Journal Pre-proof

Ultrasound-assisted ionic-liquid extraction of hawthorn pectins:
Structural features, rheological behavior, and preliminary gel-like
behavior

Hao Zhang, Huiyao Zhang, Jiachen Li, Yugui Wang, Christophe S
Blecker, Hongbing Fan, Chuanhe Zhu

PII: S0141-8130(26)02619-X

DOI: https://doi.org/10.1016/j.ijbiomac.2026.152692
Reference: BIOMAC 152692

To appear in: International Journal of Biological Macromolecules
Received date: 8 April 2026

Revised date: 13 May 2026

Accepted date: 23 May 2026

Please cite this article as: H. Zhang, H. Zhang, J. Li, et al., Ultrasound-assisted ionic-liquid
extraction of hawthorn pectins: Structural features, rheological behavior, and preliminary
gel-like  behavior, [International Journal of Biological Macromolecules (2024),
https://doi.org/10.1016/j.ijbiomac.2026.152692

This is a PDF of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability. This version
will undergo additional copyediting, typesetting and review before it is published in
its final form. As such, this version is no longer the Accepted Manuscript, but it is
not yet the definitive Version of Record; we are providing this early version to give
early visibility of the article. Please note that Elsevier’s sharing policy for the Published
Journal Article applies to this version, see: https://www.elsevier.com/about/policies-and-
standards/sharing#4-published-journal-article. Please also note that, during the
production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2026 Published by Elsevier B.V.


https://doi.org/10.1016/j.ijbiomac.2026.152692
https://doi.org/10.1016/j.ijbiomac.2026.152692
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article

Ultrasound-Assisted lonic-Liquid Extraction of Hawthorn Pectins: Structural
Features, Rheological Behavior, and Preliminary Gel-Like Behavior
Hao Zhang™®, Huiyao Zhang?, Jiachen Li®¢, Yugui Wang®, Christophe Blecker**(5<),

Hongbing Fan “°(B<), Chuanhe Zhu™ (5<)
®College of Food Science and Engineering, Shandong Agricultural University, Taian 271018,

China

"Department of Food Science and Formulation, Gembloux Agro-Bio Tech, University of

Liege, Gembloux, 5030 Belgium

‘Department of Animal and Food Sciences, University of Kentucky, Lexington, Kentucky,

40546, United States
YUniversity College Cork, Cork, T12 K8AF, Ireland

®School of Food and Health, Beijing Technology and Business University, Beijing, 100080,

China
Co-corresponding author (><1): Hongbing Fan (Hongbing.Fan@uky.edu)
Co-corresponding author (2<): Christophe Blecker (christophe.blecker@uliege.be)

Corresponding author (><)): Chuanhe Zhu (chhzhu@sdau.edu.cn & Czh293@uky.edu)

Tel/Fax:86-538-8242412; ORCID: 0000-0003-2496-3453



Abstract:

Ultrasound-assisted extraction (UAE) combined with ionic liquids (ILs) has been
increasingly applied for pectin recovery by promoting cell-wall disintegration and
polysaccharide release under mild conditions. However, limited information is available on
the structural and network-related characteristics of hawthorn pectin fractions obtained under
different ultrasound-assisted ionic-liquid extraction windows. In this study, hawthorn pectins
were extracted using ultrasound-assisted extraction (UAE) with four ionic liquids: [Bmim]Cl,
[Emim][Ac], [AmIim]CI, and [Bmim][HSO,], with aqueous UAE used as the control. All
samples were homogalacturonan-dominated low-methoxyl pectins (galacturonic acid (GalA)
> 74.1%, degree of esterification (DE) < 43.0%). Specifically, the [Amim]Cl-extracted pectin
achieved the highest yield (7.93%), whereas BH-HP showed the highest weight-average
molecular weight (Mw, 856.36 kDa) and peak temperature (274.16 °C). In contrast,
[Emim][Ac] yielded pectin with the lowest DE (25.03%) and smallest hydrodynamic size. All
samples showed pronounced shear-thinning behavior, but differed in viscoelastic balance and
temperature  responsiveness, indicating distinct aggregation and network-related
characteristics after redispersion in water. In addition, the CK-HP/[Bmim][HSO,] system
showed concentration-dependent spectral and rheological changes along with
inversion-resistant gel-like behavior, suggesting preliminary gel-like network formation in
this ionic-liquid medium. These findings indicate that IL-specific optimized UAE extraction
windows generated hawthorn pectin fractions with distinct structural and
colloidal/network-related behaviors, providing a basis for application-oriented formulation

design.
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1. Introduction

Hawthorn residues, a major by-product of fruit storage and processing, contain nearly 10%
pectin, yet these residues remain largely underutilized [1,2]. Hawthorn pectin, owing to its
high GalA content, may exhibit favorable gelling, stabilizing, emulsifying, and thickening
properties compared with some commercial citrus or apple pectins. This indicates potential
for its use as a functional polysaccharide in model colloidal and material-related systems[3-6].
The functional performances of hawthorn pectin, including gelation strength, thermal stability,
and interfacial activity, are critically controlled by its molecular architecture (DE, GalA
content, neutral sugar composition, and Mw distribution), which is highly dependent on the
extraction technology [7-10]. However, conventional hot-acid, alkali, or aqueous extraction
often has drawbacks such as high energy consumption and pectin degradation [11,12],
highlighting the need for alternative and more selective extraction strategies that preserve or
tailor desirable pectin structural features.

lonic liquids (ILs), consisting of organic cations and inorganic or organic anions, have
attracted considerable attention as alternative solvents because of their negligible vapor
pressure, adjustable solvating ability, high thermal stability, and unique ability to disrupt
hydrogen-bonding networks in carbohydrate assemblies [13,14]. Dialkylimidazolium-based
ionic liquids exhibit relatively acidic C2—-H protons (pKa ~20~23), which render the C2-H
proton relatively labile and may enhance hydrogen-bonding interactions [15,16]. When paired

with strongly hydrogen-bond-accepting anions (e.g., ClI, Ac"), these ILs can effectively
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disrupt the intramolecular and intermolecular hydrogen-bonding networks in cellulose and
other wall polysaccharides [17-19]. This disruptive process enhances the dissolution of cell
wall components, thereby promoting the release of pectin. In pectin extraction, IL-containing
systems have been reported to improve extraction efficiency and modify physicochemical
properties, although the resulting structural changes depend strongly on solvent composition
and processing conditions [20-23]. Furthermore, several studies have demonstrated that
combining UAE with ILs can offer synergistic benefits by accelerating solvent penetration,
intensifying cavitation effects, reducing extraction time and energy consumption, while
maintaining pectin structural integrity [24-27].

Although ultrasound-assisted extraction combined with ionic liquids has been reported for
polysaccharide and pectin recovery, limited information is available on how different
imidazolium-based IL extraction windows affect the structural descriptors and
network-related behavior of hawthorn pectin. In particular, hawthorn pectin remains less
studied than citrus and apple pectins in IL-assisted extraction systems, despite its high GalA
content, HG-dominated composition, and promising thickening and gel-related properties.
The present work therefore compares hawthorn pectin fractions obtained under IL-specific
optimized UAE conditions using four imidazolium-based ILs, namely [Bmim]Cl,
[Emim][Ac], [Amim]Cl, and [Bmim][HSO.], with aqueous UAE as the control. The resulting
fractions were characterized in terms of extraction performance, chemical composition,
molecular descriptors, thermal behavior, microstructure, and rheological properties. In
addition, the behavior of CK-HP was preliminarily examined in a [Bmim][HSOs]-containing

medium to evaluate its gel-like response. By combining extraction metrics, residue-marker

4



screening, molecular descriptors, aqueous rheology, preliminary gel-like behavior, and
scenario-based ranking, this study provides an application-oriented comparison of UAE-
IL-derived hawthorn pectin fractions. Because each solvent was evaluated under its own
optimized extraction window, the comparison should not be interpreted as a strict
single-factor test of IL identity under identical extraction conditions.
2. Materials and methods
2.1 Materials and reagents

Hawthorn residues were provided by the College of Food Science and Engineering,
Shandong Agricultural University (Tai’an, China), and stored at 4 °C until use. The ionic
liquids [Bmim]CI (>97% purity), [Emim][Ac] (>99% purity), [Amim]CI (>96% purity), and
[Bmim][HSO4] (>95% purity) were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. All chemical reagents were of analytical grade.
2.2 Ultrasound-assisted ionic liquid and aqueous extraction of hawthorn pectin

Hawthorn residues were pulverized and passed through a 50-mesh sieve. Aqueous IL
solutions were prepared by dissolving the required amount of each IL in deionized water to
the target molarity and stirring until complete dissolution. The pH of the extraction media was
not externally adjusted. The initial apparent pH values of the aqueous extraction media were
measured at 25 °C after complete dissolution of each IL and before addition of hawthorn
powder using a calibrated pH meter. Each extraction medium was independently prepared and
measured in triplicate. The measured values are provided in Supplementary Table S3. The
powders were mixed with IL solutions at a solid-to-solvent ratio of 1:10 (w/v), and extraction

was performed using a bath-type ultrasonic device (KQ-1000DE, Kunshan Ultrasonic
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Instruments Co., Ltd., Kunshan, China) at a set ultrasonic power of 360 W. These conditions
were selected from preliminary orthogonal screening to maximize pectin extraction for each
IL system [28]. Because the temperature, time, and IL concentration were optimized
separately for each solvent, the resulting fractions should be interpreted as products obtained
under IL-specific optimized UAE windows, rather than as samples generated under a strict
single-factor design for isolating IL identity. The optimized ultrasonic conditions for each
ionic liquid were as follows (guided by Jiang and Kou) [23,29]: (i) [Bmim]CI: 60 min, 60 °C,
1 mol/L; (ii) [Bmim][HSOa]: 60 min, 60 °C, 0.6 mol/L; (iii) [Emim][Ac]: 50 min, 80 °C, 0.6
mol/L; (iv) [Amim]ClI: 60 min, 70 °C, 0.6 mol/L.

After extraction, the mixtures were centrifuged at 4500 rpm for 15 min. The supernatant
was concentrated to one-third of its initial volume under reduced pressure in a rotary
evaporator, mixed with 95% (v/v) ethanol to obtain a final ethanol concentration of 70%, and
stored at 4 °C for 24 h to induce precipitation. The precipitate was redissolved in deionized
water and reprecipitated once under the same ethanol conditions. The precipitate was
collected by filtration and washed three times with 95% (v/v) ethanol (each time redispersed
in ethanol, mixed for 10 minutes, and then filtered again) [30]. The extraction yield reported
in Table 2 refers to the mass of freeze-dried purified pectin obtained after precipitation,
reprecipitation, ethanol washing, and freeze-drying, relative to the initial dry hawthorn
powder. Stepwise recovery yields during purification were not independently recorded and
therefore are not reported. The precipitate was collected and freeze-dried to obtain
ionic-liquid-extracted hawthorn pectin fractions (BCI-HP, BH-HP, EAc-HP and ACI-HP).

Ultrasound-assisted aqueous extraction followed the same workflow, using deionized water
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instead of ionic liquids, with a solid-to-solvent ratio of 1:10 (w/v), ultrasonic power of 360 W,
extraction time of 60 min, and extraction temperature of 60 °C. Subsequent processing steps
were identical, yielding the control hawthorn pectin (CK-HP).

Energy consumption was estimated based on the set ultrasonic power and the recorded
operating time: Energy consumption (kWh)= power (kW) x processing time (h). Lab-scale
process specific energy was calculated as energy (kWh) per kg of recovered pectin (kg), with
the pectin mass normalized to that obtained from 1 kg of dry hawthorn powder [31,32].

2.3 Determination of basic physicochemical properties
2.3.1 Hawthorn pectin yield

The calculation formula of hawthorn pectin yield (Y) was:

Y (%) = & X 100% (1)
M,

where M is the mass of recovered hawthorn pectin (g), and My is the mass of dry hawthorn
powder (g).

2.3.2 GalA content measurement

The GalA content of hawthorn pectin samples was determined using the
m-hydroxybiphenyl method [33]. A standard curve (y = 0.6093x + 0.0157) was constructed
using a galacturonic acid standard solution (0.1 mg/mL). Briefly, 1 mL of hawthorn pectin
solution (0.1 mg/mL) was added to 5 mL of borax—sulfuric acid reagent under ice-bath
conditions and mixed thoroughly. The mixture was then heated in a water bath at 80 °C for 6
min, cooled to room temperature, and supplemented with 0.1 mL of 0.15% (w/v)
m-hydroxybiphenyl solution. After shaking, the reaction mixture was allowed to stand at 25 °C

for 20 min. The absorbance was recorded at 520 nm, and the GalA content was calculated
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from the standard curve.
2.3.3 Degree of esterification (DE)

The degree of esterification (DE) of hawthorn pectin was determined using an acid—base
titration method following Bu et al. [34], with phenolphthalein as the indicator. Briefly, 0.5%
(w/v) pectin solution was prepared, and phenolphthalein was added. The sample was titrated
with 0.1 mol/L NaOH to the endpoint (a faint pink color persisting for 30 s), and the
consumed volume was recorded as Vi (mL). Subsequently, 2 mL of 0.5 mol/L NaOH was
added, the mixture was shaken thoroughly, and allowed to stand at room temperature for 20
min to saponify methyl esters. The excess alkali was then back-titrated with 0.5 mol/L HCI
until the pink color just disappeared. After adding 46 drops of phenolphthalein again, the
solution was titrated with 0.1 mol/L NaOH to the same endpoint, and the consumed volume

was recorded as V2 (mL). The DE was calculated as:

V2

DE(%) = 24— 4,

X 100% (2)
where V. corresponds to neutralization of free carboxyl groups and Va2 corresponds to
carboxyl groups released after saponification of esterified groups.
2.3.4 Protein content
The protein content of hawthorn pectin was determined by the Bradford method with BSA
as the standard [35].
2.3.5 Hydrodynamic size and -potential
Hawthorn pectin was dissolved in deionized water to prepare 2 mg/mL solution, and the
hydrodynamic size was measured at room temperature using a Zeta potential analyzer (Zeta

Plus, Brookhaven, USA). The hawthorn pectin solution was adjusted to pH 7.0 by 0.1 mol/L
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NaOH solution. The samples were then transferred to cuvettes and analyzed for {-potential.
2.3.6 Monosaccharide composition and HG/RG-1 estimation

The hawthorn pectin solution was hydrolyzed with trifluoroacetic acid (TFA) in a boiling
water bath for 3 h. After cooling, the hydrolysate was centrifuged to collect the supernatant. A
1 mL aliquot of the supernatant was mixed with 0.3 mL of aqueous ammonia and sodium
borohydride and maintained at 40 °C for 1 h. The reaction was quenched by adding 0.4 mL of
glacial acetic acid. For derivatization, 1 mL of the resulting solution was combined with 0.5
mL of 1-methylimidazole and 4.5 mL of acetic anhydride. After 10 min, the reaction was
terminated by adding 10 mL of deionized water, followed by cooling in an ice bath. The
derivatives were extracted two to three times with dichloromethane, and the combined organic
phase was adjusted to 10 mL with dichloromethane. The extract was filtered through a 0.45
um membrane, and 2.0 pL of the filtrate was injected at 250 °C for gas chromatographic (GC)
analysis. Neutral monosaccharides were separated on a DM-2330 capillary column (30 m x
0.32 mm x 0.2 um) with nitrogen as the carrier gas [1]. The standard monosaccharides
included rhamnose (Rha), arabinose (Ara), xylose (Xyl), mannose (Man), galactose (Gal) and
glucose (Glu).

The relative proportions of homogalacturonan (HG) and rhamnogalacturonan-1 (RG-I)
regions were estimated from the measured contents of GalA (%) and Rha (%) according to the
following equation:

G R ©)
HG (%)= % x100%
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& g
RG-1 (%) ==&+ x100%

19

where the G denotes the GalA content (%), and R denotes the Rha content (%). This
calculation provides an approximate domain-level descriptor and should not be interpreted as
direct linkage-level structural determination.
2.3.7 Molecular weight distribution

The molecular weight distribution was determined using high-performance gel permeation
chromatography (HPGPC) reported by Sun et al. with minor modifications [7]. Freeze-dried
hawthorn pectin was dissolved in 0.1 mol/L NaNOs to obtain a 2.0 mg/mL solution, then
filtered through a 0.22 pum membrane prior to injection. HPGPC analysis was conducted on a
system equipped with a size-exclusion column and a refractive index detector. The mobile
phase was 0.1 mol/L NaNOs at 0.6 mL/min, with a column temperature of 30 °C and a 20 pL
injection. Calibration was performed using 2 mg/mL of P-82 pullulan.
2.4 Determination of residual counter-anion markers in pectin fractions

Residual counter-anions were quantified as targeted markers to assess potential carryover
from the corresponding ionic-liquid media (chloride for chloride-based ionic liquids, acetate
for acetate-based ionic liquids, and sulfate species reported as SO4>" equivalents for
[HSO.4] -based ionic liquids). Chloride was determined by an argentometric back-titration
(Volhard method; GB 5009.44-2016; aligned with ASTM D512). Sulfate species were
quantified by the BaSO, turbidimetric method (GB/T 5750.5-2023; ASTM D516). Acetate
was quantified using a commercial enzyme-coupled acetate assay kit according to the

manufacturer’s protocol. Method reporting limits in assay solutions were: CI- <8 mg/L;
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sulfate (as SO+*" equivalents) <5 mg/L; acetate (as Ac”) <4.5 mg/L (Table 2). Imidazolium
cation residues were not quantified in the present study. Therefore, the residue analysis should
be interpreted as targeted counter-anion screening rather than a complete ionic-liquid residue
or food-grade safety assessment.

2.5 Fourier transform infrared spectroscopy (FT-IR) analysis

The hawthorn pectin sample was tested by Fourier-transform infrared spectrometer (Nexus
670, Thermo Fisher Scientific, USA). The test conditions were set as follows: the resolution
was 2 cm™, 64 scans were performed. The absorption spectrum was collected in the frequency
range of 4000-400 cm™ and the infrared spectrum was obtained after correction.

2.6 Raman spectroscopy analysis

Raman spectra were recorded by DXR2xi Raman imaging microscope (Thermo, USA)
equipped with a 50x objective (NA = 0.8) using a 785 nm laser source. Spectra of the
hawthorn pectin sample (3200-400 cm™*) were collected at three randomly selected locations
with 0.5 s exposure time and 5.0 mW laser power [36].

2.7 Morphological analysis by scanning electron microscopy (SEM)

The freeze-dried hawthorn pectin sample was fixed on the sample stage using conductive
adhesive and sputter-coated with gold. The surface morphology of the hawthorn pectin was
observed by scanning electron microscopy (Inspect F50, FEI, USA) at different
magnifications (150x, 500x, 1kx, 2kx, 5kx), with an accelerating voltage set at 2 kV [37].

2.8 X-ray diffraction (XRD)
The crystal structure of the hawthorn pectin sample was characterized using an X-ray

diffraction (Bruker D8 Advance, Germany). Cu-Ka radiation was used to scan the diffraction
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angle (20) of the hawthorn pectin sample in sections over a scanning range of 5°-60° at a rate
of 2°/min. The current and voltage during the test were 40 mA and 40 kV, respectively [38].
2.9 Thermal Analysis

The thermal properties of the hawthorn pectin samples were analyzed using a TG-DSC
thermal analyzer (NETZSCH, STA449F3 Jupiter, Germany). 2 mg sample of hawthorn pectin
was placed in an alumina crucible and heated in a range of 30-600°C at heating rate of
10°C/min under nitrogen atmosphere [39].
2.10 Dynamic rheological measurements of aqueous pectin solutions

The hawthorn pectin solution was prepared in deionized water to 2% (w/v) and stirred for 4
hours at 25°C to ensure uniform mixing. The rheological properties of the sample were
measured using a modular intelligent rheometer (AR2000ex, TA Instruments, USA) equipped
with 20 mm and 50 mm parallel plates [40].
2.10.1 Steady shear viscosity

The hawthorn pectin solution was placed on parallel plates (20 mm) and equilibrated at 25°C
for 5 minutes. Steady-state shear was used to measure the apparent viscosity at shear rates
ranging from 0.1 to 100 s™".
2.10.2 Frequency sweep

Dynamic oscillatory sweep tests were used to determine the loss moduli (G") and storage
moduli (G") of hawthorn pectin samples. The viscoelastic properties of the samples were
quantified under the following experimental conditions: angular frequency (0.1-100 rad/s),
temperature (25°C), and oscillatory strain (0.1%).

2.10.3 Temperature sweep
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Dynamic temperature oscillatory sweep tests were used to determine the trends in the loss
moduli (G") and storage moduli (G') of hawthorn pectin samples at different temperatures.
The samples were placed on parallel plates (50 mm) and the temperature range was set at
25-90°C (5°C/min) with an angular frequency of 1 rad/s.

2.11 Preparation of pectin—ionic liquid dispersions for preliminary gel-like behavior
assessment

CK-HP was dispersed in aqueous IL media (1.0 mol/L) to preliminarily assess
concentration-dependent gel-like behavior in ionic-liquid-containing systems [41]. CK-HP
powder was added gradually under continuous stirring until homogeneous dispersions were
obtained, and pectin concentrations were adjusted to 1.0%, 1.5%, 2.0%, 2.5%, and 3.0% (w/v).
The dispersions were degassed and allowed to equilibrate at room temperature without
disturbance. Gel-like behavior in the IL-containing medium was preliminarily assessed using
a vial inversion test after equilibration.

2.12 FT-IR and Raman analysis of CK-HP/[Bmim][HSOs] gel-like systems

FT-IR and Raman spectra were collected using the same instrumental configurations and
data-processing procedures described in Sections 2.5 and 2.6, respectively. Samples were
measured as dispersions or equilibrated gel-like systems according to their physical state, with
handling minimized and samples kept sealed to reduce moisture uptake of the ionic liquid.
2.13 Rheological measurements of CK-HP/[Bmim][HSO4] gel-like systems

The viscoelastic properties of CK-HP/[Bmim][HSO.] dispersions and gel-like systems
were measured using a rotational rheometer following the protocol described for aqueous

pectin systems (Section 2.10). Measurements were performed with a parallel-plate geometry
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equipped with anti-slip surfaces and a solvent trap to limit moisture exchange.
Strain-amplitude sweeps were conducted to determine the linear viscoelastic region, followed
by frequency sweeps to obtain G’ and G”; steady shear viscosity was recorded over a
controlled shear-rate range at the same controlled temperature.
2.14 Comparative evaluation of hawthorn pectin fractions

An analytic hierarchy process—technique for order preference by similarity to ideal solution
(AHP-TOPSIS) framework was used to compare the five hawthorn pectin fractions under
scenario-specific decision settings [42,43]. The five experimentally obtained fractions, CK-HP,
BCI-HP, BH-HP, EAc-HP, and ACI-HP, were defined as the alternatives. The quantitative
descriptors reported in Tables 2 and 3 were used as the evaluation criteria. FT-IR, Raman,
SEM, and XRD results were used only for structural interpretation and were not included as
TOPSIS criteria.

Three decision scenarios were constructed. Scenario 1 represented process efficiency and
included extraction yield and lab-scale process specific energy. Scenario 2 represented
network-forming material potential and included weight-average molecular weight (Mw),
GalA content, {-potential magnitude, degree of esterification (DE), and hydrodynamic size.
Scenario 3 represented model colloid structuring potential and included bound protein content,
(-potential magnitude, RG-I proportion, DE, and hydrodynamic size. The target direction and
AHP-derived weights used in each scenario are summarized in Table 1. The three scenarios
were treated as independent TOPSIS exercises; therefore, closeness coefficients and rankings
were interpreted only within each scenario and were not compared or aggregated across

scenarios. The pairwise comparison matrices, AHP-derived weights, and consistency
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parameters are provided in Supplementary Tables Sla-S1d. Pairwise judgments followed
Saaty’s reciprocal comparison scale, where 1 indicates equal importance and larger values
indicate stronger relative importance of the row criterion over the column criterion. “Higher
preferred” indicates that a larger value was considered more desirable within the
corresponding scenario, whereas “Lower preferred” indicates that a smaller value was
considered more desirable. The absolute value of (-potential was used because the magnitude
of surface charge was considered in the descriptor-based comparison.
For each scenario, an AHP pairwise comparison matrix was constructed only among the
selected criteria, not among the alternatives. The matrix was expressed as:
A= (ajk)nxn (6)
Where ajc represents the relative importance of criterion j over criterion k, and n is the
number of criteria in the corresponding scenario. The normalized priority vector obtained
from the matrix was used as the AHP weight vector:
w = (Wy, Wy, ., wy)T (7
Thus, the number of AHP weights corresponded exactly to the number of criteria included
in each scenario. The resulting criterion weights were then used in the TOPSIS calculation.
The initial decision matrix was defined as:
X = (Xij)mxn (8)
Where Xx;; is the observed value of alternative i under criterion j, m is the number of

alternatives, and n is the number of criteria. The decision matrix was normalized as follows:

9)




The weighted normalized matrix was calculated as:

Vi = WjTyj (20)

Where w; is the AHP-derived weight of criterion j.

For criteria with a “Higher preferred” target, the positive ideal solution was defined as the
maximum value and the negative ideal solution as the minimum value. For criteria with a
“Lower preferred” target, the positive ideal solution was defined as the minimum value and
the negative ideal solution as the maximum value. The distances of each alternative to the

positive and negative ideal solutions were then calculated as:

n n (11)
Df = [ wy—an? i = | (vy—4))?
j=1 j=1
The closeness coefficient was then calculated as:
C; = D 12
T D + D (12)

A larger C; value indicates that the alternative is closer to the positive ideal solution and
farther from the negative ideal solution. The alternatives were ranked in descending order of
Ci.

To evaluate ranking stability, a one-at-a-time sensitivity analysis was performed by
increasing or decreasing each criterion weight by 20%, followed by proportional
renormalization of the remaining weights. The TOPSIS ranking was recalculated under each

perturbed-weight condition. The complete sensitivity-analysis results are provided in

Supplementary Table S2.
Table 1. Criteria, target direction, and AHP-derived weights used for independent scenario-specific TOPSIS ranking
Scenario Criterion Target Weight
Scenario 1 Yield Higher preferred 0.500
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Scenario 1 Specific energy Lower preferred 0.500
Scenario 2 Mw Higher preferred 0.310
Scenario 2 GalA Higher preferred 0.058
Scenario 2 |C-potential| Higher preferred 0.161
Scenario 2 DE Lower preferred 0.310
Scenario 2 Size Lower preferred 0.161
Scenario 3 Protein Higher preferred 0.326
Scenario 3 |C-potential| Higher preferred 0.180
Scenario 3 RG-I Higher preferred 0.061
Scenario 3 DE Lower preferred 0.326
Scenario 3 Size Lower preferred 0.107

Note: CK-HP, BCI-HP, BH-HP, EAc-HP, and ACI-HP were treated as alternatives. The three scenarios were calculated as
independent TOPSIS exercises, and rankings should be interpreted only within each scenario. “Higher preferred” and “Lower
preferred” indicate the target direction assigned to each criterion under the corresponding scenario. The AHP pairwise
comparison matrices, derived weights, and consistency parameters are provided in Supplementary Tables S1a-S1d.

2.15 Statistical analysis

Statistical analyses were performed using SPSS Statistics 26.0. Unless otherwise stated,
data are expressed as mean + standard deviation (n=3). Here, n=3 denotes three independent
extractions, and each reported value represents the mean of analytical measurements on these
independent extracts. One-way analysis of variance followed by Tukey’s post hoc test (P <
0.05) was applied to compare the five resulting pectin fractions (CK-HP, BCI-HP, BH-HP,
EAc-HP, and ACI-HP) for the quantitative endpoints reported in the tables and figures.
Significant differences are indicated by different superscript letters. Because extraction
parameters were optimized separately for each ionic liquid, these statistical comparisons
describe differences among the resulting fractions under IL-specific optimized UAE windows
rather than the isolated effect of ionic-liquid identity under identical processing conditions.
They should not be interpreted as a strict single-factor test of IL identity under identical

temperature, time, and concentration.
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3. Results and discussion
3.1 Yield, energy metrics and physicochemical properties of hawthorn pectins
3.1.1 Extraction yield, lab-scale process specific energy, and residual counter-anion

markers

Table 2. Yield, lab-scale process specific energy, and residual counter-anion markers of hawthorn pectins

CK-HP BCI-HP BH-HP EAc-HP ACI-HP
Yield (%) 5.85+0.13° 6.77+0.29" 5.68+0.26° 6.36+0.23" 7.93+0.31°
cr - ND - - ND
SO+ equivalents - - ND - -
Ac - - - ND -
Energy consumption
0.36 0.36 0.36 0.3 0.36
(kwh)
Specific energy b
6.15 +0.14° 5.32 +0.23 6.34 +0.29° 4,72 +0.17° 4.54 +0.18°
(kWh/kg)

ND: not detected below the method reporting limits in assay solutions: Cl~ < 8 mg/L; sulfate, reported as SO4>~ equivalents, <
5 mg/L; acetate, as Ac™, < 4.5 mg/L. “~: not applicable. These results refer only to targeted counter-anion screening and do
not represent complete ionic-liquid residue analysis. Because imidazolium cation residues were not quantified, these data
should not be used to support food-grade safety or complete IL-removal claims. Values are means * standard deviation (n =

3). Different letters within the same row indicate significant differences (P < 0.05).

Extraction yield and lab-scale process energy metrics were evaluated under the laboratory
protocol. As shown in Table 2, ACI-HP showed the highest extraction yield (7.93%), followed
by BCI-HP and EAc-HP. BH-HP was statistically comparable to the aqueous UAE control,
indicating that not all IL-containing systems improved pectin recovery under their respective
optimized conditions. Because extraction conditions were optimized separately for each IL,
these differences reflect the combined effects of the IL environment and its optimized
processing window, rather than the isolated effect of IL identity [13]. Process electricity use
per batch was similar across routes (0.30-0.36 kWh), and the lab-scale process specific

energy therefore mainly reflected differences in recovered pectin mass: ACI-HP and EAc-HP
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exhibited lower specific energy (=4.5-4.7 kWh/kg), whereas BH-HP showed higher values.
This trend is consistent with the view that ionic-liquid physicochemical properties and
solvent-biopolymer interactions can affect dissolution efficiency and process energy intensity
in biomass processing [18]. The residual counter-anion markers, including ClI-, Ac”, and
sulfate species reported as SO+>~ equivalents, were not detected above the method reporting
limits in the purified hawthorn pectin fractions. This result suggests low counter-anion
carryover after ethanol precipitation and washing. However, because imidazolium cation
residues were not quantified, complete removal of ionic-liquid residues cannot be confirmed
from the present data, and no food-grade safety conclusion should be drawn from this
screening alone.
3.1.2 Degree of esterification and bound protein

The five hawthorn pectin samples (Table 3) exhibited moderate to low degrees of
esterification (DE range: 25.03-42.92%), classifying them as low-methoxyl pectins (LM
pectins, DE < 50%). The relatively low DE is indicative of a greater proportion of free
carboxyl groups (—COQ") available for electrostatic interactions with proteins and cations in
food matrices [44]. EAc-HP showed the lowest DE, suggesting that the [Emim][Ac]-based
UAE system was associated with greater de-esterification of hawthorn pectin under the
present extraction conditions [45]. The protein contents of the different hawthorn pectins were
low, ranging from 1.84 to 2.19% (Table 3). No significant differences were observed among
CK-HP, BCI-HP, BH-HP and ACI-HP (p > 0.05), whereas EAc-HP showed a slightly higher
protein level (2.19%), as indicated by its distinct superscript. Moderate levels of protein have

been demonstrated to enhance emulsifying properties, while excessive protein incorporation
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may interfere with the formation of stable gel networks [46].

Table 3. Physicochemical and molecular characteristics of hawthorn pectins obtained by different UAE - IL systems

CK-HP BCI-HP BH-HP EAc-HP ACI-HP
DE (%) 42.92+0.24° 36.41+0.13° 36.57+0.19° 25.03+0.31¢ 35.44+0.18°
Monosaccharide
composition
GalA (%) 86.97+0.05° 78.03+0.12¢ 83.18+0.17° 83.96+0.19° 74.17+0.09°
Rha (%) 0.89+0.02° 0.81+0.01° 0.74+0.03° 0.75+0.01° 0.81+0.02°
Ara (%) 1.13+0.04° 0.86+0.03" 0.700.02° 0.860.03" 0.690.02°
Xyl (%) 3.24+0.12° 0.96+0.07° 1.16+0.09° 0.96+0.06° 0.97+0.08°
Man (%) 0.54+0.05° 0.64+0.06° 0.40+0.04° 0.44+0.01° 0.48+0.04°
Gal (%) 2.30+0.02° 2.03+0.06° 2.56+0.04° 1.65+0.03¢ 1.98+0.01°
Glc (%) 2.94+0.16° 2.71+0.11° 2.76+0.14° 1.71+0.13° 2.08+0.12°
HG (%) 98.79+0.03 97.470.02° 97.98+0.04° 97.98+0.01° 97.19+0.02°
RG-1 (%) 1.21+0.01¢ 2.5+0.02° 2.02+0.04° 2.01+0.01° 2.81+0.02°
Molecular weight
Mw (kDa) 430.07+0.72° 674.72+0.24° 856.3620.56 479.78+0.48° 575.58+0.61°
Mn (kDa) 204.69+0.86° 228.89+0.27° 404.97+0.19° 158.23+0.23° 198.24+0.34¢
Mw/Mn 2.11+0.13° 2.95+0.24° 2.09+0.16" 3.030.46° 2.90%0.15
Protein content b b b . b
% 1.84+0.05 1.87+0.08 1.89+0.07 2.19+0.12 1.95+0.02
Size (nm) 639.53+16.05° 294.5422.17° 263.242.65° 138.43+1.49" 252.243.9°
¢-potential (mV) -10.67+0.31° -8.39+0.33° -16.37+0.45° -9.35+0.41¢ -13.27+0.38°

Note: Values are expressed as means * standard deviation (n = 3). Different superscript letters within the same row indicate
significant differences (P < 0.05).

3.1.3 Monosaccharide composition and HG/RG-1 domains

In all samples (Table 3), CK-HP exhibited the highest GalA content (86.97%) and the
lowest estimated RG-I proportion (1.21%), whereas ACI-HP showed the highest estimated
RG-I proportion. BH-HP retained relatively high GalA content (83.18%) with a moderate
estimated RG-1 value (2.02%), while EAc-HP showed a comparable GalA level and a

relatively balanced HG/RG-1 profile. These results indicate that the different extraction
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windows recovered hawthorn pectin fractions with different monosaccharide compositions
and estimated domain tendencies [47]. Because the HG/RG-I values were calculated from
monosaccharide composition, they should be interpreted as compositional descriptors rather
than direct evidence of linkage pattern or detailed side-chain architecture [48].
3.1.4 Molecular weight and polydispersity

As shown in Table 3, BH-HP exhibited the highest Mw (856.36 kDa), suggesting that the
[Bmim][HSO4]-based UAE window favored the recovery of a higher-Mw pectin under the
present conditions [49]. CK-HP showed a comparatively lower Mw, which may be related to
the stronger mechanical effects of aqueous ultrasonic extraction on chain disentanglement and
partial depolymerization [22]. EAc-HP presented a moderate Mw (479.78 kDa) but the largest
Mw/Mn value (3.03), indicating a broader molecular-weight distribution. This broader
distribution suggests that the [Emim][Ac]-based extraction window recovered pectin
populations with more heterogeneous chain sizes, rather than a narrowly distributed polymer
fraction [46,50]. The chloride-containing systems, BCI-HP and ACI-HP, produced
intermediate-to-high Mw fractions accompanied by relatively high Mw/Mn values, indicating
that these fractions also contained molecular populations with wider chain-size distributions
[51]. Overall, the Mw and Mw/Mn results show that the different UAE-IL extraction
windows produced hawthorn pectin fractions with distinct molecular-size profiles. These
differences may be associated with the combined effects of solvent environment,
ultrasound-assisted mass transfer, and extraction temperature/time on pectin release and chain
association during extraction.

3.1.5 Hydrodynamic size and {-potential

21



The hydrodynamic size and {-potential results after redispersion under identical aqueous
conditions indicate differences in the supramolecular association and colloidal behavior of
hawthorn pectin (Table 3). CK-HP exhibited the largest hydrodynamic size (639.53 nm),
whereas the IL-extracted fractions showed markedly smaller sizes. BCI-HP, ACI-HP, and
BH-HP formed particles of approximately 250-290 nm, while EAc-HP showed the smallest
hydrodynamic size (138.43 nm). These smaller sizes suggest a lower extent of intermolecular
association and a more dispersed state in water, which is consistent with the ability of
ultrasound-assisted extraction and IL-containing media to alter cell-wall polymer associations
during processing [52]. The (-potential values also differed among the fractions. BH-HP
showed the most negative {-potential, followed by ACI-HP, CK-HP, EAc-HP, and BCI-HP.
The more negative value of BH-HP may be related to its lower DE and a higher apparent
density of ionized carboxyl groups after redispersion in water [53]. However, the {-potential
trend did not strictly follow DE alone, indicating that surface charge behavior was also
affected by molecular-size distribution and supramolecular association. Taken together, the
differences in hydrodynamic size and (-potential suggest that the IL-specific extraction
windows generated fractions with different dispersion states and charge-related colloidal
behavior. These changes may be related to differences in solvent acidity/basicity,
hydrogen-bonding capacity, and ionic environment among the tested IL systems [54].

3.2 Spectroscopic and morphological signatures of hawthorn pectins extracted by
different ionic liquids

3.2.1 FT-IR and Raman spectral characteristics
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Fig. 1. FT-IR (a) and Raman (b) spectra of hawthorn pectins obtained using different UAE—IL extraction systems

The FT-IR spectra of hawthorn pectins showed clear differences among fractions obtained
using different extraction media (Fig. 1a). The broad O—H stretching vibration band at 3200—
3400 cm™! and the C—H stretching vibration band at 2920-2940 cm™ confirm the abundant
presence of hydroxyl and methylene groups [55]. Among the samples, BCI-HP exhibited the
broadest O—H stretching band, CK-HP showed intermediate intensity, whereas EAc-HP and
BH-HP displayed weaker signals. The characteristic absorption band at 1740 cm™
corresponds to the C=0 stretching vibration of methyl esterified galacturonic acid, while the
absorption band at 1600-1630 cm™ is attributed to the asymmetric —COO~ stretching
vibration. These characteristic absorption bands are commonly used to assess
esterification-related differences in pectin [56]. Compared to the control group (CK-HP), the
esterification degree of hawthorn pectin extracted with ionic liquids exhibited varying degrees
of reduction, with EAc-HP displaying the lowest esterification level. Symmetrical carboxylate
stretching is observable at 1400-1450 cm™, with an occasional weak shoulder peak (ester C—
O) at 1240 cm™'. The fingerprint region (1200-800 cm™) remains distinctly preserved across
all samples (particularly at =~1015, =970, and <920 cm™!), suggesting that the main

polysaccharide fingerprint features were retained despite differences in DE [57-59]. Raman
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spectra (Fig. 1b) were employed to reveal C—H stretching bands at 2880—-2930 cm™! across all
samples, alongside hawthorn pectin sugar ring vibrations near 820-860 cm™ and 1000 cm™,
and backbone vibrations of a-(1—4) glycosidic bonds in the main chain [60,61]. In
comparison with CK-HP, which displays a solitary main peak at 820 cm™!, ACI-HP, BH-HP,
and EAc-HP exhibit distinct peaks at 858 cm™, 826 cm™!, and 843 cm™!, respectively,
reflecting differences in GalA esterification and ionic state. BCI-HP did not show a clear peak
in this region, likely due to overlapping signals from mixed esterification states [46].
3.2.2 Macroscopic appearance and SEM microstructure

As shown in Fig. 2, hawthorn pectin extracted using different ionic liquids exhibited
distinct color and morphological features, reflecting differences in dried-state appearance and
morphology among the fractions [62,63]. The macroscopic color changed from a uniform
light creamy-white (CK-HP) to a light reddish-brown (EAc-HP and BH-HP), while BCI-HP
and ACI-HP displayed lighter beige-brown tones. These color differences may be associated
with differences in co-extracted minor components or extraction-induced changes in
dried-state appearance, although these components were not quantified in the present study.
SEM analysis revealed that all freeze-dried hawthorn pectin samples exhibited a porous dried
matrix, yet substantial variations were evident in terms of pore size and wall morphology.
CK-HP exhibited large and irregular pores with locally collapsed edges, whereas BCI-HP
presented thicker struts and more ordered lamellar features. BH-HP, which had the highest
Mw, displayed a visibly dense and compact network with small, tightly connected pores,
suggesting that a densified dried-state matrix was favored under [Bmim][HSO4] conditions. In

contrast, EAc-HP and ACI-HP showed more porous structures with smoother pore walls and
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more rounded cavities, indicating a looser reorganization of polysaccharide chains during
drying. The extraction environment under each IL-specific optimized window may influence
DE and molecular-weight distribution, thereby contributing to differences in dried-state

network morphology [52,64].

Fig. 2. Macroscopic appearance and SEM microstructure of hawthorn pectins obtained using different UAE-IL extraction

systems

3.2.3 XRD patterns
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Fig. 3. XRD patterns (a) and thermal degradation behavior (b—f) of hawthorn pectins extracted by different UAE - IL systems

Five hawthorn pectin samples (Fig. 3a) exhibited a typical amorphous halo, with diffraction
peaks located between 20° and 30° at 20, indicating predominantly amorphous structures with
short-range ordered domains [65]. The diffraction peaks of BCI-HP and EAc-HP shifted
upward to 28.4° and 28.7° at 20, respectively, suggesting a decrease in the average interlayer
spacing or tighter short-range packing [66]. The diffraction peak of BH-HP exhibited a shift
towards the lower angle (20) of 23.5°, accompanied by the emergence of a weak shoulder at
approximately 11.7°. The lower peak position may indicate changes in short-range packing
and higher structural disorder. Although BH-HP showed a compact freeze-dried morphology
in SEM, its XRD profile suggested lower short-range ordering. This indicates that SEM
morphology and XRD chain-packing features reflect different structural scales [67]. The
diffraction peaks of ACI-HP and CK-HP were both around 24.3°. However, the ACI-HP peak
was broader, indicating a higher degree of amorphous structure.

3.3 Thermal stability of hawthorn pectins

As illustrated in Fig. 3b-f, the thermal degradation behaviors of the five hawthorn pectin
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samples exhibit three distinct stages of mass loss with increasing temperature. The first stage
corresponds to the evaporation of free and bound water from the pectin matrix [68], with mass
losses of 4-6% (CK 4.52%, BCI 6.41%, BH 4.14%, EAc 5.48%, ACI 4.83%). The second
stage, characterized by a sharp decrease in mass, is mainly associated with the thermal
decomposition of the polysaccharide backbone and cleavage of glycosidic linkages [69]. The
order of weight loss was ACI-HP > BH-HP > BCI-HP > CK-HP > EAc-HP, indicating that the
ACI-HP sample was the least thermally stable. At higher temperatures, the third stage
corresponds to carbonization, where the degradation rate decreases progressively. The residual
masses at the end of the process followed the sequence EAc-HP (42.69%) > CK-HP
(36.87%) > BH-HP (35.52%) > BCI-HP (32.94%) > ACI-HP (31.48%). The DSC
thermograms revealed peak temperatures of 243.16, 246.85, 274.16, 248.86, and 232.69 °C
for CK-HP, BCI-HP, BH-HP, EAc-HP, and ACI-HP, respectively, during the second
degradation stage. The thermal profiles therefore indicated sample-dependent stability
depending on the parameter considered. ACI-HP showed the largest mass loss during the main
degradation stage, suggesting lower resistance to thermal mass loss. BH-HP exhibited the
highest peak temperature in the main degradation region, indicating delayed maximum
degradation under the tested conditions. EAc-HP retained the highest residual mass at 600 °C,
suggesting greater char residue formation. These differences indicate that thermal behavior
was not governed by a single structural descriptor, but was associated with molecular-weight
distribution, esterification degree, monosaccharide composition, and intermolecular
association generated under the different UAE-IL extraction windows.

3.4 Rheological analysis of hawthorn pectin
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Fig. 4. Steady shear viscosity (a), frequency sweeps of storage and loss moduli (b—f), complex viscosity (g) and temperature
sweeps (h-I) of aqueous hawthorn pectin solutions

As shown in Fig. 4a, all samples displayed significant shear-thinning behavior. At low
shear rates, the apparent viscosity followed the order: CK-HP > BCI-HP =~ ACI-HP = EAc-HP >
BH-HP. At higher shear rates, pectin chains were progressively oriented along the flow
direction, leading to reduced apparent viscosity. Although CK-HP had the lowest Mw, its
relatively higher DE, less negative (-potential, and larger hydrodynamic size (Table 3) suggest

reduced electrostatic repulsion and enhanced intermolecular aggregation in water, which may
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account for its higher apparent viscosity at low shear rates. In contrast, BH-HP had the highest
Mw but showed the lowest apparent viscosity under the tested aqueous conditions. This
indicates that viscosity was not governed by Mw alone, but also by molecular-size
distribution, charge density, hydrodynamic association, and chain aggregation state under the
tested aqueous conditions.

Frequency sweep tests (Fig. 4b—f) showed that both G’ and G” increased monotonically
with angular frequency. CK-HP, EAc-HP, and BCI-HP consistently exhibited G" > G”,
indicating a predominantly elastic response, whereas BH-HP and ACI-HP exhibited weaker
viscoelastic profiles, with viscous dissipation contributing more prominently [30]. One
possible explanation is that, under identical aqueous conditions, fractions with higher DE
contain fewer ionized carboxyl groups, which can reduce electrostatic repulsion and facilitate
transient intermolecular association [70]. Temperature sweeps (Fig. 4h-l) showed
temperature-dependent increases in both G’ and G” for all samples, especially within
approximately 50-80 °C. CK-HP and EAc-HP maintained G’ higher than G” throughout the
measured temperature range, indicating an elastic-dominated response under the selected
conditions. In contrast, BCI-HP, BH-HP, and ACI-HP showed changes in the relative
magnitude of the two moduli at the low-temperature stage. For BCI-HP and BH-HP, G’
became higher than G” after approximately 30 °C, whereas ACI-HP showed this change after
approximately 25-30 °C. The complex viscosity curves (Fig. 4g) also increased during
heating, supporting thermally induced thickening with sample-dependent differences in onset
temperature and magnitude [71].

3.5 Preliminary gel-like behavior of CK-HP in [Bmim][HSOs]-containing medium
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3.5.1 Macroscopic gel-like behavior in aqueous IL systems
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Fig. 5. Macroscopic appearance of CK-HP at different concentrations in aqueous IL systems

The vial inversion tests (Fig. 5) showed that CK-HP dispersions prepared in 1 mol/L
[Bmim]CI, [Amim]CI, and [Emim][Ac] remained flowable across the tested concentration
range, although viscosity increased gradually with concentration. In contrast, the
CK-HP/[Bmim][HSO,] system displayed a clear transition toward inversion-resistant,
self-supporting gel-like behavior at pectin concentrations of > 2.0% (w/v). Under the present
aqueous ionic-liquid conditions, this result suggests that the [Bmim][HSOs]-containing
medium was associated with stronger macroscopic gel-like behavior than the other tested
media [72]. However, this observation should be interpreted as preliminary evidence of
gel-like behavior in an ionic-liquid-containing medium rather than definitive proof of a fully
characterized ionogel material.

3.5.2 FT-IR and Raman characterization of CK-HP/[Bmim][HSOx] gel-like systems
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Fig. 6. FT-IR (a) and Raman (b) spectra of CK-HP/[Bmim][HSO4] dispersions at different hawthorn pectin concentrations

The FT-IR and Raman results support concentration-dependent interactions in the
CK-HP/[Bmim][HSO,] system. With increasing pectin concentration, the absence of new
major characteristic bands suggests that the main polysaccharide backbone remained
chemically intact, whereas the slight broadening and shift of the O-H band indicate
strengthened non-covalent interactions within the medium [73,74]. These spectral changes are
consistent with enhanced hydrogen bonding and altered ionic microenvironments as the
system evolved from a dispersion toward a more highly associated gel-like state [75]. In the
Raman spectra, changes associated with the imidazolium- and sulfate-related signals further
support concentration-dependent interactions between hawthorn pectin and the ionic-liquid
medium [76].

3.5.3 Rheological properties of CK-HP/[Bmim][HSO4] gel-like systems

The rheological results were in agreement with the macroscopic observations. Increasing
CK-HP concentration in [Bmim][HSO,4] led to a marked increase in apparent viscosity and
progressively higher G’ and G” values, with G’ remaining above G” over the measured
frequency range. This trend is consistent with the progressive development of a more highly

associated, network-like viscoelastic structure in the ionic-liquid-containing medium. At 2.5—
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3.0% (w/v), the weak frequency dependence of G’ and the elevated modulus values indicated
the development of a more highly associated, solid-like viscoelastic response in the
[Bmim][HSOa4]-containing medium [77]. Nevertheless, additional measurements, such as gel
strength, solvent-retention capacity, long-term stability, and microscopic network observation,
are required before this system can be fully defined as an ionogel material.
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Fig. 7. Steady shear viscosity (a) and frequency sweeps of storage and loss moduli (b—f) of CK-HP/[Bmim][HSOa4] gel-like
systems at different hawthorn pectin concentrations

3.6 Comparative evaluation of hawthorn pectin fractions

The AHP-TOPSIS analysis was used to provide a scenario-specific comparison of the
measured quantitative descriptors, rather than to identify a universally superior hawthorn
pectin fraction. In this analysis, CK-HP, BCI-HP, BH-HP, EAc-HP, and ACI-HP were treated
as alternatives, while the selected process-related and physicochemical parameters were
treated as criteria.

The target direction of each criterion was assigned according to the intended use of the

ranking scenario. In Scenario 1, higher yield and lower specific energy were considered
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favorable for process efficiency. In Scenario 2, higher Mw, higher GalA content, and larger
(-potential magnitude were considered favorable for network-forming material potential,
whereas lower DE and smaller hydrodynamic size were preferred because they indicate more
available carboxyl groups and better redispersion under the tested aqueous conditions. In
Scenario 3, bound protein content, {-potential magnitude, and RG-1 proportion were treated as
favorable descriptors for colloid structuring, whereas DE and hydrodynamic size were
assigned a “Lower preferred” target.

The TOPSIS results are shown in Table 4. Under Scenario 1, ACI-HP ranked first because it
combined the highest extraction yield with relatively low lab-scale process specific energy.
EAc-HP ranked second, mainly due to its low specific energy. BH-HP ranked last because its
yield was comparable to the aqueous control, while its specific energy was relatively high.

Under Scenario 2, BH-HP showed the highest closeness coefficient, mainly because of its
high Mw and larger {-potential magnitude. EAc-HP ranked second, which was associated
with its low DE and small hydrodynamic size. CK-HP ranked last in this scenario, mainly due
to its large hydrodynamic size and less favorable weighted distance from the positive ideal
solution.

Under Scenario 3, EAc-HP ranked first because of its low DE, small hydrodynamic size,
and relatively high bound protein content. BH-HP and ACI-HP ranked second and third,
respectively, indicating that these fractions also showed favorable colloid-structuring-related
descriptors but did not present the same overall balance as EAc-HP under this weighting

scheme.

Table 4. TOPSIS distances, closeness coefficients, and rankings of hawthorn pectin fractions under three decision scenarios
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Alternative D* D C Rank

ACI-HP 0 0.1063 1 1
EAc-HP 0.054 0.0702 0.5655 2
Scenario 1 BCI-HP 0.0508 0.0559 0.5238 3
CK-HP 0.0967 0.0097 0.0911 4
BH-HP 0.1063 0 0 5
BH-HP 0.0513 0.1327 0.7213 1
EAc-HP 0.094 0.1226 0.5659 2
Scenario 2 ACI-HP 0.0802 0.0936 0.5384 3
BCI-HP 0.0829 0.0915 0.5246 4
CK-HP 0.1583 0.0143 0.0828 5
EAc-HP 0.0482 0.1029 0.6808 1
BH-HP 0.0556 0.0785 0.5853 2
Scenario 3 ACI-HP 0.0528 0.0715 0.5752 3
BCI-HP 0.0778 0.0554 0.4158 4
CK-HP 0.1109 0.0153 0.1214 5

Note: D+ and D represent the distances to the positive and negative ideal solutions, respectively. C is the TOPSIS closeness
coefficient. Alternatives were ranked in descending order of C within each scenario. Because the three scenarios were
calculated independently using different criteria and weights, C values should not be compared across scenarios.

The sensitivity analysis showed that the top-ranked fraction in each scenario remained
unchanged after +20% one-at-a-time weight perturbation (Table 5). This suggests that the
main top-rank outcomes were stable within the present decision framework. However, some
intermediate alternatives changed position under perturbed-weight conditions, indicating that
the ranking still depended on the selected criteria and assigned weights. Therefore, the AHP—
TOPSIS results should be regarded as a descriptor-based decision-support analysis rather than
a direct functional-performance test. The rankings provide a transparent way to compare
measured descriptors within predefined application scenarios, but they require validation in

target formulation or material systems after appropriate residue and safety assessment.

Table 5. Stability of AHP-TOPSIS rankings under £20% criterion-weight perturbation
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Top-ranked alternative Sensitivity summary

The top rank remained unchanged in all

Scenario 1 ACI-HP
tests
The top rank remained unchanged; rank
Scenario 2 BH-HP exchanges occurred only among
intermediate alternatives
The top rank remained unchanged; minor
Scenario 3 EAc-HP exchanges occurred among intermediate

alternatives

Note: In each sensitivity test, one criterion weight was increased or decreased by 20%, and the remaining weights were
proportionally renormalized to maintain a total weight of 1. The TOPSIS ranking was recalculated after each perturbation.

Complete rankings and closeness coefficients under each perturbation condition are provided in Supplementary Table S2.

4. Conclusion

Hawthorn pectin fractions obtained using different imidazolium-based UAE-IL extraction
windows exhibited distinct structural and rheological profiles. Under their respective
optimized extraction conditions, the fractions were compared in terms of extraction
performance, structural descriptors, rheological behavior, preliminary gel-like behavior, and
independent scenario-based AHP-TOPSIS evaluation. Among the fractions, ACI-HP showed
the highest recovery, EAc-HP exhibited the lowest DE and the finest aqueous dispersion,
whereas BH-HP presented the highest Mw and a distinct thermal-rheological profile. The
independent AHP-TOPSIS analysis provided scenario-specific guidance, identifying ACI-HP
as preferable for process efficiency, BH-HP for network-forming material potential, and
EAc-HP for model colloid structuring potential. These rankings should be interpreted as
descriptor-based guidance rather than evidence of universal functional superiority. The
interpretation is also limited by the IL-specific optimized extraction windows, the
counter-anion-only  residue screening, and the preliminary nature of the

CK-HP/[Bmim][HSO4] gel-like assessment. Further matched-condition extraction,
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imidazolium cation residue analysis, and gel-network characterization are therefore needed.
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