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In this study, the decolorization conditions of polysaccharides extracted from alfalfa by S-8 macroporous
adsorption resin were optimized through the response surface method, and the physicochemical
properties and antioxidant activity of decolorized polysaccharides were investigated. The optimal
decolorization conditions were determined to be as follows: the amount of S-8 macroporous adsorption
resin was 1.4 g, the adsorption time was 2 h, and the adsorption temperature was 58 °C. Under these
optimal conditions, a decolorization ratio of 71.43 + 0.23% was achieved, which was consistent with the
model hypothesis. The adsorption curve showed that S-8 macroporous adsorption resin adsorption of
pigment molecules in alfalfa polysaccharides (APS) agreed with the Freundlich and pseudo-second-order
equations, and the adsorption was a spontaneous endothermic process. High-performance liquid
chromatography (HPLC) analysis of monosaccharide composition showed that APS was composed of
mannose, glucose, galactose, arabinose and glucuronic acid in a molar ratio of 1.18:8.04:1.22:0.92: 1.
The results of antioxidant activity studies showed that APS had strong scavenging activity against ABTS,
DPPH and hydroxyl radicals. This study will help to further understand the adsorption mechanism of
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1. Introduction

Alfalfa (Medicago sativa L.), a perennial herb belonging to the
genus Medicago under the Fabaceae family, is widely cultivated
around the world due to its high feeding and edible value.*
Alfalfa has been used as a medicinal plant for centuries, as it
contains abundant bioactive ingredients, such as poly-
saccharides, flavonoids, and saponins. Polysaccharides are
among its main active components and have been found to have
a variety of physiological activities, such as neuroprotection,*
antioxidation,® immunomodulation and regulation of intestinal
microecology.*® In recent decades, plant-derived poly-
saccharides have been widely used in different fields, such as
food, medicine and cosmetics, due to their broad efficacy and
low toxicity.® However, when preparing polysaccharides, coex-
isting pigments may be found, which may affect their structural
characterization and biological activity analysis, and increase
difficulties for further research of polysaccharides,” and no
relevant studies on alfalfa polysaccharides (APS) decolorization
have been conducted. Therefore, decolorization plays an
important role in studying the APS.
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At present, many polysaccharides decolorization methods,
such as activated carbon adsorption, macroporous resin
adsorption and H,0, oxidation, have been reported.® Various
methods have different mechanisms of action. H,O, depends
on its strong oxidation ability to achieve decolorization.
However, it may destroy the structure and some functional
groups of polysaccharides, which in turn impact their biological
activity.® Activated carbon decolorization is a type of physical
decolorization; under the action of van der Waals forces and
electrostatic forces, pigment molecules are fixed in the porous
structure of activated carbon.'® However, this method is time-
consuming, and the selectivity of activated carbon to poly-
saccharides is low, leading to an increase in the loss rate of
polysaccharides.'* Macroporous resin adsorption is a physical
adsorption method with the advantages of a good adsorption
effect on pigments, a low polysaccharides loss rate, simple
operation, and so on, thus it is a suitable method for poly-
saccharides decolorization.” The pigment molecules in the
polysaccharides solution were adsorbed by macroporous resin,
which can largely remove the pigment impurities in poly-
saccharides without affecting the characteristic groups and
molecular weight of polysaccharides. The method is superior to
H,0, oxidation and activated carbon adsorption methods." S-8
macroporous adsorption resin is a polar adsorbent with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The flow chart of experimental design.

diethylenebenzene as the backbone structure, which has strong
adsorption ability for some molecules with similar properties,
and its physical and chemical properties are stable, so it can be
used to remove the medium-polar and polar pigment molecules
from polysaccharides.

Many organisms produce energy through the oxidation
process. However, if the oxidation reaction produces excessive
reactive oxygen species, it will lead to the occurrence of some
chronic diseases. Therefore, the development and utilization of
safe and effective antioxidants to reduce the invasion of
diseases have attracted extensive attention. Recently, poly-
saccharides have emerged as potential sources of new antioxi-
dants because of their relatively low toxicity and strong
antioxidant activity. Studies have shown that many natural
polysaccharides can effectively prevent oxidative damage to
organisms as free radical scavengers. APS is expected to become
potential natural antioxidants due to its abundant sources and
special biological functions.”*™ To date, there is limited infor-
mation on the antioxidant activity of APS extracted by the
ultrasonic-enzyme method and decolorized by S-8 macroporous
adsorption resin.

Accordingly, in this study, the decolorization process of
static adsorption of pigment molecules in APS by S-8 macro-
porous adsorption resin was optimized by single factor and
response surface method to improve the purity of APS and be
beneficial to the structural analysis and biological activity
research. Then the adsorption kinetics and thermodynamics
models were studied to clarify the mechanism of adsorption of
pigment molecules in APS by macroporous resin. Finally, its
conformation and monosaccharide composition were deter-
mined by high-performance liquid chromatography (HPLC),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ultraviolet-visible (UV-vis) spectrum and Fourier-transform
infrared (FT-IR) spectroscopy. In addition, the antioxidant
activity of APS in vitro was investigated, which provided a theo-
retical basis for its development as antioxidants and its appli-
cation in functional foods. The flow chart of experimental
design is shown in Fig. 1.

2. Materials and methods
2.1 Materials and chemicals

Alfalfa was obtained from Cangzhou City, Hebei Province. A
specimen with voucher No. MSL2021 was deposited at the
School of Marine and Bioengineering, Yancheng Institute of
Technology. Cellulase (50 U mg™ "), papain (800 U mg "), pec-
tinase (500 U mg '), S-8 macroporous adsorption resin,
monosaccharide standards, vitamin C (Vc), 2,2"-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,2-diphenyl-
1-picrylhydroxyl (DPPH) were provided by Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). The other reagents
were analytically pure.

2.2 Extraction of APS

Alfalfa stems and leaves were dried at 55 °C for 48 h, pulverized
in a 40-mesh sieve, and stored for later use. The alfalfa powder
was degreased and decolorized by refluxing with petroleum
ether in a Soxhlet extractor for 60 h. The residue was ventilated
to evaporate the residual solvent and dried in an oven at 55 °C
for 24 h. APS was extracted by an ultrasonic-enzyme assisted
method based on published literature with minor modifica-
tions.? Briefly, the sample was mixed with deionized water at
a ratio of 1:30, and cellulase, pectinase and papain with total
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enzyme amounts of 1% were added (enzyme activity = 1:1:1).
After mixing, the mixture was sonicated at 50 °C for 50 min, and
then the reaction temperature was quickly increased to 95 °C for
10 min to inactivate the enzyme. The supernatant was collected
and concentrated at 50 °C in vacuum to reduce the volume, and
then added 4 times volume of anhydrous ethanol and precipi-
tated for 24 h. Proteins were removed from the polysaccharides
using the Sevag method.'® Finally, heteropolysaccharides was
obtained after freeze-drying."”

2.3 APS decolorization by S-8 macroporous adsorption resin

2.3.1 Single factor test. The effects of the amount of S-8
macroporous adsorption resin (0.5, 1.0, 1.5, 2.0 and 2.5 g),
adsorption time (0.5, 1, 1.5, 2 and 2.5 h), polysaccharides
concentration (4, 6, 8, 10 and 12 mg mL ') and adsorption
temperature (30, 40, 50, 60 and 70 °C) on the decolorization of
polysaccharides were determined by single-factor experiments.
The results of each condition were analysed by the decoloriza-
tion ratio and polysaccharides retention ratio.

The absorbance values of the original and decolorized
polysaccharides solution were measured at 420 nm,” and the
decolorization ratio was calculated according to eqn (1).

— 4,

Decolorization ratio (%) = ——= x

4100 (1)

where A; and A, are the absorbance values before and after
decolorization, respectively.

The polysaccharides retention ratio was determined by the
phenol sulfate method and calculated according to eqn (2).*®

. . . A
Polysaccharides retention ratio (%) = f x 100 (2)
4

where A, and A; represent the absorbance values before and
after decolorization, respectively.

2.3.2 Optimization decolorization conditions. Based on
the single-factor test, the Box-Behnken design was used to carry
out response surface optimization experiments with the
amount of resin (4), adsorption time (B) and adsorption
temperature (C) as independent variables and the decoloriza-
tion ratio as the dependent variable. The independent variables
were represented by —1, 0 and 1 (as shown in Table 1).

2.4 Adsorption studies

2.4.1 Adsorption kinetic studies. Ten grams of resin was
mixed with 50 mL (10 mg mL ") of APS solution and left for
150 min at 20, 30 and 40 °C. Samples were collected at 10 min

Table 1 The independent variables and their levels employed in the
Box—Behnken design

Level of factors

Factors Unit Code -1 0 1
Amount of resin g A 1 1.5 2
Adsorption time h B 1.5 2 2.5
Adsorption temperature °C c 50 60 70
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intervals, and the absorbance values were measured at 420 nm
by means of a Multiskan SkyHigh plate-reader (Thermo Fisher,
USA).

2.4.2 Adsorption thermodynamic studies. Different
amounts of resin (6, 7, 8, 9, 10, and 11 g) were fixed with 50 mL
(10 mg mL™") of APS solution and were adsorbed at 20, 30, and
40 °C for 150 min. Then, the absorbance values of the APS
solution were tested at 420 nm.

2.5 Characterization of APS after decolorization

2.5.1 Analysis of UV-vis and FT-IR. The UV-vis spectra of
APS (1.0 mg mL ') in the range of 200-800 nm were measured
with a Multiskan SkyHigh Plate reader, and the FT-IR spectra of
APS (3 mg) in the range of 4000-400 cm ™" were obtained on an
FT-IR spectrometer with a resolution of <0.09 cm ™' (Nicolet
i510, Thermo Fisher, USA).

2.5.2 Analysis of the monosaccharide composition. The
monosaccharide composition of APS was determined by HPLC
(LC1260, Agilent, USA) using 1-phenyl-3-methyl-5-pyrazolone
(PMP) precolumn derivatization method referring to Wang
et al.”® The mobile phase was ammonium acetate (0.1 M) and
acetonitrile (83:17, v/v), the flow rate was 1 mL min ', the
column temperature was 30 °C and the UV absorption wave-
length was 250 nm.

2.6 In vitro antioxidant activity analysis

APS solutions were prepared with concentrations of 0.06, 0.125,
0.25,0.5, 1, 2, 4, and 8 mg mL™". The hydroxyl, DPPH and ABTS
radicals scavenging abilities of APS were determined according
to a reported method,” and the absorbance values were
measured using Multiskan SkyHigh Plate reader with deionized
water as the blank control.® The percentage of scavenging
activity was calculated according to eqn (3). The reducing power
of APS was measured according to the previous method,* and
expressed in Trolox equivalent and normalized.

A — A

Scavenging activity (%) = (1 — ) x 100 (3)
K
where Aj, 4; and Ay are the absorbance values of the sample,

background control of sample and blank control, respectively.

2.7 Statistical analysis

All experiments are performed in triplicate, and all data are
shown as the mean =+ standard deviation (SD). One-way analysis
of variance (ANOVA) is conducted using GraphPad Prism 7.0,
IBM SPSS Statistics 25.0 and Origin 2018 software. Significant
differences were set at P < 0.05.

3. Results and discussion
3.1 Single factor analysis

3.1.1 Influence of resin amount on the decolorization
efficiency. When the resin amount was in the range of 0.5-1.5 g,
the decolorization ratio significantly (P < 0.05) increased with
the increase of resin amount and then stabilized (Fig. 2A).
However, when the amount of resin increased to over 1.5 g, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effects of different decolorization conditions. (A) Amount of resin. (B) Adsorption time. (C) APS concentrations. (D) Adsorption
temperature. The results were expressed as mean value &+ SD (n = 3). Different letters mean that there are significant (P < 0.05) differences in

different levels in the same group.

decolorization ratio and retention ratio of the polysaccharides
did not significantly change. The reason may be that when the
amount of resin increases, the surface area in contact with the
solvent increases, prompting the pigment molecules to be
better absorbed.” After comprehensive consideration, the
optimal amount of resin was determined to be 1.5 g.

3.1.2 Influence of adsorption time on the decolorization
efficiency. The decolorization ratio significantly (P < 0.05)
increased during the early stage of adsorption and reached
a maximum of 73.90% at 2 h of adsorption (Fig. 2B). It may be
that the pigment molecules have the same polarity as the resin,
driving the rapid adsorption. The polysaccharides retention ratio
increased gradually with increasing adsorption time and then
tended to equilibrate; when the adsorption time was 2 h, the
retention ratio reached a maximum of 85.35%. It is possible that
the amount of pigment molecules and polysaccharides adsorbed
by the resin reached saturation with the passage of time." There
is no significant difference in the decolorization ratio of poly-
saccharides, and the retention ratio is higher at 2 h, therefore, an
adsorption time of 2 h was chosen as the optimal condition.

3.1.3 Influence of polysaccharides concentrations on the
decolorization efficiency. The effects of polysaccharides
concentration on decolorization ratio and retention ratio are
shown in Fig. 2C. The decolorization ratio significantly (P <
0.05) increased with increasing concentration within 4 to 10 mg

© 2023 The Author(s). Published by the Royal Society of Chemistry

mL ™t

, and then gradually decreased as the concentration
further increased. At the same time, the polysaccharides
retention ratio also followed the same trend. It may be that the
adsorption capacity of the resin becomes saturated due to the
high concentration of polysaccharides.”® After comprehensive
consideration, the polysaccharides concentration of 10 mg
mL ™! was chosen for the follow-up experiment.

3.1.4 Influence of adsorption temperature on the decolor-
ization efficiency. The effects of adsorption temperature on
decolorization ratio and retention ratio are shown in Fig. 2D.
When the temperature was in the range of 30-70 °C, the decol-
orization ratio of polysaccharides showed a trend of significant (P
< 0.05) increase at first and then stabilize, and when the temper-
ature was 60 °C, the decolorization ratio reached the maximum of
75.22%. While the change of polysaccharides retention ratio was
not significant in the range of 30-70 °C. With the increase of
temperature, the activity of pigment molecules increases, and it is
more likely for the pigment molecules to reach the resin surface,
resulting in a higher decolorization efficiency.”® Therefore, the
adsorption temperature of 60 °C was selected for the next
experiment.

3.2 Response surface experiment optimization

3.2.1 Regression modeling. The decolorization efficiency is
shown in Table 2. The results were analyzed by multiple

RSC Adv, 2023, 13, 9642-9653 | 9645
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Table 2 Response values for the decolorization ratio in the Box—
Behnken design

No. A B o} Decolorization ratio (%)
1 1 0 1 70.53 £ 0.34
2 1 0 -1 68.00 £+ 0.36
3 0 0 0 74.99 £ 0.51
4 0 -1 1 60.14 £+ 0.14
5 0 1 -1 57.99 £+ 0.24
6 1 1 0 73.53 £ 0.29
7 -1 1 0 70.89 £ 0.27
8 0 0 0 74.91 £+ 0.28
9 0 0 0 76.23 £ 0.25
10 0 1 1 71.43 £ 0.23
11 0 0 0 75.96 £+ 0.22
12 -1 -1 0 70.36 £+ 0.18
13 -1 0 -1 65.51 £+ 0.18
14 -1 0 1 68.61 £ 0.35
15 0 0 0 75.58 £ 0.23
16 1 -1 0 73.16 £ 0.16
17 0 -1 -1 67.78 £ 0.34

regression, and the regression equation was expressed as
follows:

Y=75.53+1.384 + 0.4474B + 1.43C — 0.3374AB — 0.14214C +
5.27BC — 0.00664> — 3.84B> — 7.36C>.

The results of ANOVA are shown in Table 3. The coefficient of
determination (R?) of the model was 0.9956, and R,q;” (0.9899)
was close to Rpyeq” (0.9724), which implied that the model fitting
degree was good. In addition, the F value for the model was
175.41 (P < 0.01), and the lack of fit of the F value was 0.6272,
which confirmed the significance and effectiveness of the
model. In addition, the F values of the independent variables 4,
Band Cwere 53.37, 5.62, and 57.38, respectively, indicating that
the effects of these variables on the decolorization effect were
adsorption time (B) < amount of resin (4) < adsorption
temperature (C).>* The coefficient of variation (CV) is a measure

Table 3 Analysis of variance for the Box—Behnken design experiment®

Source SS DF MS F-Value P-Value Significance
Model 450.09 9 50.01 175.41 <0.0001 **
A 15.22 1 15.22 53.37 0.0002 **
B 1.60 1 1.60 5.62 0.0496 *
c 16.36 1 16.36 57.38 0.0001 **
AB 0.4553 1 0.4553 1.60 0.2468

AC 0.0807 1 0.0807 0.2831 0.6111

BC 111.05 1 111.05 389.51 <0.0001 **
A? 0.0002 1 0.0002 0.0006  0.9804

B 62.00 1 62.00 217.46 <0.0001 **
c? 228.28 1 228.28 800.68 <0.0001 **
Residual 2.00 7 0.2851

Lack of fit 0.6486 3 0.2162 0.6419 0.6272
Pure error 1.35 4 0.3368

Cor total ~ 452.09 16

“R® = 0.9956, R,qi” = 0.9899, ** is very significant (P < 0.01), * is
significant (P < 0.05).
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of the percentage of the standard deviation to the mean; the
smaller the value is, the better the reproducibility.”® The CV
value in this experiment was 0.76%, which further confirmed
the accuracy and reliability of the experimental results. At the
same time, Table 3 shows that the independent variables (4, B,
C), the interaction terms (BC) and quadratic terms (B>, C*) had
significant (P < 0.05) effects on the decolorization ratio. All these
statistics indicated the reliability of the models.

3.2.2 Interaction analysis. Two-dimensional (2D) contour
plots and three-dimensional (3D) response surface plots were
used to visually depict the regression equations. A dense and
elliptical shape of the contour plot, or a larger slope of the
response surface plot, indicated a more significant interaction.
2D contour and 3D response surface analysis indicated that the
predicted maximum response value of the dependent variable
was located at the smallest ellipse of the contour plots or the
peak of the response surface plots.”® Fig. 3A-D showed the
response surface and contour plots for the interaction of
amount (A) with time (B) and amount (A) with temperature (C),
respectively. However, the sparse contour plots and smooth
surfaces indicated that the interaction between the various of
variables was not significant. Fig. 3E and F were the response
surface and contour plots of the interaction between time and
temperature. It could be seen that the response surface plots
had a downward opening and the highest point, as well as the
contour plots was dense and elliptic, which indicated that the
interaction between temperature and time was significant (P <
0.01).

3.2.3 Model validation. From the response surface analysis,
the theoretical optimal prediction conditions for APS decolor-
ization were 1.418 g of resin amount, an adsorption time of
1.924 h and an adsorption temperature of 57.918 °C, and the
value of the theoretical decolorization ratio was 71.038%.
Combined with the feasibility and convenience of the actual
operation, the optimal process parameters were slightly
adjusted to the resin amount of 1.4 g, adsorption time of 2 h,
and adsorption temperature of 58 °C. The decolorization ratio
obtained from the experiment was 71.43 £ 0.23%, which was
relatively consistent with the predicted value, indicating that
the response surface test and regression equation were accurate
and reliable in the APS decolorization analysis.>®

3.3 Adsorption kinetics analysis

Pseudo-first-order, pseudo-second-order, Elovich and intra-
particle diffusion models were used to study the adsorption
kinetic curve of pigment molecules in the APS solution by an S-8
macroporous adsorption resin to explore the adsorption
mechanism of the S-8 macroporous adsorption resin on the APS
pigment molecules.

The pseudo-first-order equation can be expressed as follows:

In(qe — q,) = Inge — kyt (4)

Pseudo-second-order kinetic reactions are determined by
two factors,” which is expressed as follows:

tlg, = 1(kxgq>) + tlq. (5)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where ¢ (min) represents time; q. (g~ ') and g, (g~ ") represent the
adsorption capacity of the resin at equilibrium and at different
times, respectively; k; and k, represent the rate constants of
pseudo-first-order and  pseudo-second-order  reactions,
respectively.

The chemisorption dynamics of solid-liquid systems are
usually studied using the Evolich model, which is expressed as
follows:

¢: = 1/b x In(ab) + 1/b x In(z) (6)

where a represents the initial adsorption rate and b represents
the desorption constant.

The adsorption reaction mechanism could be revealed by the
internal diffusion model, whose expression is:

g, = Kyt"? + 4 7)

where K; represents the internal diffusion rate constant and A
represents proportion to the thickness of the boundary layer
constant.

The kinetic curves of the APS pigment molecules in the resin
at different temperatures are shown in Fig. 4A. The higher the
temperature was, the higher initial adsorption rate and the
shorter time required to reach adsorption equilibrium. At the
three temperatures (293 K, 303 K, 313 K), the quantity of APS
pigment molecules adsorbed by the S-8 macroporous adsorp-
tion resin increased with increasing adsorption time, and the
adsorption rate was higher in the first 40 min, then stabilized

© 2023 The Author(s). Published by the Royal Society of Chemistry

and reached equilibrium after 90 min. In the early adsorption
stage, the concentration difference between the resin surface
and the pigment molecules was large, and thus, the adsorption
is faster. With the progress of adsorption, the concentration
gradient decreases and the number of effective adsorption
points decreases, leading to a lower adsorption rate of adsorp-
tion.”® The pseudo-first-order, pseudo-second-order, Elovich
and intraparticle diffusion models for the adsorption of
pigment molecules in the APS solution by the S-8 macroporous
adsorption resin at different temperatures are presented in
Fig. 4B-E, and the model constant values are shown in Tables 4
and 5. Among the four models, the pseudo-second-order kinetic
model had the highest coefficient of determination at each
temperature (R> > 0.998). Furthermore, the equilibrium
adsorption capacity (geca) calculated according to the model
was closer to the equilibrium adsorption capacity (ge,exp) Ob-
tained from the experiment, which indicated that it could better
fit the adsorption kinetic process of APS pigment molecules by
the S-8 macroporous adsorption resin.

As shown in Table 5, when the temperature increased, the
initial adsorption rate constant of the Elovich model increased,
which indicated that increasing the temperature could improve
the initial reaction rate. Moreover, the coefficient of determi-
nation of the Elovich model was superior to the internal diffu-
sion model, indicating that the adsorption of APS pigment
molecules by the S-8 macroporous adsorption resin was the
result of the interaction of the reaction rate and external
diffusion.'®*®

RSC Adv, 2023, 13, 9642-9653 | 9647
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Fig. 4 Adsorption kinetics analysis of the resin on pigment molecules in APS at different temperatures. (A) Adsorption kinetic curves. (B) Pseudo-
first-order model. (C) Pseudo-second-order model. (D) Evolich model. (E) Intraparticle diffusion model.

The adsorption of pigment molecules on a macroporous
adsorbent resin is a continuous process that includes external
diffusion, membrane diffusion, internal diffusion and
adsorption. When there was internal diffusion in the adsorp-
tion process, the fitting result of g, versus t* in the model was
linear, and when the fitting line crossed the origin, the
adsorption rate was mainly determined by intraparticle diffu-

sion. Fig. 4E shows that the fitted line did not cross the origin,

indicating that the adsorption rate was not only singularly
influenced by intraparticle diffusion,**** but also affected by
other processes, such as boundary layer control, which might
also affect the adsorption of pigment molecules.?> Moreover,
the relatively small R value for intraparticle diffusion may be
related to the fact that the adsorption mechanism of the resin
on the APS pigment molecules is controlled by multiple
diffusion processes.

Table 4 Pseudo-first-order and pseudo-second-order model parameters at different temperatures

Pseudo-first-order

Pseudo-second-order

T (K) Ge,exp (gil) Ge,cal (gil] k R Ge,cal (gil) ky R

293 0.6199 0.2187 0.0280 0.9550“ 0.6495 0.2108 0.9991¢
303 0.6191 0.1634 0.0283 0.8893“ 0.6345 0.3665 0.9997¢
313 0.5922 0.1428 0.0339 0.8206“ 0.6123 0.3511 0.9989“

“ Significance at P < 0.01 probability level.
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Table 5 Elovich and intraparticle diffusion model parameters at
different temperatures

Elovich Intra-particle diffusion
T(K) a b R K; A R
293 28.5193  17.9211  0.9297° 0.0134 0.4587  0.8480°
303 18165.9467 29.2997 0.9360° 0.0082 0.5235  0.8600¢
313 18171.2803 29.2911 0.8816“ 0.0081 0.5039  0.7849¢

¢ Significance at P < 0.01 probability level.

3.4 Adsorption isotherm analysis

To investigate the adsorption isotherm of pigment molecules in
an APS solution by an S-8 macroporous adsorption resin, the
experimental results were fitted by the Langmuir, Freundlich
and Temkin models to calculate the maximum adsorption
capacity.**** The Langmuir model is suitable for monolayer
adsorption on homogeneous surfaces;'®* the Freundlich
isothermal adsorption depends on the interaction of adsorbent
molecules, making it suitable for nonlinear multilayer adsorp-
tion on nonuniform surfaces;* and the Temkin isotherm model
assumes that the heat of adsorption decreases linearly with
increasing contact area.*® The linearized forms of the Langmuir,
Freundlich and Temkin isotherm equations are, respectively:
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Celqe = Colqm + 1/(Kagm) (8)
Ing.=InKs + In Ce/n (9)

ge = RTIf; x In B+ RTIf} x InC, (10)
where g. (g7") and g, (g7 ") represent the adsorption capacity of
the equilibrium and the theoretical saturation, respectively; C.
represents the equilibrium concentration; K, represents the
adsorption equilibrium constant; K5, n, f; (J mol™') and B
represent constants; T (K) represents the temperature in Kelvin;
and R (J mol " K™ ") represents the gas constant, 8.314.

The adsorption properties of the S-8 macroporous adsorp-
tion resin on APS pigment molecules at different temperatures
(293 K, 303 K, 313 K) were investigated. As illustrated in Fig. 5A,
ge gradually increased with increasing temperature, indicating
that the adsorption reaction in this study was endothermic and
that warming was beneficial to the adsorption of pigment
molecules on the resin.'”® Warming temperature increases the
kinetic energy of the molecules and affects the diffusion rate of
pigment molecules through the outer boundary layer and in the
pores of adsorbent,**** which in turn affects the migration rate.
At the same time, more adsorption sites will be generated on the
resin surface, which is conducive to adsorption.*® Similarly, the
gm values of the Langmuir isotherm, the K5 values of the
Freundlich isotherm, and the b; values of the Freundlich
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Fig. 5 Adsorption isotherm analysis of the S-8 macroporous adsorption resin on pigment molecules in APS at different temperatures. (A)
Adsorption isotherm curves. (B) Langmuir isotherm model. (C) Freundlich isotherm model. (D) Temkin isotherm model.
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isotherm increased with warming temperature, as shown in
Fig. 5B-D, which also confirmed this conclusion, while all n
values were higher than 1 in the Freundlich isotherm, indi-
cating that the resin had a better adsorption capacity for
pigment molecules during the study.'® Table 6 shows that the
Freundlich isotherm model had the highest determination
coefficient; that is, the Freundlich model was more accurate in
predicting the adsorption capacity of pigment molecules
adsorbed by the S-8 macroporous adsorption resin.

3.5 Thermodynamic analysis of adsorption

According to the above experiments, the Freundlich model was
more accurate in predicting the adsorption process. The
expressions of enthalpy change (AH, k] mol™'), Gibbs free
energy change (AG, k] mol %), and entropy change (AS, J mol "
K ~") in the Freundlich model are as follows:

dIn(C)/dT = —AH/RT?, In C, = AH/RT + C (11)
AG = —nRT (12)
AS = (AH — AG)IT (13)

where C is a constant; the values of AH are calculated from the
slope and intercept of In C. versus the 1/T curve.

The negative AG and positive AH values in Table 7 indicated
that the adsorption of the pigment molecules on the resin was
spontaneous and endothermic,*® which was consistent with
the above results. Moreover, the absolute value of AG gradually
increased with increasing temperature, which also indicated
that warming was conducive to adsorption.** Since AH was
positive but below 40 kJ mol ™", the adsorption of APS pigment
molecules by the S-8 macroporous adsorption resin was
dominated by physical adsorption.’” Furthermore, AS > 0 in
the experiment, indicating that the adsorption reaction was an
entropy-increasing process with more chaotic molecular
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motion at the solid-liquid interface,*® and more water mole-
cules moved randomly from the solid surface to the solution.
These thermodynamic parameters suggested that the S-8
macroporous adsorption resin was effective in removing
pigments from APS and had the potential to be used as a high-
efficiency adsorbent.

3.6 Characterization of APS after decolorization with a resin

The UV spectrum, FT-IR spectrum and monosaccharide
composition of APS after decolorization are shown in Fig. 6. The
spectrum of the decolorized polysaccharides had no obvious
absorption peak across the full wavelength range of 200 to
800 nm (as shown in Fig. 6A), indicating that APS contained
almost no pigment.” In addition, there were no significant
absorption peaks at 260 nm and 280 nm, indicating that APS
did not contain nucleic acids and proteins.*

The FT-IR spectrum of the decolorized APS is shown in
Fig. 6B. The broad and strong signal peak near 3422.94 cm ™"
was attributed to the stretching vibration of O-H,* and the
weak absorption peak at 2929.41 cm™ ' was ascribed to the
stretching vibration of C-H.»® The asymmetric stretching
vibration at 1640.48 cm™ ' indicated the presence of O-C-O
bonds and glycosidic linkages.** Furthermore, the presence of
an absorption peak at 1424.31 cm™ ' indicated that APS con-
tained uronic acid. The characteristic absorption peak at
1037.62 cm™ " was caused by the vibration of C-O-C, indicating
that APS contained a pyranose ring.*” The absorption peak near
874.45 cm ™" indicated the presence of a B-glycosidic bond, and
the absorption peak at 607.23 cm ™" proved the skeleton struc-
ture of the pyranose in APS.

The monosaccharide composition of APS by comparison
with the standard peak times of each monosaccharide is shown
in Fig. 6C and D. APS contained mannose (Man), glucose (Glc),
galactose (Gal), arabinose (Ara) and glucuronic acid (GlcA), with
a molar ratio of 1.18:8.04:1.22:0.92: 1.

Table 6 Langmuir, Freundlich and Temkin modeling parameters at different temperatures

Langmuir Freundlich Temkin
T (K) Im (&) K, R K; n R B £ (g mol™) R
293 2.7179 2.1518 0.9720° 2.2372 1.6181 0.9901° 13.9685 3288.5746 0.9871°
303 3.8638 1.3386 0.9023“ 2.6510 1.5852 0.9889” 14.6443 3360.5587 0.9793”
313 4.5364 1.1084 0.9365“ 2.8428 1.5425 0.9962° 17.8279 5130.1649 0.9881°

“ Significance at P < 0.05 probability level. ? Significance at P < 0.01 probability level.

Table 7 Thermodynamic data for the S-8 macroporous adsorption resin with APS pigments

AG (k] mol ™)

AS (Jmol ' K1)

q. (7Y AH (I mol ™Y 293 K 303 K 313K 293 K 303 K 313 K

0.1 25.482 —3.942 —3.993 —4.014 100.423 97.277 94.236
0.2 17.179 72.085 69.875 67.709
0.3 12.309 55.464 53.802 52.150
0.4 8.834 43.604 42.333 41.479
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Fig. 6 Structural characteristics of APS. (A) UV-vis spectra of APS. (B)
standards. (D) HPLC chromatography of APS.

3.7 Antioxidant activities of APS in vitro

3.7.1 Scavenging activity on hydroxyl radical. Hydroxyl
radical easily causes oxidative damage to intact cells and can
react with most intracellular biomolecules, causing tissue
damage and even cell death.**™** Therefore, the elimination of
hydroxyl radical is essential to protect living systems. The
scavenging ability of APS and Vc on hydroxyl radicals increased
with increasing solution concentration (shown in Fig. 7A). The
scavenging ability of Vc on hydroxyl radical increased signifi-
cantly (P < 0.05) at first, and reached the maximum when the
concentration was 0.5 mg mL ™. The scavenging effect of APS on
hydroxyl radical was not significant when its concentration was
below 1 mg mL ™', while its scavenging ability increased
significantly (P < 0.05) when its concentration was within the
range of 1 to 8 mg mL ™. APS may scavenge hydroxyl radical and
terminate free radical chain reactions through the interaction
between hydrogen and free radicals.” The other possibility is
that APS can terminate the reaction by binding to ions essential
for the free radical chain reaction.*

3.7.2 Scavenging activity on DPPH radical. DPPH radical
scavenging capacity was achieved by reducing DPPH ultraviolet
absorption caused by antioxidants.”” The scavenging activities
of APS and Vc on DPPH radical are illustrated in Fig. 7B. The
scavenging effect of Vc on DPPH radical reached 87.25% at
a concentration of 0.06 mg mL ™. The scavenging effect of APS
on DPPH radical showed a dose-dependent relationship with its
concentration, which first increased significantly (P < 0.05), and
when the concentration of APS was 4.0 mg mL " the scavenging

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ability of DPPH radical reached a maximum of 88.53%, indi-
cating that APS had a better scavenging effect on DPPH radical.
The scavenging ability of APS for DPPH radical may be related to
its structure and physicochemical property, and the free radical
chain reactions may terminate through their electronic dona-
tion ability to free radicals, which is consistent with the re-
ported results.***°

3.7.3 Scavenging activity on ABTS radical. The ABTS radical
scavenging capacity has been widely used to evaluate the total
antioxidant capacity of biological samples. The scavenging ability
of APS to ABTS radical was dose-dependent compared with Ve
(shown in Fig. 7C). When the concentration of APS was below
2 mg mL ", the ABTS radical scavenging ability was enhanced
sharply with increasing concentration (P < 0.05), and the ABTS
scavenging ability of APS at a concentration of 2 mg mL ™" was
99.93%, indicating that APS had good ABTS radical scavenging
activity. It is possible that the presence of glyoxylate in the poly-
saccharides results in higher ABTS radical scavenging.*® In
addition, ultrasound extraction may damage the cell wall and
release some substances that affect their antioxidant activity.**

3.7.4 Reducing power. Reducing power is the ability of an
antioxidant in a sample to provide electrons to reduce Fe** to
Fe** and is an important indicator of the activity of an antioxi-
dant,* which can be converted to Trolox equivalents from the
standard curve to indicate the reducing power of the sample.
APS also had a certain reducing power, which did not change
significantly when its concentration was low, while the reducing
power increased significantly (P < 0.05) at concentrations in the
range of 1 to 8 mg mL ™~ '. However, the reducing capacity of APS

RSC Adv, 2023, 13, 9642-9653 | 9651
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was lower than that of Vc. The reducing power of poly-
saccharides may be achieved by breaking down free radical
chains, or it may be that polysaccharides can act as effective
electron donors to react with free radicals, converting them into
stable substances.***

4. Conclusion

In this study, the decolorization conditions of polysaccharides
extracted from alfalfa by S-8 macroporous adsorption resin were
optimized through the response surface method, and the
physicochemical property and antioxidant activity of decolor-
ized polysaccharides were investigated. The results showed that
the S-8 macroporous adsorption resin had a good decoloriza-
tion effect on the pigment molecules in APS. From the
adsorption kinetics and thermodynamic experiments, it was
found that the adsorption process of pigment molecules in APS
by macroporous adsorption resin was spontaneous and endo-
thermic, and conformed to the pseudo-second-order equation
and the Freundlich equation, mainly involving physical
adsorption without destroying the structure of the poly-
saccharides. In addition, this study also revealed that APS had
a scavenging capacity for hydroxyl, DPPH and ABTS radicals. In
summary, this study provides more insights into understanding
the decolorization mechanism of APS, a reliable method for the

9652 | RSC Adv, 2023, 13, 9642-9653

decolorization process of APS and provides a theoretical basis
for further study as a nutraceutical and antioxidant.
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