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Anthocyanin  adsorption/desorption
under sonication was modeled nu-
merically.

Diffusional models with changes of
resin properties were robust for simu-
lation.

Values of k;, Ds (adsorption) and D,
(desorption) increased with acoustic
energy.

Sonication increased surface diffusion
contribution percentage to overall
diffusion.

High-intensity ultrasound attenuated
anthocyanin concentration gradient
within resins.
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ABSTRACT

The mass transfer mechanism about ultrasonic enhancement of blueberry anthocyanin adsorption and deso-
rption on macroporous resins were investigated. Ultrasound treatment led to the decrease of resin size, whereas
average pore diameter, specific surface area, total pore volume were less affected. Then, the pore volume and
surface diffusion model considering ultrasound-induced changes of particle size and surface area was employed
to model anthocyanin adsorption process numerically. Generally, sonication enhanced external mass transfer
coefficient (k;) and surface diffusion coefficient (D;) during adsorption. The values of k;, and D, under sonication
at 279 W/L and 20 °C were 7.578 x 10~ ?cm/s and 2.000 x 10~ ° cm?/s, which were 2.0% and 140.1% higher
than the k;, and D; values under orbital agitation at 20 °C. Accordingly, anthocyanins penetrated into the interior
of macroporous resins faster under sonication. The overall intraparticle diffusion for anthocyanin adsorption was
dominated by pore volume diffusion with the contribution percentage higher than 50%. Sonication enhanced the
contribution of surface diffusion to the overall diffusion, which was consistent with the increase of D; with
ultrasound energy. Moreover, a general diffusion model also incorporating the variations of particle size and
surface area was utilized to model anthocyanin desorption process. The overall anthocyanin diffusivity increased
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with both ultrasound energy level and temperature. Anthocyanins distributed more homogenously inside resins
under sonication at 279 W/L than under other treatments. This work could be a reference for the valorization of
anthocyanins in food industry, especially juice and wine industries.

Nomenclature PVSDM  pore volume and surface diffusion model

PVDCP  pore volume diffusion contribution percentage (%)

A surface area (cm?) qa mass of anthocyanins adsorbed by macroporous resins

b Langmuir constant (L/mg) (mg/g)

Car total anthocyanin concentration in liquid phase during da,avg mean value of mass of anthocyanins adsorbed by macro-
adsorption (mg/L) porous resin for all the experimental data (mg/g)

CaLe total anthocyanin concentration in liquid phase during dae mass of anthocyanins adsorbed by macroporous resins at
adsorption at equilibrium (mg/L) equilibrium (mg/g)

Cart total anthocyanin concentration in liquid phase during qae,i experimentally determined mass of anthocyanins ad-
adsorption at time t (mg/L) sorbed by macroporous resin (mg/g)

Car0 initial concentration of total anthocyanins in liquid phase dap,i predicted mass of anthocyanins adsorbed by macroporous
during adsorption (mg/L) resin (mg/g)

Cas total anthocyanin concentration within macroporous resin dp mass of anthocyanins desorbed from macroporous resins
during adsorption (mg/L) (mg/g)

Cp1 total anthocyanin concentration in liquid phase during Qm maximum adsorption capacity of macroporous resin pre-
desorption (mg/L) dicted by Langmuir model (mg/g)

Cp,1,e total anthocyanin concentration in liquid phase during R radius of macroporous resin (cm)
desorption at time t (mg/L) R? coefficient of determination

Cp,1,0 initial concentration of total anthocyanins in liquid phase RMSE root mean square error (mg/g)
during desorption (mg/L) S external surface area per mass of macroporous resin (cm?/

Cps total anthocyanin concentration within macroporous resin g)
during desorption (mg/L) SDCP surface diffusion contribution percentage (%)

Cp,s0 initial concentration of total anthocyanins within macro- t time (min)
porous resin during desorption (mg/L) T temperature (K)

Dyp molecular diffusion coefficient of anthocyanins at infinite \% volume of solution (mL)
dilution (cm?/s) Va molecular volume of anthocyanins (cm®/mol)

D, effective diffusion coefficient during desorption (cm?/s) \' volume of liquid phase during desorption (L)

Dy effective pore volume diffusion coefficient during ad- X radial distance (cm)
sorption (cm?/s)

Dy surface diffusion coefficient during adsorption (cm?/s) Greek symbols

E mean relative deviation modulus (%)

ke external mass transfer coefficient in liquid phase (cm/s) T tortuosity factor of macroporous resin

m mass of macroporous resins (g) & void fraction of macroporous resin

Mg molecular weight of water (mol/g) Pp apparent density of macroporous resin (g/mL)

n number of experimental data Ps solid density of macroporous resin (g/mL)

Nyp mass flux due to pore volume diffusion (mg/cm? s) @ association factor of water (2.6)

Nyg mass flux due to surface diffusion (mg/cm? s) 1B viscosity of water at target temperature (cP)

1. Introduction

In the past decades, both academy and industry have put a lot of
efforts into the recovery of polyphenols including anthocyanins from
plant resources [1-3]. Due to the multiple bioactivities of polyphenols
like antioxidant, anti-inflammatory, anti-microbial activities and others
[4], the extraction and processing of plant polyphenols into commercial
products is an important way for the utilization of plant materials. To
obtain phenolics with considerably high purity from plant materials,
the procedures about solvent extraction, purification, concentration
and drying are usually needed [5]. Occasionally, encapsulation is also
performed to enhance phenolic stability [6]. Throughout the entire
processes, purification is a crucial procedure that directly determines
the economic value of phenolic extract. The adsorption/desorption
method using polymeric resins as adsorbent is a simple and attractive
purification method [7,8]. However, the traditional adsorption/deso-
rption procedure is usually time-consuming, and the recovery of phe-
nolics is un-satisfactory [9,10]. Therefore, more efforts are needed to
improve the purification of phenolics including anthocyanins by means
of the adsorption/desorption method

Power ultrasound in the frequency range between 20 and 100 kHz is

a versatile technology that has been widely applied in many processing
areas, not limited to food processing [11,12]. In recent years, ultra-
sound has been more and more used in the adsorption and desorption
treatments. Many studies have demonstrated that ultrasound can en-
hance various adsorption and desorption processes about pigments,
metal ions and organic pollutants, owing to the mechanical and cavi-
tational properties of ultrasound [9,13-15]. Our previous study also
found that the incorporation of sonication into adsorption/desorption
of blueberry anthocyanins on macroporous resins significantly im-
proved the adsorption and desorption capacities, shortened the ad-
sorption and desorption equilibrium time and enhanced the antho-
cyanin recovery [16]. Currently, most of the researches about
ultrasound-assisted adsorption/desorption are focused on investigating
the influence of ultrasound on the adsorption/desorption kinetics ex-
perimentally, modeling the kinetic data using simple models, and
characterizing the adsorbent features analytically. Instead, the me-
chanism about ultrasonic enhancement of mass transfer during ad-
sorption/desorption of phenolics including anthocyanins has been
poorly studied.

Phenomenological modeling is an important way to explore the
detailed mass transfer mechanism about adsorption and desorption
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processes under investigation [17-19]. Generally, a series of mechan-
isms are involved in adsorption and desorption on porous materials.
The influence of ultrasound on both adsorption and desorption me-
chanisms can be evaluated through using accurate mathematical ex-
pressions to describe the included mechanisms [20]. For this purpose,
the diffusional theories coupled with numerical simulation can be em-
ployed to simulate adsorption/desorption processes, since both pro-
cesses are dominated by the diffusion phenomenon [21-24]. In the case
of phenomenological investigation of ultrasound-incorporated adsorp-
tion/desorption processes, Frohlich et al. [25] modeled the mass
transfer of ibuprofen adsorption on pre-sonicated activated carbon
numerically and explored the influence of ultrasound pretreatment on
the subsequent adsorption behavior. Meanwhile, Ondarts et al. [26]
studied the ibuprofen adsorption on activated carbon in the presence of
ultrasound irradiation by diffusional modeling. Other studies about
mass transfer investigation of ultrasound-related adsorption/desorption
have been rarely reported. On the other hand, it has been widely re-
cognized that ultrasound cavitation can change the adsorbent proper-
ties, especially the particle size [15,27]. In this case, both the mass
transfer distance and surface area relating to mass transfer are
changeable during sonication. According to our best knowledge, the
current diffusional models have not yet considered the changes of
particle size and surface area of adsorbent for the simulation of ultra-
sound-enhanced adsorption/desorption processes.

Our previous study studied the influence of ultrasound on the ad-
sorption and desorption kinetics of blueberry anthocyanins using
macroporous resins as adsorbent experimentally [16]. However, the
detailed mass transfer mechanisms about the adsorption/desorption
processes under sonication were still unknown. Following the previous
work, the detailed mass transfer mechanism about ultrasound enhanced
adsorption and desorption on macroporous resins were explored by
diffusional modeling numerically in this work. The changes of resin
properties during sonication, including average pore diameter, specific
surface area, total pore volume and particle size were monitored. Then,
a pore volume and surface diffusion model incorporating the changes of
resin properties (particle size and surface area) was employed to si-
mulate the ultrasound-enhanced adsorption process. The contribution
of each diffusion mechanism in the overall mass transfer mechanism
was also analyzed. Moreover, a general diffusion model with the var-
iation of resin properties was utilized to simulate the desorption pro-
cess. Besides, anthocyanin adsorption/desorption processes were vi-
sualized following mass transfer modeling results.

2. Materials and methods
2.1. Materials

Crude anthocyanin extract was obtained by solvent extraction from
fresh blueberries, using distilled water containing 0.02% hydrochloric
acid as solvent. Macroporous resins (XAD-7HP) were activated by se-
quential 95% ethanol elution, deionized water elution, 4% hydrochloric
acid elution, deionized water elution, 5% sodium hydroxide elution and
deionized water elution. The details about anthocyanin extraction and
resin preparation were well described in our previous study [16].

2.2. Ultrasound-assisted adsorption and desorption kinetics

The experimental procedures about ultrasound-assisted adsorption
and desorption were also well depicted in our previous study [16].
Briefly, the adsorption and desorption experiments with the assistance
of sonication were performed in a thermostatic water bath equipped
with an impeller (DC-0506, Fandilang Tech, Nanjing, China).

For adsorption treatment, 0.5g activated resins and 50 mL crude
anthocyanin extract were mixed together in a 100-mL Erlemeyer flask.
This flask was then moved to a water bath system and an ultrasonic
probe (20 kHz in frequency and 1 cm in diameter) was inserted into the
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dispersion. The total anthocyanin content in the solution was analyzed
periodically using the spectrometric method described by Ivanova et al.
[28]. For desorption treatment, macroporous resins were immersed in
blueberry anthocyaninic solutions at 20 °C and orbital agitation for
24 h. Then, 0.5 g intact macroporous resins loaded with blueberry an-
thocyanins were mixed with 50 mL 80% aqueous ethanol in a 100-mL
Erlemeyer flask. This flask was then placed in the water bath system
and the same ultrasound probe was inserted inside. The total antho-
cyanin concentration in the solution was determined periodically.

Both adsorption and desorption processes were performed at
acoustic energy density (AED) levels of 106, 199 and 279 W/L, and
temperature levels of 20 and 30 °C, respectively. Sonication was con-
ducted at a pulsed mode (5s on, 5s off). All the experiments were re-
plicated three times.

The adsorption and desorption capacities of anthocyanins were
calculated as:

_ (Caro— Cars) v
A m (€9)]

_ (Co.re — Cpro) v

b m @

2.3. Determination of adsorption isotherm

The experimental procedures for isotherm study were similar to the
adsorption test described in Section 2.2. Briefly, blueberry anthocyanin
extracts with the concentrations of 50, 100, 150, 200 and 250 mg/L
were prepared through dilution and vacuum concentration. Then, 0.5 g
macroporous resins and 50 mL anthocyanin extract were blended at
different temperatures (20 and 30 °C) and AED (106, 199 and 279 W/L)
levels, respectively. Sonication lasted for 5h, so as to ensure the
achievement of adsorption equilibrium. Total anthocyanin concentra-
tion was then determined and the amount of anthocyanin adsorbed was
calculated. For the comparison purpose, the adsorption isotherms under
orbital vibration at 100 rpm were also established.

To build a quantitative relationship between the amount of antho-
cyanins adsorbed by macroporous resins and the amount of anthocya-
nins in liquid phase, the experimental data were fitted to the widely
used Langmuir isotherm model [25]:

qmbCA,L,e

Gae = 1+ bCype 3

2.4. Characterization of macroporous resin under sonication

The parameters about particle size and porosity of macroporous
particle that needed to be considered for simulation were analyzed. For
this purpose, the particle size distribution of macroporous resin samples
during ultrasound-assisted adsorption was measured in a Malvern
MAZ3000 laser diffraction particle size analyzer (Malvern Instruments,
UK). The specific surface area and pore size of resin particle, which can
reflect resin porosity [15], were assessed by N, adsorption method in a
BELSORP-mini adsorption apparatus (Bel Japan Inc, Japan).

The solid density (p,) of macroporous resin particles was measured
by the picnometry method, while the apparent density was measured
from the values of solid density and pore volume [25]. The void fraction
(ep) of macroporpous resin was estimated using the following equation
[29]:

P @

The obtained ¢, value was 0.339. For the comparison purpose, the
aforementioned resin properties were also monitored during orbital
agitation.
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2.5. Mass transfer modeling

2.5.1. Adsorption modeling

The diffusional model considering external mass transfer referring
to anthocyanin penetration through liquid film surrounding macro-
porous resins, intraparticle diffusion and adsorption on active sites at
pore surface was employed to simulate the adsorption process [21,30].
For intraparticle diffusion, the diffusion in the pore volume of macro-
porous resins and surface diffusion were taken into consideration si-
multaneously [25]. Thus, the diffusional model is usually named as
pore volume and surface diffusion model (PVSDM). Moreover, macro-
porous resins were assumed to be spherical and isotropic, and the
suspension was perfected mixed due to the ultrasound-induced agita-
tion or orbital vibration. Bearing the aforementioned factors in mind,
the governing equation describing mass balance into a resin particle is
written as:

ac, 0 acC, el
g A8 4 o YA 19 (xZ(D A5 4 Dyp qA))

TR T ) )
The initial conditions for Eq. (5) are defined as:
t=0 Gr=Cro Gs=0 ¢q,=0 (6)
The boundary conditions are expressed as:
BCA,S -0
x| )
aC, 0
ep AS + Dspp& = kL (CA,L - CA,S)
ox x=R ox x=R (8)

Two independent variables, namely C4 s and g4, were included in
the PVSDM model. A quantitative relationship between C, s and g4 can
be built by the adsorption isotherm model represented by Eq. (3), since
the adsorption rate on active sites was usually instantaneous and con-
sequently local equilibrium on solid-liquid interface can be achieved
[31]. The term C, s can be substituted by g, in the PVSDM model, thus
reducing the number of independent variables. Consequently, the
governing equation and initial and boundary conditions of the PVSDM
model can be transformed to:

q,b dq, 19(., qg,,b dq,
S LA L 7 QU S . LA W b 7Y
(EP @,b—bg)? " ° P) ot xox| " (q,b - bgy? P fax

)
t=0 ¢q,=0 (10)
Wb |
(g,,b - b‘IA)Z x| 1D
b 99, 99,
Dyy——m— 4 + Dyp,—4 =k (Cor — Cus)
Pqub—bg, ) ox |, Pox |, o (12)

Before solving the PVSDM model, the parameters ki, Dg, and D;
needed to be estimated. The values of k; can be estimated from Eq. (13)
proposed by Furusawa and Smith [32], which was widely used in well-
agitated systems:

CaAL
d( CA,L,O) _ mSk;,
dt T v
-0 13)

The data about C, 1, at t = O min and ¢t = 10 min were used for cal-
culation and the k; value was obtained from the slope of total antho-
cyanin concentration decay. Herein, the value of surface area S was
considered to be constant within a short sonication duration, which was
calculated as [21]:
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The D,, values were determined using the following equation [25]:

D,, = E—pD
R as)
According to the studies of Adamikové et al. [33], Komiyama and
Smith [34] and Monsanto et al. [35], the 7 value was considered to be
1.4, which was a typical value for commercial macroporous resins. This
value also located in the tortuosity range of many porous particles re-
ported by Barrande et al. [36]. Meanwhile, the D,p value of antho-
cyanins was calculated using the method of Wilke and Chang [37]:

T (pMp)°*

Dyp =74 X% 10-8
npV4° (16)

Among the involved parameters in Eq. (16), the association factor ¢
for water was 2.6 [38]. The viscosities of water at 20 and 30 °C were
1.0050 and 0.8007 cP, respectively. The molecular diffusion coefficient
of red grape anthocyanins (7.86 x 10~1°m?/s) in methanol at 40 °C
reported by Mantell et al. [39] was employed as a reference to calculate
the D,p values of anthocyanins in water.

Another important issue that should be addressed was the ultra-
sonic-induced disruption of resin particles, making the moving distance
of anthocyanins and surface area relating to anthocyanin exchange
changeable during sonication [16]. Thus, the ultrasound-assisted ad-
sorption process was featured as a moving boundary problem. To in-
corporate the factor of variations of particle size and surface area into
PVSDM model easily, resin particles were assumed to maintain their
spherical geometry during sonication. The quantitative pattern about
particle size change built in Section 2.4 was then used to calculate the
radius and surface area of macroporous resin at each sampling time.

Once the values of k;, D, resin radius and surface area at different
periods of adsorption were obtained, the pdepe function in Matlab
(R2010a, The MathWorks, Inc., MA, USA) was used to solve the PVSDM
model numerically. The D value was changed iteratively to fit the ex-
perimental data until the RMSE value between experimental and pre-
dicted results reached the minimum:

1 n
RMSE = |~ 3 (@41 = da )’
J" = a7

After the optimization of D, value, another two statistical indicators
R? and E (%) were calculated to further test the predictive accuracy of
PVSDM model:
Z?=1 Gaei — qA,p,i)2
Z?:l (qA,c,i - qA,avg)2 18)

R=1-

Z?:1 1Gpei = Qapil/ne % 100

E(%) = (
n 19)

Moreover, the numerical results were coded in Matlab to visualize
the changes of anthocyanin content within macroporous resins during
adsorption.

2.5.2. Desorption modeling

The desorption process can be depicted as the movement of an-
thocyanins from macroporous resins to the elution solvent, which was
similar to the traditional solid-liquid extraction process [40]. Thus, the
transport of anthocyanins within resin particles can also be regarded as
a diffusion phenomenon. To simplify the modeling task, macroporous
resins were considered as intact particles and the porosity factor was
temporarily ignored. In many papers about solid-liquid extraction of
target compounds from porous materials, the porosity property was also
excluded from the model [40-42]. Moreover, several assumptions were
also made, including the spherical geometry of resin particles,
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homogenous distribution of anthocyanins inside macroporous resins
before desorption, constant D, values of anthocyanins during deso-
rption and perfect mixing of the suspension. Then, the diffusional
model for spherical geometric shape can be used to simulate the des-
orption process [41]:

9Cp,s =D, 19 x25CD,S
ot X2 9x dx

(20)
The initial conditions for Eq. (20) are:
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~ 12
a 0
g/ 20°C
= L
2 9 3 i
g L 4
bS]
o L
3 6
O
&b
5
> 3 T T T T
< 0 1 2 3
Time (h)
2700 1e 20°C
g
< 600
Z L
S0 d § 8 .
500
& | I
2
2 400
=)
Q
c%‘ 300 T T T T
0 1 2 3 4
Time (h)
2187 20°C
£
N
2121
5 ¢
=]
>
[}
5 0.6
a
=
e
0 T T T T
0 1 2 3 4
Time (h)
250 g 20°C

—_
wn
(=}

Average particle size (um)

(=3
(=]

(=)
—_
N
w
~

Time (h)

@ : orbital agitation at 100 rpm

@ : sonication at 199 W/L

Chemical Engineering Journal 380 (2020) 122530

The boundary conditions for Eq. (21) are:

6CD,5 _
X i (22)
aG dac
De A D,S - VL ‘D,L
X |_g dt (23)

Eq. (23) described the equality relationship between the outcoming
flux of anthocyanins from macroporous resins during desorption and
the incoming flux in the elution solvent [43]. Similar to the adsorption
process, the desorption process still belonged to a moving boundary
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Fig. 1. Changes of average pore diameter (a and b), specific surface area (c and d), total pore volume (e and f) and average particle size (g and h) of macroporous

resins under orbital agitation and sonication.
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problem due to the ultrasound-induced disruption of resin particles.
Thus, the pattern about particle size variation in ultrasonic fields
mentioned in Section 2.4 was also used to calculate the radius values
and surface area of macroporous resins during desorption. The deso-
rption model was solved by “pdepe” function in Matlab. The D, value
was optimized to obtain the minimal value of RMSE value between
experimental and predicted desorption capacity. Then, R* and E (%)
values were also calculated to validate the desorption model. Finally,
the variations of anthocyanin content within macroporous resins during
desorption were visualized using numerical simulation results through
programming coding in Matlab.

3. Results and discussion
3.1. Characterization of macroporous resin under sonication

The N,-BET method was used to determine the textural properties of
macroporous resin at different periods of sonication. The variations of
average pore diameter, specific surface area and total pore volume as a
function of treatment time are plotted in Fig. 1(a—f). The average pore
diameter, specific surface area and total pore volume of macroporous
resin before adsorption are 8.432 = 1.774nm, 516.5 = 39.7 m%/g
and 1.089 + 0.240 cm®/g, respectively. Neither sonication nor orbital
agitation resulted in marked changes of these resin properties. These
results were similar to the findings reported by Ondarts et al. [26], who
found that the texture of activated carbon fabric remained unchanged
in the case of ibuprofen adsorption assisted by 20-kHz sonication. On
the contrary, the studies of Frohlich et al. [25] and Low et al. [15]
found that ultrasound treatment increased the surface area, pore vo-
lume and pore size of vegetable activated carbon and peanut husk
powder, thus creating more pores, exposing more binding sites and
improving the subsequent adsorption processes. It is reasonable that
biological adsorbents are more liable to be affected by ultrasound than
polymeric materials, because biological adsorbents normally have
softer textures. Moreover, the insignificant influence of ultrasound on
macroporous resin texture may also be related to the low values of pore
diameter. According to the literature, the size of ultrasound cavitation
bubbles usually locates in the micrometer scale [44,45], while the pore
diameter of macroporous resin XAD-7HP was approximately 8 nm. In
this circumstance, cavitation bubbles could not easily penetrate into the
interior of macroporus resin to modify resin texture.

On the other hand, the size of resin particles exhibited a decreasing
trend in ultrasonic field, whereas no clear influence of orbital agitation
on resin size was observed (Fig. 1g and h). Here, the initial average
particle size of macroporous resin was 200.1 = 11.7 um. After 4-h
sonication at 20 °C, the average particle size of resins treated by orbital
agitation and sonication at 106, 199 and 279 W/L were 210.3 + 10.6,
185.2 = 7.8, 1829 * 6.4 and 178.4 = 9.3 pm, respectively. In the
meantime, macroporous resins sonicated at 30°C were featured by
larger particle size than resins sonicated at 20 °C. For example, after
sonication at 279 W/L for 4 h, the average particle sizes of macroporous
resins treated at 20 and 30 °C were 178.4 = 9.3 and 190.6 + 8.1 um,
respectively. Temperature rising could promote the swelling of mac-
roporous resins [46], as well as weaken the energy produced by col-
lapse of ultrasound cavitation bubbles [47]. As a result, sonication at
20 °C had a profounder influence on the size of resin particles. Since no
evident pattern about the decrease of resin particle size was observed in
Fig. 1g and h, it was tentatively assumed that macroporous resins still
can maintain their spherical geometry under sonication, while their
diameter value decreased linearly [16,48]. This assumption was used to
calculate resin size and surface area at each sampling time during both
adsorption and desorption processes, when solving the diffusional
models numerically.
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3.2. Adsorption isotherm under sonication

The equilibrium isotherms for anthocyanin adsorption on macro-
porous resins under sonication at 20 and 30 °C are illustrated in Fig. 2.
As can be seen, the adsorption isotherm data for ultrasound-assisted
adsorption always located above the adsorption data under orbital vi-
bration. This result was consistent with the kinetic results published
previously [16], corroborating that ultrasound can promote the at-
tachment of anthocyanins on macroporous resins in the current ex-
perimental range. The experimental data were fitted to the Langmuir
isotherm model with acceptable accuracies (Fig. 2 and Table 1). In-
terestingly, the amount of anthocyanins adsorbed appeared to approach
a limited value with the increase of total anthocyanin concentration at
equilibrium under sonication at 199 and 279 W/L, whereas the ad-
sorption capacities increased continuously under sonication at 106 W/L
and orbital agitation within the applied anthocyanin equilibrium con-
centrations. The maximum adsorption capacity derived from Langmuir
isotherm model also decreased with the increase of AED level. It was
tentatively speculated that extremely high ultrasound energies may
decrease the stability of anthocyanins in liquid, thus hindering the
binding between anthocyanins and macroporous resins [49]. Moreover,
the destructive effect of ultrasound, especially at very high energy le-
vels, may destroy the available surface area of macroporous resins,
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Fig. 2. Adsorption isotherms of blueberry anthocyanins on macroporous resins
at 20 °C (a) and 30 °C (b). The lines denote the Langmuir isotherms.
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Table 1
Constants of Langmuir isotherms for blueberry anthocyanin adsorption on macroporous resins.
Temperature Condition qm (mg/g) b x 10 (L/mg) R? RMSE
20°C Orbital agitation 74.9 1.369 0.971 0.808
Sonication at 106 W/L 68.3 2.001 0.995 0.322
Sonication at 199 W/L 34.9 7.316 0.967 1.109
Sonication at 279 W/L 30.4 11.890 0.962 1.270
30°C Orbital agitation 99.1 1.001 0.946 0.995
Sonication at 106 W/L 76.9 1.717 0.998 0.217
Sonication at 199 W/L 33.9 7.800 0.966 1.289
Sonication at 279 W/L 26.2 14.930 0.937 1.973
which could also weaken the adsorption capacity of macroporous re- 3
sins. This quantitative relationship between q,. and C, ;. defined by a

Langmuir isotherm model was then used in the PVSDM model, so as to
clarify the mechanism for ultrasound-enhanced adsorption of blueberry
anthocyanins on macroporous resins.

3.3. Numerical simulation of adsorption process under sonication

The PVSDM model considering both pore volume and surface dif-
fusions was utilized to interpret anthocyanin transfer within macro-
porous resins during adsorption. For pore volume diffusion, the driving
force was the anthocyanin concentration gradient in the liquid within
resin pores, while the driving force for surface diffusion was the mass
uptake gradient on adsorbents [21].

Prior to solving the PVSDM model numerically, the mass transfer
parameters including kz, Dag and D, at 20 and 30 °C were calculated
and given in Table 2. In the studied experimental conditions, k; values
ranged from 7.419 X 10™2 to 7.578 x 10~ 2 cm/s. At both tempera-
tures, the external mass transfer coefficient under sonication at 106 W/
L was close to the k; values under orbital agitation. Meanwhile, the k;
value increased with the increase of input ultrasound energy. These
results were consistent with our previous study in the case of ultra-
sound-assisted biosorption of phenolics on yeasts [27]. At the same AED
level, the k;, value at 20 °C was always slightly higher than that at 30 °C.
This phenomenon can be attributed to the negative effect of tempera-
ture on the energies released by the collapse of ultrasound cavitation
bubbles. Temperature rising attenuated the ultrasound cavitation en-
ergy [47], thus lowering the ultrasonic intensification of external mass
transport during adsorption.

The Djp values of anthocyanins in water at 20 and 30°C were
2.818 x 107° and 3.658 x 10~ ° cm?/s, which were calculated on the
basis of the corresponding value of anthocyanins in methanol reported
by Mantell et al. [39]. Using these Dsp values for another calculation
shown in Eq. (15), the D, values for anthocyanins were estimated to be
6.820 X 1077 m?/s at 20°C and 8.860 x 10”7 m?%/s at 30°C. Tem-
perature increase can enhance the pore diffusivity of anthocyanins,
which was consistent with the study of Tao et al. [50] in the case of
identifying phenolic diffusivity during ultrasound extraction. The pore
diffusion coefficients for anthocyanins in macroporous resins at 20 and
30 °C were close to that for ibuprofen in activated carbon at 25 °C [25],

Adsorption capacity (mg/g)

Time (min)

Adsorption capacity (mg/g)

0 100 200 300
Time (min)

< orbital agitation at 100 rpm <>: sonication at 106 W/L

< sonciation at 199 W/L < sonication at 279 W/L

Fig. 3. Experimental versus predicted amounts of anthocyanins adsorbed on
macroporous resins at 20 °C (a) and 30 °C (b). Solid line: diffusional modeling
results. Experimental data about ultrasound-assisted adsorption were taken
from Wu et al. [16].

Table 2
Mass transfer parameters about anthocyanin adsorption on macroporous resins and accuracy of the PVSDM model.
Temperature Condition k; x 10% (cm/s) Dag X 10° (cm?/s) Dgp X 107 (ecm?/s) Ds x 10° (cm?/s) R? RMSE (mg/g) E (%)
20°C Orbital agitation 7.433 2.818 6.820 0.833 0.984 0.118 5.416
Sonication at 106 W/L 7.444 1.167 0.997 0.175 4.441
Sonication at 199 W/L 7.524 1.833 0.984 0.317 7.311
Sonication at 279 W/L 7.578 2.000 0.983 0.345 5.773
30°C Orbital agitation 7.422 3.658 8.860 0.850 0.988 0.103 6.782
Sonication at 106 W/L 7.419 0.917 0.989 0.120 4.337
Sonication at 199 W/L 7.512 1.500 0.990 0.181 4.211
Sonication at 279 W/L 7.564 1.667 0.982 0.239 5.756
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but lower than the values for phenolics in Sephabeads SP206 polymeric
resins between 20 and 60 °C [38]. Generally, a variety of factors can
influence the pore diffusivity of adsorbate according to Egs. (15) and
(16).

Using the aforementioned k; and D, values, the PVSDM model was
solved and the obtained D, values are listed in Table 2. In the meantime,
the predicted adsorption capacities were compared with the experi-
mental data in Fig. 3. As can be seen, the PVSDM model was qualified to
predict the adsorption capacity of anthocyanins on macroporous resins
under sonication, although there were some divergences between ex-
perimental and predicted values at certain points. In Table 2, the R*
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values at all the tested conditions exceeded 0.98, and E (%) values were
lower than 10%. These statistical results also implied that PVSDM
model was reliable to simulate the adsorption process. Similar to the
influence of ultrasound on external mass transfer, the D, values also
increased along with the increase of AED level. Using adsorption at
20°C for example, the D; value under orbital agitation was
0.833 x 10~ ° cm?/s and the D, value under sonication at 279 W/L in-
creased to 2.000 x 10~ °cm?/s. The D, value under sonication at
279 W/L and 30 °C was also 96.1% higher than the D, value under or-
bital agitation at the same temperature. Taking the influences of ul-
trasound on both k; and D, into account, it can be concluded that

Sonication at 199 W/L

Sonication at 279 W/L

0

2

4 6 8 10 12
1
1

1.7 27 37 47 57 67 17

5.27 5.47 5.67 5.87 6.07
521 525 529 533 5.37

393 403 413 423 433

Fig. 4. Distribution of mass of anthocyanins adsorbed (mg/g) along with the radial direction of macroporous resins during adsorption at 20 °C. The arrow refers to the

mass transfer direction.



Y. Tao, et al.

ultrasound enhanced both external film penetration and interior mass
uptake on solid phase to accelerate the anthocyanin adsorption process.

Following the numerical results, the distributions of mass of an-
thocyanins adsorbed g, and total anthocyanin concentration in the li-
quid phase C4 s along with the radial direction of macroporous resins
during adsorption at 20 °C are visualized in Fig. 4 and Supplementary
Fig. 1. It can be seen that there were high mass uptake gradient and
anthocyanin concentration gradient within macroporous resins at the
early stage of adsorption. Along with the increase of adsorption time,
both anthocyanin mass and concentration gradients got attenuated.
After adsorption for 300 min, the mass transfer direction under orbital
agitation and sonication at 106 W/L remained towards the core of resin
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particles. Instead, the anthocyanin movement pathway under sonica-
tion at 199 and 279 W/L was from the core to the exterior, due to the
slightly higher anthocyanin concentration and mass uptake in the
center of macroporous resins.

To estimate the contributions of pore volume diffusion and surface
diffusion to the overall intraparticle diffusion of anthocyanins, the mass
fluxes due to pore volume diffusion (Np) and surface diffusion (Nys)
were calculated as follows:

BCA’S
Nap = =Dop =5 24)

Sonication at 199 W/L

©

Sonication at 279 W/L

31 33 35

35.2 353

Fig. 5. Changes of surface diffusion contribution percentage (SDCP%) along with the radial direction of macroporous resins during adsorption at 20 °C. The gray area

means no diffusion area.

el
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e}
Nys = —DSPP% (25)
The resulting magnitude and direction of Nyp and Nus during ad-
sorption at 20 °C are illustrated in Supplementary Figs. 2 and 3. The
surface diffusion contribution percentage (SDCP%) was then calculated
using the following equation on the basis of resulting Nsp and Nug
values [21]:

[INysl

SDCP% = ———————
INAs Il + IINgpll

100
(26)

The variations of SDCP% during anthocyanin adsorption on mac-
roporous resins at 20 °C are plotted in Fig. 5. Generally, the SDCP%
value for the investigated adsorption processes ranged from 7% to 45%,
indicating that pore volume diffusion contributed more than surface
diffusion to the overall intraparticle diffusion of anthocyanins. On the
contrary, Diaz-Blancas et al. [21], Frohlich et al. [25] and Ocampo-
Perez et al. [23] all found that surface diffusion played a dominant role
in the whole intraparticle diffusion in the cases of metronidazole, ibu-
profen and pyridine adsorptions onto activated carbon. The differences
in SDCP% between the current results and literature reports were
probably due to the diversity of adsorbent properties, since a variety of
adsorbent properties including porosity, density, size and tortuosity can
affect the diffusion process.

According to Fig. 5, there was no diffusion phenomenon occurred in
the core area of marcoporous resins at the beginning of adsorption.
After adsorption for 10 min, the grey area referring to no diffusion
decreased with the increase of applied ultrasound energy, further de-
monstrating that sonication promote the penetration of anthocyanins
into the interior of macroporous resins. Meanwhile, ultrasound treat-
ment enhanced the contribution of surface diffusion to the overall dif-
fusion. For adsorption under orbital agitation, the SDCP% value
changed between 7.0% and 8.5% throughout the whole adsorption
process. Instead, the highest and lowest SDCP% values increased to
44.0% and 23.0% for ultrasound-assisted adsorption at 279 W/L, both
of which were obtained after 10-min sonication. For adsorption with
the assistance of ultrasound, there was a high gradient of SDCP% within
resin particles at the early stage of adsorption. The SDCP% value de-
creased along with the radical direction. With the increase of adsorp-
tion time, the SDCP% value distributed more homogeneously inside
ultrasound-treated macroporous resins, which was consistent with the
changes of g4 and C,4 s exhibited in Fig. 4 and Supplementary Fig. 1.

Through the aforementioned illustration, the mass transfer pathway
of anthocyanins under adsorption with and without sonication was
clearly explained. The modeling results also demonstrated that both
surface diffusion and pore volume diffusion mechanisms occurred si-
multaneously.

3.4. Numerical simulation of desorption process under sonication

The anthocyanin desorption process with the assistance of ultra-
sound was simulated by the general diffusional model considering the
influence of ultrasound on resin size successfully (Fig. 6). The statistical
analysis results exhibited in Table 3 showed that the diffusional model
was characterized by low E % values (lower than 3%) and high R>
values (approaching 1), implying the high predictive accuracy of the
diffusional model. The D, values in the selected desorption conditions
ranged from 1.667 x 107> to 5.833 x 10~ > ecm?/s, all of which were
two orders of magnitudes higher than the D, values and four orders of
magnitudes higher than D values during adsorption. The higher dif-
fusivity of anthocyanins during desorption was consistent of the shorter
time required to reach the equilibrium. All the desorption process
reached the equilibrium within 1h (Fig. 6), whereas it took approxi-
mately 3h for the adsorption to reach the equilibrium (Fig. 3). More-
over, the D, values during anthocyanin desorption were markedly
higher than the corresponding D, values for total phenolics in the cases
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of phenolic extraction from grape stalks, chokeberry powders and ro-
selle calyces [40,41,50]. It was deduced that the higher porosity of
maroporous resins made the diffusion of anthocyanins within resin
particles easier than that within plant materials.

The diffusion coefficient of anthocyanins increased with the in-
crease of AED level and temperature. For example, the D, value during
desorption under sonication at 279 W/L and 20 °C was 5.333 x 10~ °
cmz/s, which was 220.0% higher than the D, values (1.667 x 10°°
cm?/s) under orbital agitation at 20°C. Meanwhile, the D, value
(5.833 x 10™° cm?/s) during ultrasound-enhanced desorption at
279 W/L and 30 °C was 9.4% higher than the corresponding D, value at
20 °C. Similar results were found in many papers about ultrasound-as-
sisted extraction [50,51]. On one hand, the presence of ultrasound
cavitation can facilitate the movement of anthocyanins within macro-
porous resins undoubtedly. On the other hand, temperature rising en-
hanced the mobility and internal energy of anthocyanin molecules, as
well as lowered the dynamic viscosity coefficient of elution solvent
[40]. Consequently, the effective diffusivity of anthocyanins increased
with temperature during desorption. The influence of temperature on
anthocyanin diffusivity during desorption was different from that
during adsorption (Tables 2 and 3), indicating that there existed some
differences in mass transfer mechanisms between anthocyanin adsorp-
tion and desorption.
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Fig. 6. Experimental versus predicted amounts of anthocyanins desorbed from
macroporous resins at 20 °C (a) and 30 °C (b). Solid line: diffusional modeling
results. Experimental data about ultrasound-assisted desorption were taken
from Wu et al. [16].
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Table 3
Mass transfer parameters about anthocyanin desorption from macroporous resins and accuracy of the general diffusional model.
Temperature Condition D, x 10° (cm?/s) R? RMSE (mg/g) E (%)
20°C Orbital agitation 1.667 0.999 0.013 0.852
Sonication at 106 W/L 2.500 0.993 0.062 2.936
Sonication at 199 W/L 4.167 0.997 0.053 1.834
Sonication at 279 W/L 5.333 0.999 0.041 1.234
30°C Orbital agitation 2.500 0.997 0.021 1.506
Sonication at 106 W/L 3.833 0.996 0.049 2.208
Sonication at 199 W/L 5.000 0.998 0.040 1.392
Sonication at 279 W/L 5.833 0.999 0.831
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Fig. 7. Distribution of total anthocyanin concentration (mg/cm?®) along with the radial direction of macroporous resins during desorption at 20 °C.

Moreover, the distributions of anthocyanin content along with the
radial direction of macroporous resins during desorption at 20 °C are
exhibited in Fig. 7 using the modeling results. As can be seen, there was
a concentration gradient at the early stage of desorption, whereas an-
thocyanins distributed homogeneously at the end of desorption. After
desorption for 10min, anthocyanin concentration gradients within
resin particles under orbital agitation and sonication at 279 W/L were
smaller than those in resin particles under sonication at 106 and
199 W/L. Similar to the extraction process, the early period of deso-
rption was dominated by the simple washing of anthocyanins located
on the external surface of macroporous resins [43]. In this circum-
stances, both orbital agitation and sonication at high intensities can
provide stronger mechanical forces to detach anthocyanins from resin
particles than sonication at low intensities, promoting anthocyanins
distributed more homogenously.

4. Conclusion

The major task of this work was to explore the mechanism about
ultrasound enhancement of adsorption/desorption of anthocyanins
using macroporous resins as adsorbent through phenomenological
modeling. For this purpose, the PVSDM model incorporating the
changes of particle size and surface area of resins was qualified to
model the anthocyanin adsorption process. The modeling results re-
vealed that ultrasound enhanced both external mass transfer and sur-
face diffusion to facilitate the anthocyanin adsorption process. The Dj

values under sonication at 279 W/L and 20 °C was 120% higher than
the counterpart under orbital agitation. Interestingly, pore volume
diffusion dominated the overall intraparticle diffusion of anthocyanins.
However, sonication can weaken the influence of pore volume diffu-
sion, as well as enhance the contribution of surface diffusion to the
overall diffusion. Besides, the general diffusion model accurately pre-
dicted the changes of anthocyanin desorption capacity. Anthocyanin
diffusivity increased with the increases of ultrasound energy and des-
orption temperature. High-intensity ultrasound also made the dis-
tribution of anthocaynins more homogeneously inside macroporous
resins during desorption.

Overall, the aforementioned experimental and mathematical in-
vestigations enriched the fundamental knowledge about the ultrasound
enhancement of adsorption/desorption processes. These results can
provide guidance for intelligent control of anthocyanin adsorption/
desorption processes in the presence of sonication. Moreover im-
portantly, this work can have a real application for comprehension of
phenomena that will permit to apply ultrasound technology in antho-
cyanin-related food processing, especially in juice and wine industries
facing the problems of utilizing byproducts rich in anthocyanins.
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