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ABSTRACT: Adsorption of roselle anthocynins, a natural pigment, onto various macroporous resins was optimized to develop a
simple and efficient process for industrial separation and purification of roselle anthocyanins. Nine different macroporous resins
(AB-8, X-S, HPD-100, SP-207, XAD-4, LS-305A, DM-21, LS-610B, and LS-305) were evaluated for the adsorption properties of
the anthocyanins extracted from the calyx extract of Hibiscus sabdariffa L. The influences of phase contact time, solution pH,
initial anthocyanin concentration, and ethanol concentration with different citric acid amounts were studied by the static
adsorption/desorption method. The adsorption isotherm data were fitted well to the Langmuir isotherm, and according to this
model, LS-610B and LS-305 exhibited the highest monolayer sorption capacities of 31.95 and 38.16 mg/g, respectively. The
kinetic data were modeled using pseudo-first-order, pseudo-second-order, and intraparticle diffusion equations. The experimental
data were well described by the pseudo-second-order kinetic model. Continuous column adsorption—regeneration cycles
indicated negligible capacity loss of LS-305 during operation. The overall yield of pigment product was 49.6 mg/g dried calyces.
The content of roselle anthocynins in the pigment product was 4.85%.
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B INTRODUCTION

Roselle (Hibiscus sabdariffia L.) is a tropical plant of
considerable economic potential. Its calyces have been
suggested for the production of soft drinks, roselle tea, jam,
juices, and natural food colorants."> The calyces are rich in
anthocyanins, ascorbic acid, organic acids, flavonoids, and
polyphenols.>* Recent research shows that anthocyanin is the
major source of antioxidant capacity in roselle extract.’”” It is
used effectively in folk medicines for the treatment of
hypertension, inflammatory diseases and cancer, heart and
nerve disorders, high blood pressure, and calcified arteries.*®
Roselle anthocyanins were identified as having delphinidin-3-
sambubioside (70% of the anthocyanins) and cyanidin-3-
sambubioside as the major pigments, with delphinidin-3-
glucoside and cyanidin-3-glucoside as the minor ones.”"°

The concentration of roselle extracts, through osmotic
evaporation concentration,"" ultrafiltration and nanofiltration,
and membrane concentration,'” has been reported recently.
However, concentration can only give a mixture of
anthocyanins, organic acids, carbohydrates, etc., not a relatively
pure anthocyanin product. Macroporous resins, because of their
relatively low cost and easy regeneration, have been employed
in the purification of several anthocyanins, including cyanidin 3-
glucoside,"® anthocyanins from citrus-processing byproducts,"*
anthocyanins from blood oranges,"* and anthocyanins from
black currant fruits."® Tsai et al.” first reported the purification
of roselle anthocyanin extract using Amberlite XAD-2 macro-
porous resin and HPLC aimed at studying the antioxidant
activity of roselle anthocyanins, without screening of optimum
resin.
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In the present study, nine macroporous resins selected
according to the resin manufacturer’s recommendation and in
accordance with current good manufacturing practice by our
cooperative production unit (Qindao Pengyuan Kanghua
Natural Products Co., Ltd., China) were used to systematically
investigate the adsorption and desorption of anthocyanins from
roselle calyx extract and to develop a simple and efficient
process for the preliminary separation and purification of
roselle anthocyanins with the optimal resin.

B MATERIALS AND METHODS

Materials. Dry calyces of roselle (H. sabdariffa L.) were kindly
supplied by Zhangzhou Gold Saga Biotechnology Co., Ltd., China. All
reagents were of analytical grade.

The resin XAD-4 was purchased from Rohm & Haas, USA. Diaion
SP-207 was from Mitsubishi Chemical Industries, Japan. X-5 and AB-8
were purchased from the Chemical Plant of Nankai University, China.
LS-610B, LS-305, and LS-305SA were from Shaanxi Lanshen Special
Resin Co., Ltd, China. HPD-100 was from Anhui Sanxing Resin
Technology Co., Ltd., China. DM-21 was from Shandong Lukang
Record Pharmaceuticals Co., Ltd., China. All resins are made of
styrene—divinylbenzene.

Preparation of Extracts. Dry calyces of roselle were extracted
with deionized water using a mass ratio of calyx to water of 1:15 for 1.5
h at 60 °C. The extraction procedure was repeated three times, until
the extract was colorless. The extracts were combined and filtered
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Table 1. Characteristics of the Adsorbent Resins Used and Their Adsorption Properties on Roselle Anthocyanins

type polarity surface area (m*/g) pore size (A) adsorption capacity, g, (mg/g) desorption ratio, D (%)
AB-8 semipolar 480—-520 130—-140 6.12 £+ 0.26 94.21 + 2.13
X-S apolar 500—600 290-300 10.59 + 0.34 93.31 + 2.09
HPD-100 apolar 650—700 85—-90 15.56 + 0.31 94.39 + 1.84
SP-207 apolar 600 110 20.03 + 0.46 94.66 + 3.75
DM-21 apolar 1000 50—60 21.98 + 0.25 9S5.15 + 2.86
LS-305A apolar 850—-950 80 2225 + 0.44 89.89 + 2.97
LS-610B apolar 950—1050 SS 22.94 + 0.58 84.54 + 2.59
LS-305 apolar 900—1000 60 23.16 + 0.62 90.34 + 1.68
XAD-4 apolar 750 100 23.34 + 0.49 55.09 + 1.79

through a filter paper, then concentrated under reduced pressure with
a rotary evaporator (RE-52A, Shanghai Yarong Biochemical Factory,
Shanghai, China), and then kept at 4 °C until used.

Determination of Roselle Anthocyanin Content. Data
indicated that the absorption maximum of the water extract of roselle
anthocyanins was found to be at wavelength of 520 nm. The same
result was reported in the literature.>'”'®

The roselle anthocyanin content was determined by the pH
differential method."” A Spectrumlab 752s UV—vis spectrophotometer
(Shanghai Lengguang Technology Co. Ltd., Shanghai, China) was
used for spectral measurements at 520 and 700 nm, respectively, using
deionized water as a blank. The difference in absorbance values at pH
1.0 and 4.5 was directly proportional to the concentration of roselle
monomeric anthocyanins, which was calculated on the basis of
delphinidin 3,5-sumboside, with a molecular weight of 577 g/mol and
a molar absorption coefficient of 26000 L mol™' cm™ %!

Pretreatment of Macroporous Resins. Prior to use, the
macroporous resins were leached with 95% ethanol for 24 h and
washed several times with deionized water. Subsequently, the resins
were soaked in 1 M NaOH for S h and then washed by distilled water.
The washed resins were soaked in 1 M HCI for S h. Finally, the resins
were washed by distilled water thoroughly. Their surface moisture was
removed by pressing gently between the folds of filter paper (termed
filter paper dried (FPD) resin). The FPD resins were immediately
packed in nylon bags sealed with an impulse sealer and kept in a
styrofoam box until used. The dry-basis weight of sorbent was
measured by weighing the sorbent particles after drying for 12 h at 80
°C. In all adsorption studies the resin used was FPD resin. All
calculations are done on the basis of dry resin.

Preselection of Resins. The preselection of resins was evaluated
by their adsorption capacities and desorption ratios. All adsorbents
(Table 1) were investigated as follows: a preweighed amount of FPD
resins (equal to 1.0 g of dry resin) and 40 mL of crude extract solution
with initial concentration of 608.07 mg/L at pH 2.80 were added into
each flask with a lid. The flasks were shaken on a shaker (100 rpm) at
25 °C for 24 h. The solution after adsorption was analyzed using the
UV—vis spectrophotometer.

Desorption experiments were conducted as follows: after the
attainment of adsorption equilibrium, the absorbed resins were filtered
through a 200 mesh screen and then added with 20 mL of 65%
ethanol solution containing 3 g/L citric acid into each flask with a lid.
The flasks were shaken on a shaker (100 rpm) at 25 °C for 24 h.

The adsorption capacity of the resins, g, (mg/g), was calculated
according to the following equation:

Co—C
=(0 e)XV

e w (1)

The desorption ratio of the resin, D (%), was calculated according to
the equation

CaYd

= — X 100%
(CO_ Ce) xV

)

where C, and C, are the initial and equilibrium liquid-phase
concentrations (mg/L), respectively, V is the volume of solution
(L), and W is the weight of dry resins (g). Cy and Vy are the
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concentration of roselle anthocyanins in desorption solution (mg/L)
and the volume (L), respectively.

Adsorption Isotherm Experiments. Adsorption equilibrium data
were obtained by introducing a preweighed amount of FPD resin
(equal to 0.2 g of dry resin) into 20 mL of crude extract solution at
different initial concentrations of roselle anthocyanins (88.4, 176.8,
265.2, 353.6, 442.0, and 530.4 mg/L) at different initial pH values (pH
2.0, 2.5, and 3.0) adjusted by concentrated hydrochloric acid and 1 M
NaOH solutions, and shaking at 100 rpm at 25 °C for 24 h.

Desorption Experiments. Preweighed amounts of four selected
FPD resins, LS-30S, LS-30SA, LS-610B, and D-M21 (equal to 5.0 g of
dry resin), were added into 200 mL of crude extract solution at the
initial concentration of 543.71 mg/L at pH 2.5, followed by shaking at
100 rpm at 25 °C for 24 h. After the attainment of adsorption
equilibrium, the adsorbed resins were washed with distilled water and
then dried by filter paper as described under Pretreatment of
Macroporous Resins. Preweighed amounts of four adsorbed FPD
resins (equal to 0.25 g of dry unadsorbed resin) and 10 mL of different
ethanol solution (50, 60, 70, 80, and 95%) containing various citric
acid concentrations (0, 1.5, 3, and 4.5 g/L) were added into each flask
with a lid, followed by shaking at 100 rpm at 25 °C for 24 h and
measuring the concentration of roselle anthocyanins in the desorption
solution.

Static Adsorption and Desorption Kinetics. The adsorption
kinetics of the selected macroporous resin was studied by contacting
S0 mL of crude exaction solution (pH 2.5, initial concentration
639.14 mg/L) with a preweighed amount of hydrated resins (equal to
0.5 g of dry resin) on a shaker (100 rpm) at 25 °C. The concentration
of roselle anthocyanins in the adsorption solution was determined at
different times until equilibration.

After the attainment of adsorption equilibrium, the absorbed resins
were filtered through a 200 mesh screen and then added with 25 mL
of a 60% ethanol aqueous solution with 3 g/L citric acid into each flask
with a lid. The flasks were shaken on a shaker (100 rpm) at 25 °C. The
concentration of roselle anthocyanins in the desorption solution was
determined at different times.

Dynamic Adsorption and Elution Experiments. The separa-
tion properties of the three selected resins, LS-305, LS610B, and DM-
21, were evaluated by the dynamic tests.

Dynamic adsorption tests were carried out as follows: the hydrated
adsorbent was packed into a glass column (50 cm X 1 cm) with a bed
volume (BV) of 40 mL. The sample solution was introduced
downward into the column, and then the adsorbent column was
rinsed by 3 BV of deionized water. The concentration of anthocyanins
in the exit solution was analyzed by the UV—vis spectrophotometer.

Breakthrough adsorption capacity and saturation capacity were
calculated on the basis of the amount of anthocyanins adsorbed when
the concentration of the exit from the column reached S and 95% of
the inlet solution concentration, respectively. The adsorption capacity
q (mg/mL resin) was calculated with eq 3%

_ Vs(ci - Ca)

VW
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where C; is the concentration of initial solution (mg/L), C, is the
average concentration of the effluent (mg/L), V; is the volume of
sample solution (L), and V,, is the volume of wet resin (mL).

A dynamic desorption test was performed as follows: the adsorbate-
laden column was desorbed by 60% ethanol aqueous solution with 3
g/L citric acid at rate of 1 BV/h. The concentration of anthocyanins in
the desorption solution was analyzed by the UV—vis spectropho-
tometer.

Statistical Analysis. All of the experiments were performed in
triplicate, and data are shown as mean values + SD. Statistical analysis
was done using one-way analysis of variance (ANOVA), and the mean
values were considered to be significantly different when p < 0.0S.

B RESULTS AND DISCUSSION

Preselection of the Resins. Nine macroporous resins with
different properties were tested through static adsorption, and
the adsorption capacity (q.) and desorption ratio (D) were
used to evaluate their adsorbent efficiencies. The adsorption of
macroporous resin is a physical action through van der Waals
force or hydrogen bonding. According to the rule “likes dissolve
likes”, given roselle anthocyanins contain nonpolar phenylallyl
groups and polar multihydroxy groups, either nonpolar resins
or polar resins were applicable to the adsorption of roselle
anthocyanins, and nine macroporous resins, ranging from
nonpolarity to polarity, were therefore tested to select the
appropriate resin for adsorbing and separating roselle
anthocyanins in calyx extracts. Table 1 shows the physical
characteristics of the adsorbent resins and their adsorption
properties in increasing order. AB-8, X-5, and HPD-100 resins
present relatively low adsorption capacities. Except for SP-207
and XAD-4, the amount of anthocyanins adsorbed seems to be
proportional to the adsorbent surface area. Similar results have
been reported by other authors.”*”” In general, the surface
area and the pore radius of the adsorbent keep a linear
relationship with the adsorption capacity for resins.”® Although
SP207 and XAD-4 have relatively lower specific surface areas
than those of DM-21, LS-305A, LS-610B, and LS-303, their
larger pore radius may well account for their high adsorption
characteristics.

As shown in Table 1, it was found that anthocyanins
desorbed almost completely from AB-8, X-5, HPD-100, SP-
207, and DM-21. However, desorption from XAD-4 is likely to
be most difficult as compared with other resins, which might
indicate the strong interaction between solute and the
adsorbent material.

Considering the small adsorption capacities of AB-8, X-5, and
HPD-100 and the lowest desorption ratio of XAD-4, these four
resins were not adaptable as adsorbents of anthocyanins.
Therefore, SP207, DM-21, LS-305A, LS-610B, and LS-305
were applied for the following study.

Static Adsorption Isotherms. Two popular theoretical
models (the Langmuir and Freundlich models) are used to
compare adsorption of resins.'*

Langmuir equation:

_ qmaXKLce
=11 K Ce (4)
Freundlich equation:
1
9, = KeCe' /" (s)

g. and C, represent the same parameters as in eq 1, g, is the
maximum adsorption capacity (mg/g), K is the Langmuir
constant, and Kg and n are the Freundlich constants.
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Considering the thermal instability of roselle anthocya-

ns,"** 7! adsorption isotherms of roselle anthocyanins onto
SP207, DM-21, LS-305A, LS-610B, and LS-30S5 resins were
performed at room temperature (25 °C). From our preliminary
experiments, anthocyanin-containing roselle extracts displayed
their greatest stabilities at acidic pH (e.g,, <3.0). Similar results
were reported by Laleh et al.*> and Selim et al.'® Therefore,
adsorption isotherms were carried out at pH 2.0, 2.5, and 3.0 in
this study.

Figure 1 shows the adsorption isotherms of roselle
anthocyanins on the resins at pH 2.0, 2.5, and 3.0. Langmuir
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Figure 1. Adsorption isotherm at different pH values at T = 25 °C:
(A) pH 2.0; (B) pH 2.5; (C) pH 3.0.

constants, g, and K;, were calculated from the linear plot of
C./q. versus C,.. The Freundlich constants, K and n, were
calculated from the linear plot of log gq. versus log C.. The
experimental data were statistically analyzed, and * values were
obtained and are presented in Table 2. It appears that the
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Table 2. Evaluated Constants for Langmuir and Freundlich Equations at 25 °C

Langmuir equation

Freundlich equation

resin pH Ky Gmax ? Kg n *
LS-305 2.0 0.1195 32.2581 0.9881 7.8037 3.5423 0.9526
2.5 0.0813 38.1679 0.9944 7.1829 3.0111 0.9495
3.0 0.0539 38.0228 0.9984 4.7195 23175 0.9678
LS-610B 2.0 0.1838 30.5810 0.9806 8.8288 3.9479 0.9560
2.5 0.0900 31.9489 0.993S 8.7438 3.4650 0.9929
3.0 0.1674 30.1208 0.9666 7.0129 3.0530 0.9788
DM-21 2.0 0.1099 27.9330 0.9541 6.4953 3.4941 0.9878
2.5 0.0900 30.8560 0.9935 7.5318 3.6805 0.9338
3.0 0.0776 28.0112 0.9873 52131 2.9558 0.9730
LS-305A 2.0 0.0544 28.5714 0.9936 5.5348 3.1878 0.9443
2.5 0.0991 30.5810 0.9410 5.7398 3.1250 0.9940
3.0 0.0418 25.7069 0.9894 3.6000 2.7480 0.9788
SP-207 2.0 0.0731 17.4825 0.9951 6.0256 5.5127 0.8756
25 0.0779 223714 09511 5.6728 4.0290 0.9803
3.0 0.0650 17.3611 0.9792 4.4648 2.7480 0.9422
experimental points fitted well to both the Langmuir and
Freundlich models. Comparison of the coefficients of
determination (r*) of the models showed the Langmuir
model to be slightly better than the Freundlich one. As
shown in Table 2, the maximum adsorption occurred at pH 2.5, o
and at this pH, the values of g, (obtained from Langmuir %

plots) increase in the order LS-305 > LS-610B > DM-21 > LS-
305A > SP-207. The most effective are LS-305 and LS-610B,
which can be attributed to their highest surface areas among the
resins considered. LS-305 seemed to favor higher concen-
tration, thus resulting in the very high maximum adsorption
capacity, 38.16 mg/g, at pH 2.5 (calculated from the Langmuir
model). DM-21 and LS-305A show an intermediate capacity at
pH 2.0 and 2.5, whereas at pH 3.0, DM-21 exhibited higher
affinity than LS-305A. The worst is SP-207 owing to its small
surface area, which was omitted in the following tests.

The adsorption capacity was the highest when the pH was
2.5 and decreased by either raising or lowering pH under the
experimental condition. These results may be explained on the
basis of the structural transformations of anthocyanins as a
function of pH.**** In acidic aqueous solutions anthocyanins
exist as four main equilibrium species: the quinonoidal base A,
the flavylium cation AH", the carbinol or pseudobase B, and the
chalcone C. Figure 2 presents the distribution of the four main
equilibrium species of malvidin 3-glucoside,® which is
considered to be a typical example in this study for describing
the relative amounts of each equilibrium form varying with both
the pH value and the structure of a certain anthocyanin.>**’

At pH 2.0 the red flavylium cation is the mainly
predominating equilibrium species; the apolar styrene—
divinylbenzene resins tested here are unfavorable to the
adsorption of the polar flavylium cation and thus a decreased
adsorption capacity of roselle anthocyanins. Increasing the pH
value to 2.5 inflicts a decrease of both the color intensity and
the concentration of the flavylium cation to the colorless
neutral carbinol form; an increase of adsorption capacity is
presumably due to the increase of the hydrophobicity in
equilibrium solution and thus enhances their adsorbability."*
When the pH increases further to 3.0, more carbinol form is
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Figure 2. Distribution of the different malvidin 3-glucoside
equilibrium forms according to pH: (AH') flavylium cation; (A)
quinonoidal base; (B) carbinol or anhydrobase; (C) chalcone.

yielded through ring-opening, and more carbinol is irreversibly
changed to the colorless chalcone, which does not absorb
visible light.** Also, a rapid proton loss of the flavylium cation
takes place as the pH shifts to 3.0 and the colored quinonoidal
form rises. Although the transformation of flavylium cation to
carbinol or anhydrobase can increase the adsorption capacity
due to the decrease of polarity of the equilibrium species, it
cannot compensate for the loss in adsorption capacity induced
by the irreversible formation of chalcone.>® The quinonoidal
form exists in a neglectable percentage and does not affect the
overall color of solution noticeably®® or the adsorption
performance of resins.

Static Desorption. Ethanol is the preferable desorbent for
macroporous resin because it can be easily removed from the
solution and recycled and has low cost and no toxicity to the
samples.">**~*! In addition, acidic solutions have been used to
elute anthocyanins from resins with the objective of
maintaining the flavylium cation form, which is red and stable
in a highly acid medium."***** Ethanol solution acidified with
citric acid instead of hydrochloric acid would be preferred for
food use to avoid the poisonous residue of hydrochloric acid in
the preparative pigment product. Therefore, different concen-
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trations of ethanol/citric acid solutions were used to perform
desorption tests to find most suitable desorption solution.
Figure 3 shows the desorption ratio of different ethanol

95

70 T T T T T
50 60 70 80 90

Ethanol concentration (%)

100

Figure 3. Effect of ethanol/citric acid concentrations on desorption
ratio of LS-305 resin.

concentrations with various citric acid contents (0, 1.5, 3.0, 4.5
g/L, respectively) on LS-305 resin. As shown in Figure 3, the
desorption ratio of roselle anthocyanins increased with the
increase of ethanol concentration, reached its peak value at the
concentration of 60%, and then sharply decreased with the
increase of ethanol concentration; the worst desorption occurs
at 95% ethanol concentration. On the other hand, using 3.0 g/L
citric acid allows a significant increase in the desorption
performance of roselle anthocyanins, especially at 60% ethanol
solution. Desorption of roselle anthocyanins from macroporous
resin is the result of competing interactions between the
intermolecular forces of adsorption on the macroporous resin
and dissolution in the solvent. When intermolecular forces are
recessive, roselle anthocyanins desorb from the resin into the
solvent. A 60% ethanol solution with 3.0 g/L citric acid might
be the best matching of polarity between desorption solvent
and adsorbate, thus facilitating desorption. Therefore, 60%
ethanol solution with 3.0 g/L citric acid was selected as the
optimal desorption solution and used in the dynamic
desorption experiment. Similar profiles were observed for
desorption of roselle anthocyanins on other resins (figures not
shown). A comparison of the adsorption/desorption results for
the four resins at 60% ethanol with 3.0 g/L citric acid is shown
in Table 3.

Table 3. Comparison of Static Adsorption/Desorption
Results for Roselle Anthocyanins on Different Resins
(Desorption by 60% Ethanol Concentration with 3.0 g/L
Citric Acid)

type adsorption capacity (mg/g) desorption ratio (%)
LS-610B 18.40 + 0.29 85.12 + 2.85
LS-305 18.29 + 0.33 92.63 + 3.14
DM-21 1641 + 0.25 98.40 + 2.21
LS-305A 16.02 + 0.39 88.90 + 1.87

As seen in Table 3, LS-610B resin exhibited the highest
adsorption capacity but the lowest desorption ratio, indicating
that it possessed a strong affinity for roselle anthocyanins, as
well as a considerable fraction of the small internal pores of LS-
610B. A maximum desorption efficiency of >98%, using DM-
21, is observed, despite a relatively low adsorption capacity. LS-
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305 shows an intermediate adsorption/desorption efficiency in
comparison to LS-610B and DM-21, and the worst is LS-3054,
which shows the least adsorption capacity and <90% of
desorption ratio. In the comprehensive consideration of the
adsorption capacity and desorption ratio, LS-610B, LS-305, and
DM-21 were used in the following experiments.

Static Adsorption and Desorption Kinetics. Figure 4
presents the plot of roselle anthocyanins adsorbed (g,) versus
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Figure 4. Adsorption kinetic curves of roselle anthocyanins onto three
resins.

contact time (¢) for LS-610B, LS-305, and DM-21 at 25 °C.
Obviously, the equilibrium for the uptake of LS-610B, LS-305,
and DM-21 was reached within 7 h.

The adsorption—time data in Figure 4 were treated according
to pseudo-first-order,* pseudo-second-order,** and the intra-
particle diffusion.*’

Pseudo-first-order model:

klt
log(q, — q,) = logq, — (—)

2.303 (6)

Pseudo-second-order model:

t 1 t

— = — + —

% kg 9 (7)
Particle diffusion kinetics model:

1/2
q =X+ kpt / (8)

g. and g, are the amounts of roselle anthocyanins adsorbed
onto adsorbents at equilibrium and at contact time ¢,
respectively (mg/g), k, is the pseudo-first-order rate constant
(h™"), k, is the pseudo-second-order rate constant (g/mg h), k,
is the intraparticle diffusion rate constant (mg/g h'/?), and X
represents the boundary layer diffusion effects (external film
resistance).

Kinetics parameters are determined and listed in Table 4.
Results show that roselle anthocyanin adsorption kinetics on
these three resins are best fitted by the pseudo-second-order
model. This is deduced from the higher correlation coefficient
values (1*) obtained with the pseudo-second-order model, and
the calculated g.(calcd) values are closer to the experimental
data than the calculated values of the pseudo-first-order model.
Similar results have been reported by other authors.¥*"*
According to the pseudo-second-order rate constant, k,, the
adsorption rate of the three reins is ordered as follows: LS-610B
> DM-21 > LS-305 (Table 3).
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Table 4. Kinetic Parameters of Roselle Anthocyanins onto Three Resins at 25 °C

pseudo-first-order model

pseudo-second-order model

resin g, (exptl) (mg/g) k, (mg/gh'?) £ k() g (caled) (mg/g) 7 k, (b7 9. (caled) (mg/g) 7
LS-610B 4161 % 149 29.799 09637  0.4788 18.40 0.9632 0.0593 43.29 0.9995
LS-305 41.50 + 097 22439 0.8940  1.0620 7471 0.7102 0.0275 45.87 09977
DM-21 3567 + 121 22341 09158 03740 15.81 0.9095 0.0495 3745 09987

The pseudo-first-order and pseudo-second-order models
basically consider external film diffusion, intraparticle diffusion,
and interaction step for the adsorption process. Although the
particle diffusion kinetics models cannot represent the whole
adsorption processes, they can be applied to give a definite
mechanism of adsorption. According to Figure 5, the slope of

45

40 , v 2V
' .

35 . LA A A 4
301

— A

2 254

£

— 204
154 = LS-610B

e LS-305
10+ A DM-21
5_
0 . . . . .
00 05 10 15 20 25 30
t1/2(h112)

Figure S. Intraparticle diffusion model for roselle adsorption onto
three resins.

the linear part of the curve gives the initial rate of adsorption by
all three resins (here taken at 1 h), controlled by intraparticle
diffusion.**” The positive value X for the adsorption of roselle
anthocyanins on LS-610B, which is proportional to the
boundary layer thickness,* indicates that the intraparticle
diffusion is not the only rate-controlled step and the external
film diffusion controls the adsorption to some degree.*"*®
Desorption kinetics of roselle anthocyanins on LS-610B, LS-
305, and DM-21 resins were investigated at 25 °C and are
shown in Figure 6. As illustrated in Figure 6 compared with
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Figure 6. Desorption kinetics curves of roselle anthocyanins on three
resins at 25 °C.

Figure 4, the desorption rate was much faster than the
adsorption rate, the asymptotic curves were reached after 30
min of contact time, and the desorption equilibria were
established for the three resins, which suggested that the
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bonding force between resins and roselle anthocyanins was
weaker than the force between the eluant and roselle
anthocyanins. It should be noted that desorption from LS-
610B is obviously the most difficult as compared with LS-305
and DM-21.

Dynamic Adsorption and Elution. Figure 7 shows the
experimental breakthrough curves. In general, an increasing

—=— [ S-610B|

o 0.6

CIC

Volume (BV)

Figure 7. Dynamic breakthrough curves of roselle anthocyanins on
three resins at different flow rates. Solid and open symbols represent 1
and 2 BV/h, respectively (T = 25 °C, pH 2.5, C, = 748.99 mg/L).

flow rate has a negative effect on the dynamic adsorption
capacity of adsorbate on resins because adsorbate molecules do
not have sufficient time to undergo interactions with active sites
at the surface of resins and vice versa.’” As expected, the results
indicated that for higher flow rate the breakthrough time and
the saturation time are achieved more quickly. The desorption
parameters are listed in Table S. As can been seen from Table

Table 5. Comparison of Dynamic Adsorption Capacities at
Breakthrough and Saturation Points and Desorption Ratio

of Roselle Anthocyanins on Different Resins at Flow Rates of
1 and 2 BV/h

flow rate q» 4’ R°
type (BV/h) (mg/mL wet resin) (mg/mL wet resin) (%)
LS- 1 7.34 + 0.18 7.75 £ 0.28 94.7
610B
LS-305 1 6.29 + 0.14 8.64 + 0.19 72.8
DM-21 1 6.93 + 0.27 893 + 0.23 77.6
LS- 2 4.53 £ 0.17 6.05 + 0.17 74.9
610B
LS-308 2 4.59 £ 0.19 7.75 + 0.09 59.2
DM-21 2 4.53 £ 0.13 7.02 £ 0.13 64.5

“qy, breakthrough adsorption capacity, mg/mL wet resin. g
saturation adsorption capacity, mg/mL wet resin. ‘R, efficiency of
resin utilization = g,/q, X 100%.

S, LS-610B has the highest breakthrough capacity among the
three resins, and also the adsorption of roselle anthocyanins on
LS-610B shows the sharpest breakthrough curve among the
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three resins, indicating that LS-610B possesses the highest
efficiency of resin utilization and LS-305 the lowest. Because
breakthrough adsorption capacities and efficiencies of resin
utilization differed significantly (p < 0.05) at flow rates of 1 and
2 BV/h, 1 BV/h was used as the proper adsorption flow rate.

Figure 8 shows the dynamic desorption curves of fully
saturated columns on the three resins based on the volume of
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Figure 8. Dynamic desorption curves of roselle anthocyanins on three
resins at a flow rate of 1 BV/h, T = 25 °C.

desorption solution and the concentration of roselle
anthocyanins. Narrow and symmetric peaks with almost the
same shape were observed for the three resins. The slight
reduction of the elution peak for LS-610B may be due to the
most difficult desorption of roselle anthocyanins from LS-610B.
The desorption process of roselle anthocyanins from the three
resins could be almost completed by approximately 100 mL
(2.5 BV) of desorption solution.

In an actual process for separating roselle anthocyanins, the
adsorption step is usually terminated when the breakthrough
concentration becomes about 5% of the inlet concentration.
The corresponding desorption curves will be different from
those of fully saturated columns shown in Figure 8. Continuous
adsorption—regeneration and desorption tests were repeated
for 10 runs to test its reusability (Table 6). In this case, the
adsorption test was terminated at breakpoint. The discrepancy
is more pronounced for run 1 compared with run 2, the
breakthrough capacities being much higher and the desorption
ratios are much lower than those of run 2, whereas these data
show no significant changes during the later successive cycles
from runs 2—10 (p > 0.05), which is important for practical
application. By comparison of the data obtained from runs 2—
10, the desorption capacity of DM-21 was the lowest among

the three resins, whereas nearly no differences between LS-
610B and LS-305 were seen. The adsorbent LS-30S has a
desorption capacity similar to that of LS-610B and has the
highest desorption ratio, which can compensate for the
decrease in adsorption capacity. For LS-610B, additional loss
of roselle anthocyanins occurred in the course of water washing,
probably implying that water can weaken the bonding force
between LS-610B and roselle anthocyanins. In light of the
considerations presented above, LS-305 was the most
appropriate among the three resins for its almost complete
desorption ratio with acceptable adsorption capacity.

Samples after purification by LS-30S resin were combined,
concentrated under vacuum pressure, and then placed in a
drying oven at 60 °C until the mass did not change. The
content of roselle anthocyanins increased from 748.99 mg/L
calyx extract solution to 48.53 mg/g pigment product, and the
overall yield of pigment product (dry powder) was 49.6 mg/g
dried calyces.

Conclusions. In the current study, the separation character-
istics of nine kinds of styrene—divinylbenzene macroporous
resins were systematically investigated by means of static
adsorption/desorption experiments. LS-610B and LS-305
exhibited higher adsorption capacity of roselle anthocyanins
from H. sabdariffa L. extracts than the other seven adsorbents,
which resulted from larger specific surface area. On the basis of
the static experimental results, it was found that the
experimental data fitted best to the pseudo-second-order
kinetics model and Langmuir isotherm model coupled better
correlation coefficients. A 60% ethanol aqueous solution with
3.0 g/L citric acid was determined as the appropriate
desorption solution.

By comparison of the further dynamic adsorption/desorption
experiments using a column packed with LS-610B, LS-305, and
DM-21 resins, LS-305 was selected as a suitable resin for roselle
anthocyanin purification, owing to its highest desorption ratio
and high adsorption capacity. This method could be utilized in
large-scale production of anthocyanin purification from H.
sabdariffa L. extracts in industry, due to the prominent
advantages of the macroporous resin method such as the
procedural simplicity, lower cost, lower labor intensity, higher
purification efficiency, and easier scale-up.
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Table 6. Results of the Reusability of LS-610B and LS-305 (Initial Concentration of Anthocyanins = 671.73 mg/L, T = 25 °C,

pH 2.5, Flow Rate = 1 BV/h)

item type run 1
breakthrough capacity (mg/mL wet resin) LS-610B 7.34 +£ 0.29
LS-305 6.29 + 0.15
DM-21 6.93 + 0.32
desorption capacity (mg/mL wet resin) LS-610B 591 + 0.15
LS-305 5.82 +0.33
DM-21 6.40 + 0.18
desorption ratio (%) LS-610B  80.50 + 2.60

LS-308 92.51 + 3.73
DM-21 92.32 + 3.43

run 2 run 4 run 6 run 8 run 10
6.17 + 0.31 6.20 + 0.15 6.08 + 0.32 6.11 + 0.30 6.14 + 0.15
5.56 + 0.27 5.64 + 0.18 545 + 0.25 540 + 0.23 5.60 + 0.21
5.71 + 0.18 5.65 + 0.27 5.68 + 0.16 5.55 + 0.17 5.64 + 0.27

547 £ 021 S.61 + 0.31 544 + 0.17 5.36 £ 0.16 5.55 £ 0.24
5.52 + 0.14 5.57 £ 0.22 543 + 0.24 5.39 + 0.18 5.54 + 0.30
5.09 + 0.13 5.00 + 0.16 5.18 £ 0.18 4.98 + 0.22 5.19 + 0.28

88.73 = 3.93 90.53 + 3.60 89.47 = 3.75 87.68 + 3.46 90.42 + 3.06

99.23 + 3.67 98.75 + 3.53 99.68 + 4.49 99.78 £ 3.79 98.94 + 4.53
89.06 + 2.54 88.47 + 3.53 91.24 + 2.87 89.75 + 3.36 90.05 + 4.58
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