using Design Expert 10.0, and the model’s statistical signif-
icance was evaluated through the F-value and its corresponding p-value (Prob > F). The
F-value is derived by dividing the mean square of the model by the mean square of the
residual error, indicating how well the model accounts for the variability in the data. A
model is deemed statistically significant if the p-value is less than 0.05, suggesting that the
observed effects are unlikely to be due to random chance. A larger F-value generally indi-
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cates a stronger correlation between the independent variables and the responses. These
criteria were used to assess the ANOVA results for the quadratic model developed for the
degree of substitution, as shown in Table 2. The F-value and Prob > F for this model were
6.12 and 0.0173, respectively, indicating the model’s significance. Model terms A, B, C, A2,
B2, C2, and BC were significant, while terms AB and AC were not statistically significant
concerning the response. The lack-of-fit analysis revealed no significant difference between
the model and the experimental data, as indicated by a p-value of 0.1846, which exceeds the
typical threshold of 0.05. This indicates that the variation in the residuals is mainly due to
random error rather than any inadequacy in the model. The absence of a notable lack of fit
suggests that the model possesses strong predictive capabilities, as illustrated in Figure 2.
Furthermore, the model’s predicted values for DS closely matched the observed responses,
confirming its effectiveness in representing the relationship between the variables.

Table 2. Variance analysis of the substitution degree and quadratic response surface model for
substitution degree.

Source Sscllll?;r(;fs DOF Mean Square F-Value p-Value Significance
Model 0.7354 9 0.0817 6.12 0.0173 Significant
A—GTAC 0.1055 1 0.1055 791 0.0257 *
B—NaOH 0.0851 1 0.0851 6.38 0.0372 *
Reaction 0.0672 1 0.0672 5.03 0.0481 .
AB 0.0432 1 0.0432 3.24 0.1013
AC 0.0364 1 0.0364 2.83 0.1354
BC 0.0211 1 0.0211 1.78 0.2254
A? 0.1278 1 0.1278 9.55 0.0189 *
B? 0.0499 1 0.0499 3.73 0.0880
C? 0.1986 1 0.1986 14.84 0.0064 i
Residual 0.0932 7 0.0133
Lack of Fit 0.0634 3 0.0211 2.37 0.1846 . N(.)t
significant
Pure Error 0.0298 4 0.0075
Model Type Quadratic
R 0.8874
Adjusted R? 0.7143
Predicted R 0.6427
podet 7o
Doviaion 0112

Note: * p < 0.05 (significant), ** p < 0.01 (highly significant).
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Predicted vs. Actual

0.7 —

0.6 —|

0.5 —

Predicted

0.4 —|

0.3 —

0.2 —

0.1 —|

0.1 0.2 03 04 [ 06 0.7

Actual

Figure 2. A graphical depiction of predicted DS values compared to the actual ones.

3.3. Effect of Independent Variables on Degree of Substitution

The process of starch cationization involves a series of chemical reactions. Initially, the
chlorohydrin group in GTAC is transformed into an epoxy intermediate. In an alkaline
environment, this reactive epoxy group engages with the hydroxyl groups of the starch
molecule. If it remains unreacted, the epoxy group can undergo hydrolysis, resulting in the
formation of a non-reactive 2,3-dihydroxypropyl derivative.

3.3.1. Response Surface Curve for the Impact of NaOH and GTAC Concentration (moL)

As the molar ratio of GTAC increased progressively, there was a consistent rise in the
degree of substitution (DS) for CLS, peaking at a GTAC concentration of approximately
2.1 moL, as illustrated in Figure 3A. This positive correlation between the GTAC concentra-
tion and DS can be attributed to the increased availability of reactive quaternary ammonium
groups, which actively participate in etherification with hydroxyl groups present on the
starch backbone. The epoxidation of GTAC facilitates its interaction with starch chains,
and a higher concentration improves the accessibility and proximity of the reagent to
the reaction sites, thereby increasing the substitution efficiency. However, beyond the
2.1 moL threshold, the DS value exhibited only marginal variation or reached a plateau.
This suggests that the starch matrix reached a saturation point, where further increases
in the GTAC concentration did not significantly enhance the substitution. Under these
near-optimal conditions, the reaction reached equilibrium, and excessive GTAC did not
contribute to further etherification but did not hinder the process, maintaining a relatively
stable DS value. In contrast, the effect of sodium hydroxide (NaOH) concentration was
more pronounced. DS increased sharply with increasing NaOH concentration, peaking
at approximately 0.12 mol NaOH. This concentration likely provides the ideal alkaline
environment necessary to deprotonate starch hydroxyl groups and catalyze the formation
of the epoxide intermediate from GTAC. However, further increases in NaOH concentration
beyond this point led to a gradual decline in DS. This decrease can be ascribed to several
factors, including the hydrolytic degradation of GTAC under highly alkaline conditions
and the possible breakdown of the starch structure itself. Excess NaOH may also favor
competing side reactions that divert reagents from the etherification process. Therefore,
maintaining a balanced concentration of GTAC and NaOH is essential for optimizing the
DS and ensuring effective cationic modification of starch [28,30].
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Figure 3. Response surface curve for the impact of NaOH concentration and GTAC concentration
(moL) (A), Response surface Reaction time and GTAC concentration (moL) (B), Response surface
curve Reaction time and NaOH concentration (moL) (C).

3.3.2. Effect of GTAC Concentration and Reaction Time on DS

The 3D response surface plot (Figure 3B) illustrates the relationship between GTAC
concentration (ranging from 0.3 to 3.0 mmoL) and reaction time (12-24 h). The findings
indicate that as the concentration of GTAC increases, there is a corresponding rise in the
degree of substitution. This suggests that the presence of more quaternary ammonium
groups facilitates the greater integration of cationic functionalities into the starch struc-
ture. This observation underscores the crucial role of GTAC in determining the extent
of cationization. On the other hand, the effect of reaction time presents a more intricate
pattern [31]. Initially, moderate extensions in reaction time enhance DS due to improved
diffusion and interaction of GTAC with starch granules; however, excessively long reac-
tion times do not necessarily lead to higher substitution levels. This is likely due to the
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depletion and hydrolysis of the GTAC reagent over prolonged periods in alkaline aqueous
environments. As the reaction proceeds, side reactions, such as the breakdown of epoxide
intermediates and competition from water molecules, become more dominant, which can
hinder the etherification mechanism. Thus, there exists an optimal reaction time window
that maximizes DS before undesirable reactions reduce the efficiency [32].

3.3.3. Effect of NaOH Concentration and Reaction Time on DS

NaOH concentration (0.03-0.15 moL) and reaction time (12-24 h) on the degree of
substitution. Sodium hydroxide acts as a crucial catalyst by enabling two key steps: the
generation of a reactive epoxide intermediate from GTAC and the activation of starch
hydroxyl groups through deprotonation. NaOH efficiently promoted the formation of
ether bonds between GTAC and starch molecules at lower concentrations [33]. An increase
in DS was noted rapidly until it reached an optimal level of about 0.09 M. This can be
understood as follows: in basic conditions, the hydroxyl groups in the anhydroglucose units
of starch may participate in nucleophilic reactions with the etherification agent, similar to
the well-known Williamson ether synthesis.

Beyond this point, however, further addition of NaOH led to a gradual decline in
DS. This decrease is primarily due to the hydrolytic degradation of GTAC under strongly
alkaline conditions, where the epoxide ring opens to form diol by-products that do not
participate in the substitution, as shown in Figure 3C. Additionally, excess NaOH may
partially degrade the starch structure, thereby further reducing its reactivity. Reaction
time also plays a secondary role; although it allows sufficient contact time for reactions
to proceed, excessively long durations in highly alkaline media exacerbate side reactions.
Therefore, maintaining a controlled and balanced concentration of NaOH is essential
to maximize the efficiency of cationic substitution and minimize undesired secondary
pathways [24].

3.4. Validation of the Model and the Degree of Substitution Value Optimization

The model underwent validation through three investigative series using Design-
Expert software. This validation process involved comparing predicted values with experi-
mental results. The optimization aimed to maximize the DS value response by integrating
the desired criteria, while adjusting other factors within a specified range, as outlined in the
methodology section. Experimental analysis revealed that all DS values were below the SD
of 0.053, supporting the model’s validity. The desirability functions such as concentration
of GTAC, NaOH Reaction time are used to evaluate, and optimize multiple responses or
attributes [34]. These functions indicate how well a favorable combination of input vari-
ables achieves desired outcomes, combining multiple responses into a single desirability
score to identify optimal operating conditions. However, minor variations in input values
in QbD can influence desirability values, affecting overall performance. The experiments
demonstrated a prediction accuracy of 95.62% for the model. Based on the RSM software
analysis, Experiment 1 in Table 3 was identified as the optimal condition. Notably, the
experiment suggested by RSM resulted in a slightly higher DS value of 0.572.

Table 3. Predicted and experimentally observed responses for the optimized synthesis conditions of
CLS obtained using RSM.

Exp.

Conc. of
GTAC (mol)

. Degree of Substitution
Conc. of Reaction g Desirability Standard

NaOH (mol) Time (h) Predicted  Experiment Deviation

RE%

1

2.039

0.113 19.762 0.625 0.572 1.000 0.053 91.52
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3.5. Elemental, Functional, Thermal Analysis, X-Ray Diffraction, Surface Morphology
and Application

The elemental analysis results for lentil starch and its modified form (Table 4) provide
insights into the efficiency of cationic modification using GTAC. Native lentil starch (LS)
exhibited a negligible nitrogen content (N %), indicating the absence of significant protein
residues, which aligns with its natural composition, which is predominantly polysaccha-
rides. However, minor traces of nitrogen in LS can be attributed to residual proteins
inherent to plant-based materials. In contrast, GTAC-modified lentil starch (CLS) exhibited
a substantial increase in nitrogen content, with a measured nitrogen percentage (N %) of
3.39. This notable increase confirmed the successful grafting of GTAC onto the starch back-
bone, resulting in the incorporation of nitrogen-rich functional groups into the structure.
GTAC, a quaternary ammonium compound, introduced amine functionalities during the
modification process, contributing to the nitrogen content observed in the modified starch.
The effectiveness of cationization is further influenced by the concentration of GTAC em-
ployed during synthesis; higher concentrations typically enhance the degree of grafting and,
consequently, increase the nitrogen content in the final product. The interaction between
GTAC and starch involves covalent bonding, primarily between the epoxy group of GTAC
and the hydroxyl groups (-OH) in the starch molecule. These covalent linkages stabilize the
incorporation of cationic moieties, thereby altering the physicochemical properties of starch.
The Degree of Substitution (DS) measures the extent of this modification by indicating the
average number of functional groups linked to each anhydroglucose unit (AGU) within
the starch structure. The DS value was calculated based on the nitrogen content (N %), the
molecular weights of AGU (162 g/moL) and GTAC (151 g/moL), and a standard molar
weight reference of 1400 for ten AGUs. GTAC-modified lentil starch (CLS) exhibited a
DS of 0.67, suggesting moderate but adequate cationic substitution (Table 4). In contrast,
native starch showed no detectable substitutions. The higher nitrogen and DS values in
CLS reflect the efficiency of GTAC in introducing cationic functionalities, rendering starch
more suitable for applications requiring charge-modified polymers, such as wastewater
treatment or emulsion stabilization [16].

Table 4. Elemental composition of LS, GTAC and CLS.

Sample Name C % H % N % DS
Lentil Starch 38.31 8.27 0.00 -
Glycidyltrimethylammonium chloride 4431 17.80 8.54 -
Cationic Lentil starch 35.64 11.51 3.39 0.67

3.6. Fourier-Transformed Infrared Spectrum

FTIR spectroscopy was employed to examine the structural changes in the lentil starch
before and after chemical modification (Figure 4). The spectrum of native RL starch dis-
played prominent peaks at 3237 cm ™!, 2927 cm !, and 1628 cm !, which are associated
with O-H, C-H, and C=0 stretching vibrations, respectively. These are typical polysaccha-
ride features. Additionally, signals between 1148 cm ! and 994 cm ! correspond to C-O-C
and C-O stretching, indicating the presence of glycosidic linkages in the starch backbone.
After EPI treatment, noticeable shifts in the absorption bands were observed for all the
samples. The broad O-H peak shifted to a slightly lower wavelength (3219 cm~!), and a
new peak near 1632 cm~! appeared, suggesting changes in the hydrogen bonding network
and possible formation of cross-linked starch (CS). These alterations are consistent with
the introduction of ether bonds between the starch chains, resulting from the action of the
crosslinking agent. The FTIR spectrum of GTAC used for cationization exhibited a broad
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band at 3273 cm ! (O-H stretching) and a distinctive peak at 1479 cm ™!, which is character-
istic of C-N stretching in quaternary ammonium compounds. These key functional groups
were also detected in the modified CLS sample, confirming the successful incorporation of
cationic groups. Moreover, the O-H peak in CLS showed lower intensity and was slightly
shifted, indicating the partial substitution of hydroxyl groups. A minor but notable peak at
approximately 599 cm~! may be associated with C-Cl stretching, possibly due to residual
epichlorohydrin, suggesting that cross-linking and cationic reactions occurred [35]. The
overall shifts and appearance of new absorption bands in the FTIR spectra validated the
chemical transformation of the lentil starch.

3.7. Thermogravimetry Studies

Thermogravimetric analysis showed the presence of graft CLS (Figure 5), indicating a
unique thermal behavior compared to that of red lentil starch. The TGA profiles indicated
distinct phases of weight loss: an initial reduction in mass between 50 °C and 100 °C
due to absorbed and bound water, followed by further loss from 266 °C to 400 °C as
starch began to break down. The initial decrease in mass was linked to the water-induced
melting of starch crystallites and the subsequent removal of starch chains from the swollen
amorphous regions. The second phase of mass loss was attributed to polymer degradation,
as evidenced by the weight reduction. Cationic lentil starch exhibited a two-stage polymer
breakdown process [36]. Initially, both LS and the cationic agent GTAC disintegrated,
marking the first stage of breakdown. However, a distinct second breakdown occurred
during the cyclization of the product. Thermogravimetric analysis revealed key differences
between native and cationic red lentil starch. The initial weight loss (100-200 °C) was
higher in cationic starch (15.9%) owing to its greater moisture retention. Native starch
showed a single degradation step at 275.9 °C, whereas cationic starch exhibited multiple
stages (195.6 °C, 242.3 °C, 296.4 °C), confirming structural modifications. The higher
residual mass of cationic starch (7.0% at 615.8 °C) compared to native starch (25.7% at
325.3 °C) indicates improved thermal stability but also an earlier onset of degradation.

3.8. X-Ray Diffraction

X-ray diffraction (XRD) analysis revealed that LS exhibited sharp and well-defined
crystalline peaks, indicating an ordered molecular structure. In contrast, CLS showed
peak broadening and reduced intensity. XRD analysis was conducted to compare the
crystallinities of the native and cationic starches. Native starch exhibited sharp and intense
peaks at 15°,17°, 18°, and 23° (26 values), characteristic of a C-type crystalline structure,
indicating a well-ordered molecular arrangement as seen in Figure 6a. In contrast, cationic
starch displayed a broad peak at approximately 20° (26), signifying a loss of crystallinity
and a transition to a more amorphous structure, as shown in Figure 6b. This change is
attributed to cationization, which disrupts hydrogen bonding and introduces structural
modifications. Reduced crystallinity enhances water absorption, swelling, and solubility,
making cationic starch more suitable for applications such as wastewater treatment and
soil remediation. The incorporation of GTAC into the starch backbone led to a reduction in
crystallinity, suggesting a disruption of the original ordered structure [37]. These structural
alterations are due to the bulkiness of the quaternary ammonium groups, which hinder the
alignment of the starch chains, especially within the crystalline lamellae. Overall, the XRD
results confirmed that cationic modification affected the internal structure of lentil starch,
supporting the successful grafting of GTAC onto the starch matrix [38].
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Figure 6. XRD spectra of (a) red lentil starch and (b) cationic lentil starch.

3.9. Scanning Electron Microscopy

The SEM micrographs illustrate the surface morphology of the lentil starch at differ-
ent magnifications, emphasizing the granules and their modifications. The SEM images
[Figure 7a—d] provide a visual insight into the surface characteristics of the red lentil starch
before and after chemical modification. Native starch [Figure 7a,b] showed smooth, oval
to spherical granules with slight size variations and overall uniformity [38]. In contrast,
chemically modified starches [Figure 7c,d] exhibit rough textures, cracks, and irregular
granule shapes. These morphological changes indicate structural alterations due to the
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treatments, such as cationization (with GTAC) and cross-linking (using epichlorohydrin).
Fissures and uneven surfaces are often associated with chemical interactions that occur
during modification and drying. Minor deposits on the granule surfaces may represent
unreacted residues or byproducts. The differences between the native and modified
samples illustrate transformations consistent with the expected chemical changes from
these treatments [39].

EN

10kv. X500 50um 0094 1550 SEI

=&

——

10kv X100 100um 0094 15 50 SEI 10kV X250 100pm 0094 1450 SEI

Figure 7. SEM of red lentil starch (a,b), cationic lentil starch (c,d).

3.10. Zeta Potential

The recorded zeta potential value for the sample was +7.24 mV, with a standard devia-
tion of 4.90 mV, indicating a moderately positive surface charge, as shown in Figure 8. The
analysis revealed a single peak centered at +7.90 mV, encompassing 100% of the particle
population, confirming the sample’s homogeneity in terms of charge distribution. The
zeta potential of cationic starch derived from RL was measured at +7.24 mV, indicating a
moderately positive surface charge owing to the quaternary ammonium groups introduced
during the cationization process. This positive charge plays a critical role in enhancing the
functional behavior of starch in emulsion stabilization and flocculation applications. In
oil-in-water emulsions, positively charged starch molecules are attracted to the negatively
charged surfaces of oil droplets, promoting interfacial adsorption and forming a stabilizing
layer that helps prevent droplet coalescence [40]. In contrast, for flocculation in wastewater
treatment, the same positive surface charge facilitates electrostatic interactions with nega-
tively charged colloidal impurities. This results in charge neutralization and the subsequent
aggregation of suspended particles into larger flocs, enhancing sedimentation and removal
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efficiency. Thus, the moderate zeta potential observed in cationic starch not only improves
its emulsifying capacity but also makes it an effective biodegradable flocculant suitable for
environmental applications [41].

Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 7.24 Peak 1: 7.80 100.0 5.41
Zeta Deviation (mV): 4.90 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 1.76 Peak 3: 0.00 0.0 0.00
Result quality :
Zeta Potential Distribution
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Figure 8. Zeta potential of cationic lentil starch.

3.11. Pharmaceutical Applications
3.11.1. Flocculation Property of CLS

According to the test results, a comparison was made between CLS and commercially
available flocculants to assess their flocculation properties using 0.25% (w/v) kaolin sus-
pensions. CLS shows favorable characteristics for use as a flocculant over a broad pH
range, eliminating the necessity for pH adjustment, similar to the capabilities of aluminum
chloride. CLS demonstrated similar effectiveness in flocculating negatively charged kaolin
particles under various pH conditions, comparable to other commercially available floc-
culants, such as aluminum chloride. Due to its cationic nature and branched structure,
GTAC seems to offer a notable advantage. The performance was assessed by measuring
the transmittance of the supernatant, with higher transmittance indicating a more effective
flocculating agent. The effectiveness of the flocculating agent can be deduced from the
transmittance of the supernatant; higher transmittance indicates stronger flocculation per-
formance [42]. These results indicate that CLS, with its longer alkyl chains, is more effective
as a flocculant in kaolin suspension. The electrostatic attraction between CLS derivatives
and anionic kaolin suspensions facilitates the easy adsorption of the former onto the colloid
surface. When polymers are adsorbed, they tend to form loops that extend from the particle
surface into the aqueous phase. The loose ends of these loops then attach to the surface
of another particle, creating a bridge between them. The effectiveness of polymer chains
in bridging the gap between particle surfaces depends on their length. Longer polymer
chains have a greater ability to span the distance between particles, promoting effective
bridging and aggregation. Initially, the transparency of the liquid above the sediment
improved as the dosage increased. When the dosage reached 0.20 g/L, the peak trans-
mittance value was 94.0%. After reaching this peak, the transmittance value remained
stable and slightly decreased with further increases in dosage, as shown in Figure 9A. The
clarity of the liquid above the sediment improved as the sedimentation and flocculation
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time increased, as shown in Figure 9B and Figure 9C, respectively. At lower dosages,
there was an insufficient amount of polymer present. When there is an excessive amount
of polymer, there is not enough exposed particle surface for segments to attach, causing
the particles to become unstable, potentially leading to steric repulsion. Extending the
sedimentation and flocculation periods positively impacted the adsorption of polymers
onto particle surfaces, facilitating their bridging. Figure 9D shows the effect of dosage on
the transmittance (%) of CLS and Mag LT22. CLS initially increased transmittance, peaking
at approximately 1-2 dosage units, indicating efficient flocculation and improved clarity.
However, the transmittance decreased for both samples at higher dosages, likely due to
overdosing, which led to particle re-suspension or destabilization. This suggests that CLS
is a more effective flocculant than Mag LT22 at optimal dosages.

3.11.2. Cationic Starch as Emulsion Stability

The graph compares the emulsion stability of cationic and red lentil starch over 24 h.
Native starch-based emulsions exhibited significant phase separation and creaming, with
a clear aqueous layer formed within 24 h. In contrast, emulsions stabilized with cationic
starch, especially at higher concentrations, remained visually homogeneous with minimal
phase separation, even after 24 h. This demonstrates that cationic modification significantly
improves emulsion stability by enhancing electrostatic interactions and interfacial adsorp-
tion, thereby preventing droplet coalescence and creaming over time. The horizontal axis
indicates time in hours, while the vertical axis shows emulsion stability as a percentage.
There are two separate curves: a solid blue line with circular markers for cationic starch
and a dashed red line with square markers for red lentil starch. Initially, both starch types
showed 100% emulsion stability, but over time, a decline was observed in both cases, with
red lentil starch showing a significantly steeper decrease. The graph illustrates the emulsion
stability of the cationic and red lentil starches throughout the 24 h period. Cationic starch
maintained a higher stability, gradually decreasing but remaining at approximately 70%.
In contrast, red lentil starch declined rapidly, dropping below 50% in 10 h and approaching
30% in 24 h (Figure 10). The excellent performance of cationic starch is due to its positive
charge, which boosts electrostatic interactions and prevents phase separation. On the other
hand, red lentil starch does not demonstrate this level of stability. Therefore, cationic starch
is a better emulsifier for applications requiring prolonged emulsion stability, such as in
food, pharmaceuticals, and wastewater treatment. This electrostatic interaction established
a more stable network, preventing the phase separation and coalescence of the droplets.
Conversely, red lentil starch, which lacks charge modifications, is less effective in stabilizing
emulsions, resulting in a faster breakdown over time [43].

Table 5 presents a comparative analysis of various starch sources that have been modi-
fied for use in flocculation and emulsion stability applications. It enumerates each starch
type, the Cationizing agent used (such as GTAC or CHPTAC), the synthesis methods, the
degree of substitution (DS), the intended application, and the resultant reaction efficiency.
Red lentil starch (CLS, current study) achieves a high DS of 0.625. It integrates crosslinking
with etherification, resulting in reaction efficiencies of 94% for flocculation and 90% for
emulsion stability, which are among the highest reported. Other starches, including corn,
potato, cassava, waxy maize, and sago, generally exhibit either very high efficiency at
lower DS or moderate DS with varying efficiencies. For example, corn starch (GTAC)
demonstrates 97% efficiency at a DS of 0.5, while cassava achieves up to 98% for emulsion
stability at a DS of 0.35. The table highlights the balance achieved in the current CLS: a
relatively high DS coupled with very high effectiveness in both flocculation and emulsion
stabilization, distinguishing it from previously reported materials.
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Figure 10. Emulsion stability between red lentil starch and cationic starch.

Table 5. Current study on cationic starch synthesis methods, substitution degrees, and applications
across starch sources from literature reports.

Source of Cationizing Synthesis Degree of Reaction Avpplication Ref
Starch Reagent Method Substitution Efficiency PP ’
Unripe CHPTAC Etherification 0.623 92.29% Flocculation [16]
banana

Native potato GTAC Etherification 0.19 90% Flocculation [21]
Flocculant
Sago CHPTAC Etherification 0.45-1.19 70-95% wastewater [30]
treatment
Graft
Corn GTAC pOIYH‘firtfanon 0.5 97% Flocculation [44]
etherification
Flocculant
Potato CHPTAC Etherification 0.13-0.86 55-92% emulsion [41,45]
GTAC o
stabilizer
Cassava CHPTAC Etherification 0.35 98% Emulsion [46]
stability
Hydrolysis with o Emulsion
Corn GTAC etherification 0.26 70% stability [47]
Etherification .
. CHPTAC, . o Papermaking
Waxy maize GTAC, (mlcr'owave— 0.05-1.0 70-99% flocculants [48]
assisted)
Cassava CHPTAC Etherification 0.39-0.99 68-93% Flocculant [49]
dye removal
e
Red lentil GTAC P with y 0.625 94% emulsion Current
e stability
etherification
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4. Conclusions

This study demonstrates that red lentil starch is a promising and sustainable raw
material for the development of functional cationic starch derivatives. The optimized
GTAC-modified starch exhibited desirable surface charge, structural transformation, and
enhanced thermal and application performance, confirming the effectiveness of the modi-
fication strategy. Despite moderate statistical significance, the predictive model reliably
guided process optimization and enabled the production of a material with consistent
functional properties. The superior flocculation efficiency and emulsion stability achieved
without pH adjustment highlight the practical relevance of the developed starch as an
eco-friendly alternative to conventional chemical agents. Overall, the findings support the
potential of cationic red lentil starch as a value-added biomaterial for environmental and
pharmaceutical applications, while also emphasizing its scope for further scale-up and
formulation-based studies.
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