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Sunflower Protein Extraction/Purification by Macroporous Resins
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Immunity Pathogens, University of Lorraine, EA7300, 9 Avenue de la foret de haye, 54500 Vandoeuvre-les-Nancy, France; *URD Industrial

Agro-Biotechnologies, AgroParisTech, CEBB, 3 rue des Rouges Terres, 51110 Pomacle, France

ABSTRACT

In this study, adsorption of phenolic compounds from an aqueous by-product of sunflower protein isolate production
was investigated. Phenolic compounds in this by-product (ultrafiltration permeate of protein purification step) were
almost exclusively CGA (mainly 5-CQA isomer). Five different macroporous resins including XAD4, XAD7, XAD16,
XAD1180, and HP20 were screened for CGA capture. XAD16 had the best massic adsorption capacities (15.32 +
0.04 mg/g), while XAD7 had a better surface adsorption capacity (0.027 + 0.00146 mg/m?2). CGA adsorption on
both resins followed the pseudo-second-order kinetic model with a similar intra diffusional pattern. Adsorption
isotherms of the two resins better fitted the Langmuir model with Qmax for XAD7 and XADI16 of 0.054
and 0.040 (mg/m?), respectively. The adsorption process of phenolic compounds revealed to be exothermic,
physical adsorption, and spontaneous. Better adsorption results were observed at 25°C. Maximal CGA desorption
ratio was observed from 70% (v/v) ethanol. The high values were reached with both the resins (88.09 + 0.13 and
86.16 + 0.32% for XAD7 and XAD16, respectively). The CGA purity in the desorption phase was surprisingly
high (77.56 £ 0.99% and 74.59 + 0.12% for XAD7 and XAD16, respectively).

Keywords: Sunflower meal; Macroporous resin; Adsorption study; Chlorogenic acid.

INTRODUCTION

Phenolic compounds are a wide group of natural products from
plant sources. These molecules are secondary metabolites having
one or several benzene ring with hydroxyl groups. They are known
to have various bioactivities like antioxidant, anti-inflammatory,
anti-cancer, anti-ageing, or anti-osteoporosis activities [1-3]. Among
phenolic compounds, chlorogenic acid (CGA) revealed particularly
attractive. Chemicallyy, CGA is a polar phenolic compound
composed of a quinic acid and caffeic acid linked by an ester
bond. The position of the quinic acid on the benzene ring define
three CGA isomers including 5-O-caffeoylquinic acid i.e 5-CQA,
4-O-caffeoylquinic acid i.e 4-CQA, and 3-O-caffeoylquinic acid i.e
3.CQA. Interestingly, CGA has demonstrated high anti-oxidant,
anti-inflammation and anti-tumor effects [4,5]

Some raw materials like coffee beans, low-grade coffee beans,
noxious weeds like Eupatorium adenophorum Spreng (Crofton
weed) [6] or Boehmeria nivea L. Gaud (Ramie) leaves [7] revealed
to be interesting sources of CGA. Sunflower seed is also rich in
phenolic compounds (14.5% on a dry weight basis) and particularly
in CGA. It is the second most cultivated oilseed in Europe with an
annual production of about 16 million tons (FAO, US Department
of Agriculture) in 2018 [8]. It is mainly processed for oil production.
The industrial oil extraction process yields a solid by-product called

“meal” composed of up to 50% of proteins [9,10], which contains
seeds phenolic compounds. Beside CGA, these compounds are
mainly CGA isomers, CGA dimers, and caffeic acid.

To date, sunflower meal is mainly used for the feed. For this
purpose, phenolic compounds are considered as antinutritionals
and need to be eliminated. Many approaches were reported to
remove phenolic compounds from the meal. As for other resources,
the most classical way is to use organic solvents like acetone,
methanol, ethyl acetate or water/ ethanol mixtures [11,12]. Weizs
GM et al. 2009 [13] showed that methanol/water mixtures 60%
(v/v) was suitable for extraction of sunflower phenols from both
kernels and shells. Interestingly, they showed that the obtained
extract with a phenolic fraction composed of a particularly high
proportion of CGA (around 85%). After solvent extraction,
phenolic compounds can be further purified by chromatography
[14], membrane processes [15,16] or adsorption on macroporous
resins [17]. This last process proved to be particularly efficient
for phenolic compounds capture from various plant extracts
[6,17,18]. Besides, adsorption processes can easily be scaled up and
some resins are food grade [19]. Macroporous resins are divided
into polar resins, mild polar resins, and non-polar resins. The
mechanism of separation is based on differential affinity between
phenolic compounds, impurities, and the adsorbent [20]. Proper
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resins should be chosen based on both adsorption capacities and
purity after desorption step, but purity is often not considered.
Furthermore, the complex transport phenomenon that are also
involved are rarely thoroughly investigated.

Sunflower meal is also considered as an promising source of
proteins [21,22] for food applications under isolate products. The
production of sunflower protein isolates is classically achieved in two
main steps (aqueous extraction and purification). The extraction
step has to be done under pH 8 and at high NaCl concentration
(> 0.2 M NaCl) in order to get satisfying protein extraction yield
and color [23,24]. A large part of sunflower phenolic compounds
are extracted alongside with proteins in these conditions. Recently,
an integrated process was proposed for both protein and phenolic
compounds valorization [25,26]. This process integrates a capture
of phenolic compounds by adsorption from the aqueous extract
prior to protein purification by acid precipitation. The resin had
to have low protein binding capacity. XAD16 resin revealed to be
the most appropriate resin to do so beyond other apolar and ion
exchange resins [26]. However, CGA purity after adsorption step
was not considered and adsorption mechanisms and transport
were not investigated and remained unclear. Furthermore, in this
approach, protein acid precipitation led to an isolate having a poor
solubility which is rather detrimental for food applications.

More recently, we proposed an alternative approach in which
sunflower proteins are purified from the aqueous extract by
tangential filtration [27]. This yielded a highly soluble sunflower
protein isolate with high functional properties. Interestingly,
phenolic compounds in the extract were only composed of CGA
(mainly 5-CQA isomer) [27]. The liquid effluent of this process
(the UF permeate) was largely depleted in proteins and probably
contained the main part of extracted CGA. Hence, the capture
of CGA from this side product would constitute an interesting
valorization pathway. The aim of this work was to study CGA
adsorption from the UF permeate on five macroporous resins
including XAD4, XAD7, XAD16, XAD1180 and HP20 having
various properties in term of polarity, pore diameters, specific area).
On the resins exhibiting the best adsorption capacities, kinetics
and isotherms experimental data were regressed at different
temperatures in order to elucidate CGA adsorption mechanisms.
Desorption by ethanol/ water mixtures was also investigated and
the purity was considered in order to choose the most appropriate
resin for CGA capture from this effluent.

MATERIALS AND METHODS

Chemical and reagents

The sunflower meal used was defatted by n-hexane at the industrial
scale and provided by Saipol (Bassen, France). Chlorogenic
acid (CGA, 5-O-caffeoylquinic acid), 4-O-caffeoylquinic acid (4-
CQA), 3-O-caffeoylquinic acid (3-CQA) standards and the five
macroporous resins (XAD7, XAD4, XAD16, XAD1180 and HP20)
were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
The characteristics of macroporous resins are shown in Table 1.

Resins Material Polarity Specific Pore (A)
surface
(m?/g)
XAD4 SDVB* Non polar | 725 50
XAD7 Acrylate Polar 450 90
XAD16 SDVB Non polar | 900 100
XAD1180 | SDVB Non polar | 600 300
HP20 SDVB Non polar | 500 260

Table 1: Properties of XAD 7, XAD 16, XAD 4, XAD 1180 and
HP 20
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Sodium chloride (NaCl) and sodium hydroxide (NaOH) pellets
were both from VWR (Darmstadt, Germany). Hydrochloric acid
(HCI) solution was from Carlo Erba (Milan, Italy). Acetonitrile and
formic acid at analytical grade were supplied by Fisher Scientific

(Hampton, USA).
Sunflower protein extraction/purification process

The process was carried out in two stages as described in [27]. The
first one was a solid/liquid extraction from the sunflower meal.
The second was a protein purification by ultrafiltration (UF). The
extraction step was achieved using a 0.5 M NaCl solution at a
solid/liquid ratio of 1:9 (w/w). The pH of the slurry was adjusted at
pH 7.5 with HCI 1 M and stirred at room temperature for 30 min.
Then the slurry was centrifugated (Thermo Scientific Lynx 6000
centrifuge, USA) at 15000 g and 20°C for 30 min. The purification
step was achieved with an Akta Flux 6 ultrafiltration apparatus
(GE Healthcare Life Science, USA). The membrane used was a
polyethersulfone hollow fiber membrane of 3 kDa cutoff (4800
cm? area, UFP-3, C-6A, GE Healthcare, USA). The transmembrane
pressure was set at 1.5 bar and the feed rate at 1.5 L/min. In a first
stage, six diavolumes (DV, DV = diafiltration solution volume/
initial volume) of 0.5 M NaCl solution was used to flush proteins
from micro-solutes (low molar weight carbohydrate, minerals, non-
protein nitrogen, and phenolic compounds). Then, NaCl was
removed by three diavolumes of deionized water. The retentate
compartment contained the purified proteins. The permeate
obtained was collected and adjusted at pH 2 (in order to avoid
phenol oxidation as recommended [28] and stored at -20°C before
use.

Adsorption/ desorption study

Before each experiment, resins were washed with methanol for 10
minutes under magnetic stirring (150 rpm) at room temperature
and rinsed with ultrapure water as recommended by the
manufacturer. For each experiment, 1.5 g resin was mixed with
30 mL of permeate under magnetic stirring (150 rpm) at 25°C.
After adsorption, resins were separated from the liquid phase by
filtration (using Millex syringe Filter, PVDF, 0.22pm, non-sterile
from ThermoFisher Scientific (USA). Liquid phases were analyzed
by HPLC for phenolic compounds characterization and/ or CGA
quantification.

Resin screenings

The resins were screened on the basis of massic (Eq. 1) and specific
surface (Eq. 2) adsorption capacity :

The adsorption capacity (qe, amount of CGA adsorbed per g of
resin, Eq. 1) was calculated as:

_ (CO - Cﬁ ) Vr
q. = W
where Co and Ce are the initial and equilibrium concentrations of
CGA in permeate solution respectively (mg/ mL); Vi is the initial

volume of permeate added into the resins (mL); and W is the
weight of the dried resin (g).

The specific surface adsorption capacity (SA, amount of CGA per
m? of resin, equation 2) was calculated as:
(G =CV,

SSxWw

54 =

where SA is the surface adsorption capacity (mg / m2), SS is the
resin specific surface (m%/ g).
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Adsorption kinetics

Adsorption capacity was monitored after 5, 10, 15, 30, 60, 90,
and 120 min. To do so, CGA concentration was measured in the
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liquid phase by HPLC. From the concentration, ge and/ or SA was
deduced. Results were plotted under linearized models (pseudo-
first-order, pseudo-second-order, and intra-particle diffusion, Table

2).

Resin
Kinetic model Linear form Plot Parameter
XAD 7 XAD 16
-0.082 .053
k, (1/ min)
| 1 oo (mg / mz) Pseudo-second-order | 0.017
Pseudo-first-order n (qe - q,) 0.016 0.0l
In(q,—q)=Ing, —k : :
n(qg q’) ng. -kt vs t Qe.cal (mg/m2)
R2 0.971 0.982
0.036 0.057
k 2/ mi
T 2 (m*/(mgamin) Ty o073 0.017
Pseudo-second-order | —, k.a? t— —Vs. t Deexp (mg/mz)
qt qu qe qt 2 00274 0017
qucal (mg / m )
R? 0.9999 1
0.0024 0.0017
-1 . —1/2
Ky (mmg—min ) 19 014 0.0074
C, (mg/m?)
Intra-particle 1 1 R2 0.9829 0.9848
diffusion q,=kt*+C q,vs.t? S m
K,.’z(m mg~ .min ) 0 0
Cz(mg/mz)
0.027 0.016

Table 2: Equations and parameters for the adsorption kinetic models of CGA obtained with the XAD7 and XAD16 resins.

Adsorption isotherms

Adsorption isotherms expressed the relationship between CGA
adsorption capacity (qe, mg/g) and the concentration of sample

solution in the liquid phase at the equilibrium (Ce, mg/ L). For the
adsorption study, a duration of 120 min was chosen. Experiments
were carried out at 25°C (298.15 K). Langmuir and Freundlich
models were used to regress experimental data (Table 3).

Resin
Isotherm model Non-linear form Parameter Constraint
XAD 7 XAD 16
0. (mg/mz) 0 K.C 0.054 0.040
. _ QmaxKLCe _ Zmax" "L e 0.026 0.021
Langmuir q. 1+K,C, K, (L / mg) q. 1+K,C,
R? 0.9899 0.9586
© (%j/[%)" 0.007 0.003
_ n £ 2
Freundlich q. = KFCe " L 0<n<1 0.358 0.445
n
R? 0.8690 0.9119

Table 3: Adsorption isotherm models and parameters for the phenolic compound obtained with the two resins selected XAD7 and XAD16.
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Adsorption thermodynamic parameters

The effect of the adsorption temperature was investigated by
determining the adsorption isotherms at 298.15, 308.15, and
318.15 K. Enthalpy and entropy variations were obtained from the
slope and intercept of the linear plot InKeq vs 1/T according to the
linear form of Clausius-Clapeyron Eq. 3:

AH A
ln Keq :—ﬁ"r?s

where InKeq is the natural logarithm of the constant of adsorption
equilibrium (Keq), AH is the enthalpy change (J/ mol), AS is
entropy change (J/ mol), R is the universal gas constant (8.3144 J/
(molK) and T is the absolute temperature in Kelvin (K).

AG was determined using Eq. 4:

AG =-RT In Keq “4)
where AG (J/ mol) is the Gibbs energy change.
Desorption

Desorption ratio were determined using different water/ethanol
solvents after the adsorption step on XAD7 and XAD16 up to
equilibrium. To do so, 40 mL of 30, 50, 70, and 90%, v/v was
added to the resins, and shaken at 150 rpm at 25°C for 2 hours (to
reach desorption equilibrium). Resins were washed with deionized
water twice prior solvent addition. Resins were separated from the
liquid filtration using filter paper. CGA concentration in the liquid
was quantified by HPLC. Desorption ratio was calculated using
Eq.S:

Desorption ratio (%) = G 100%(5)

(c,-cy,

where Cd is the concentration of CGA in desorption solution
(mg/ mL), Vd is the volume of the desorption solution (mL).

The purity of CGA after desorption step was determined using
Eq.6:
Amount of CGA after desorption (mg)

Purity of CGA (%) = 100%(6)

Total total mass (mg)

Analytical methods
CGA identification and quantification

CGA concentration in the liquid by-product was quantified
by HPLC (Shimadzu Corporation, Kyoto, Japan) according to
[27] with some modification. The equipment used included a
pump with a degasser (LC-20AD), an auto-sampler (SIL-20AC),
a column oven (CTO-20A), a diode array detector (CPO-M20A)
and a LCSolutions software. The analysis was carried out with a
Biosep SEC-s2000 column (300 x 7.8 mm, 5 pm) purchased from
Phenomenex (Torrance, CA, USA). The mobile phase consisted of
formic acid: ultrapure water: acetonitrile mixture (0.1%: 55%: 45%,
v/v). The injection volume was 5 pL. The flow rate was 0.6 mL/
min. The detection wavelength was 325 nm. The oven temperature
was kept at 35°C. All solutions and samples were filtered through
0.45 pm membranes (Fisher Scientific, Hampton, USA) before
injection. CGA identification was done from standards retention
time by on-line electrospray ionization mass spectrometry (ESI-MS).
Data acquisition and processing were monitored with LabSolution
software (Shimadzu Corporation, Kyoto, Japan). Nitrogen was
used as drying gas at a flow rate of 21.5 L/ min. The nebulizer
temperature was set at 300°C. CGA was searched in positive mode
at m/z = 355.3+. A CGA calibration curve with concentrations
ranging from 0.05 to 1.25 mg/mL was used for the quantification
(linear regression equation was y = 25057208.61x with Rz =0.9983).
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NaCl content

NaCl content in the permeate was assessed by conductimetry
(Meterlab PHM 210, Radiometer analytical, France). The
quantification was done using an NaCl calibration curve ranging

from 0.2 to 50 g/L (y = 1.9054x with R2 = 0.9908).
Total carbohydrate content

Total carbohydrate content in the permeate was measured by the
method of anthrone-sulfuric acid presented by Yemm and Willis
with some modifications [29]. Briefly, samples were mixed with 2
g/L anthrone in 98% sulfuric acid in boiling water for 10 min.
After cooling, the absorbance of the solution was measured at 620
nm in a multiplate (Multiskan GO, Thermo scientific, Japan).
Glucose was used as standard with concentration ranging from 0.1

to 1 mg/ mL (y = 1.1845x, R2 = 0.9981).
Nonprotein nitrogen content

Kjeldahl method was used to measure the total nitrogen in the
permeate [30]. A nitrogen-to-protein conversion coefficient of 5.6
was applied as recommended in [27] for sunflower source.

Dry matter

1 mL of permeate was put in aluminium dish and left in oven
during 24 h at 111°C. Afterward, aluminium dish was weighted
regularly until reaching a constant weight.

Data analysis

All experiments and analytical measurements were carried out
three times. Data displayed corresponded to the average value
with the standard deviation. Statistical analysis was performed by
Student’s t-test with Rstudio 3.6.1 (Boston, MA, USA). A p-value
inferior to 0.05 was considered a significant difference. All figures
were designed by OriginPro 8.5 package (MA, USA). The chemical
structures of phenolic compounds and CGA interaction forces
with selected resins were illustrated using ChemDrawUltra 8.0

software (Cambridge Soft, MA, USA).
RESULTS AND DISCUSSION

Characterization of the ultrafiltration permeate from sunflower
protein purification

Figure 1 shows the SE-HPLC chromatogram at 325 nm and 280
nm of ultrafiltration (UF) permeate obtained from the purification
of proteins extracted from sunflower meal at pH 7.5, 0.5 M NaClL
This figure shows the main peak at 32 min of retention time.
Marginal signals can be observed at 13, 37 and 39 min of retention
time. The first minor peak (13 min) corresponded to the column
void volume and showed a higher signal at 280 nm rather than
325 nm. SDS-PAGE analysis of this peak revealed the presence of
proteins in a molar weight range of sunflower albumins (SFA, 10-
18 kDa) [27]. Hence, the 3 kDa membrane used for the purification
probably allowed the transmission of traces of these proteins. SFA
is particularly associated with phenolic compounds by covalent
bonds [31]. This would explain the signal observed at 325 nm
at this retention time. Peaks at 32, 37, and 39 min revealed the
presence of molecules with m/z of 355 in positive mode ESI-MS.
This corresponds to chlorogenic acid (CGA) m/z. The figure also
shows that standard CGA isomers had the same retention times
(5-CQA at 32 min, 3-CQA at 37 min, and 4-CQA at 39 min). This
indicated that free polyphenolic fraction in the UF permeate was
composed of CGA, mainly in its 5-CQA isomer. The predominance
of CGA in sunflower and relative in aqueous extracts of sunflower
meal [13,27]. The relative absence of caffeic acid and CGA dimers
that account for 15-20% of total phenolic compounds in the meal
according to Weisz GM et al. 2009 [13] are probably less extracted in
aqueous solvents due to their polarity lower than CGA. In any cases,
it makes this side products of sunflower meal protein purification a
particularly attractive source of CGA. Indeed, generally recognized

4
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as interesting sources of CGA like low-grade coffee bean, coffee
bean methanol extracts or Crafton weed ethanol extracts are
composed of many other phenolic compounds [6,32,33].

Component Compound Proportion (%)
Chlorogenic acid, 1.13£0.21
CGA (5-CQA) %
dm
NaCl % dm 87.67 +11.93
Liquid by- Total carbohydrates | 3.53 + 1.98
product(UF
% dm
permeate)
Nitrogen contain- | 0.11 + 0.02
ing molecules (N x
5.6) % dm
Ash % dm 7.56 £ 0.70

Table 4: Composition of the liquid by-product.

Table 4 presents the proximate composition of the permeate
dry matter. The high content in NaCl (87 + 11.93 %) was
consistent with a large amount of NaCl either for the protein
extraction step and the protein purification. Ash (7.56 =
0.70%) were minerals extracted from the meal that also highly
crossed the membrane. The permeate also contained
carbohydrates (3.53 + 1.98%). These were probably soluble
fibers with molar weights low enough to cross the membrane
or simple carbohydrates (both contained in the sunflower meal
[34]). The nitrogen-containing biomolecules fraction (0.11 *
0.02 %) is probably not homogeneous. A part of it might be
the albumin traces in the permeate. Besides, about 11% of
nitrogen assayed by Kjeldahl analysis in the protein extract
remained soluble in 10% (v/v) trichloro acitic acid (TCA)
(data not shown). These nitrogen containing molecules are
classically referred to as ‘non-protein’ nitrogen and meant to be
low molar weight peptides, free amino acids and/ or nucleic
acids. These molecules probably constituted the other part of
the nitrogen containing molecules observed.

This table also shows that around 25% of the UF permeate
organic dry matter is composed of CQA. The rest of the
organic matter is composed of polar molecules. Liu B et al. 2016
[6] showed that polar resin exhibited higher CGA adsorption
capacity than apolar or mildly polar ones. But they observed
poor CGA purity after desorption step. This was due to the
competitive adsorption of polar molecules on the polar resin. Or
it is likely that polarity and affinity characteristic of the elution
solution and the adsorbed components may influence the
purity of CGA. Hence, for CGA capture from sunflower meal
aqueous extract, apolar or mildly polar resin should be more

appropriate.
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Figure 2: Mass (A) and surface (B) adsorption capacity of CGA on
XAD4, XAD16, XAD7, XAD1180, and HP20.

Figure 2A shows CGA adsorption capacity from XAD4, XAD7,
XAD16, XAD1180, and HP20. Those resins were known for their
ability to adsorb phenolic compounds from many different plant

extract [35,36]. XAD16, XAD4, XAD1189, and HP20 were apolar
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resins made of styrene divinylbenzene (SDVB). XAD7 was a slightly
polar resin made of an acrylic polymer.

XAD16 and XAD4 showed the highest adsorption capacity at
equilibrium (15.32 +0.04 mg/g and 14.07 + 0.01 mg/g respectively).
XAD7, XAD1180 and HP20 had lower values (12.03 + 0.45, 12.62
+0.07 and 11.21 £ 0.02 mg/g dried resin, respectively). The very
similar CGA adsorption capacity was observed with XAD7 and
HP20 (11 mg/g and 15 mg/g, respectively) from crafton weed
extract [0]. Besides, XAD16 was shown to be particularly efficient
for CGA adsorption from sunflower meal aqueous extracts [25,26].
The adsorption capacity depends on adsorption kinetics pattern,
molecule affinity toward the material and resin specific area [37]. It
can also be modulated by the pore diameter. Indeed, if the diameter
is low enough (< 50 A) it can induce diffusional limitations by
steric hindrance [35,37] or even limit the accessibility of a fraction
of the resin area.

Table 1 shows material, pore diameters, and specific area of the
resins used in the study. Non-polar resins, Among SDVB resins,
XAD16 showed the highest specific area (900 m?/g) followed
by XAD4, XADI1180, and HP20. Interestingly, this ranking
corresponded to the observed capacity values. XAD4 had the
smallest pore diameters (50 A). This indicated that SDVB resin
mass capacities were essentially governed by the contact area.
Probably no or few diffusional limitations due to the pore size
occurred [38]. This was also suggested by Liu B et al. 2016 [6] with

CGA capture from Eupatorium Adenophlorium extracts.

In order to investigate the effect of a resin material on CGA
adsorption, surface capacity had to be compared. Figure 2B shows
that XAD7 had by far the highest surface capacity (27 pg/m? dry
resin) whereas its specific area was rather low (450 m?/g). For SDVB
resins the value was close to 20 pg/m2). This indicated that acrylic
material had a better affinity than SDVB toward CGA.

(A S S (B)

we

g { F ~~ Hydrogen bonding Interaction
Er,‘\‘o .v.ujf"‘x ]/J l [ b * Pi-pi stacking interaction
{ 1 — Hydrogen bonding "-" Hydrophobic-hydrophobic
XADT i " Intevaction
interaction XAD 16

Figure 3: Schemes for mechanism proposed of the adsorption
process of the phenolic compound onto the different resins. (A)

CGA onto XAD?7 resin and (B) CGA onto XADI6 resin.
Lin L et al. 2012 [39] reported that chemical features of XAD7

and HP20 resins were as important as physical characteristics on
phenolic compounds adsorption [39]. The adsorption mechanism
remains unclear though. In this study, we propose a possible CGA
interaction scheme with acrylic and SDVB resins (Figure 3). CGA
would interact with XAD7 through hydrogen bonding implying
alcohol functions of the caffeic acid part and the acrylate ester
bonds of the resin backbone. Hydrophobic interactions between
the caffeic part (benzene ring) and acrylate carbon backbone might
also take place (Figure 3B). Water molecules are probably partly
excluded from this backbone, otherwise, they would compete with
CGA and no CGA adsorption would occur. It is more likely that
the highly hydrophilic quinic acid part interacts more favorably
with the bulk water molecules.

In a different way, the interaction of CGA - SDVB resins should
rather be through M stacking interactions. The highest efficiency
of acrylate material to capture CGA could be due to the highest
amount of binding sites. But the very high specific area of XAD16
makes it the better resin in terms of massic capacity.

The adsorption kinetics, isotherms, thermodynamics properties,
and CGA desorption were further investigated with XAD7 and
XAD16 to better understand the process with these two resins.

Adsorption kinetics
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Figure 4: Adsorption kinetics of CGA with XAD 7 and XAD 16. (A) surface adsorption kinetic curves, (B) pseudo-first-order model, (C)

pseudo-second-order model, and (D) intra-particle diffusion model (in linearized forms).

Adsorption kinetics of CGA (from UF permeate) on XAD7 and
XAD16 were presented in Figure 4A. Very similar trends were
observed with the two resins. A large part of CGA was quickly
adsorbed (up to 80% of the equilibrium capacity in 15 min). Then
the adsorption kinetics slowed down and the equilibrium happened
between 60 min and 120 min. Thus, the adsorption process
should be conducted for 120 min to achieve an equilibrium state.
Interestingly, Liu B et al. 2016 (6] observed that CGA adsorption
equilibrium with a highly polar resin (NKA - II) was reached at
300 min. This resin had an average pore size similar to XAD7 and
XAD16 (around 120 A). So the adsorption process on apolar or
slightly polar resin would be quicker.

Adsorption kinetics were regressed with pseudo-first-order (PFO,
[40]) and pseudo-second-order (PSO, [41]) equations in the
linearized form (Figure 4B-C). Table 2 shows the corresponding
equations, parameter values of the models, and R2 of the linear
regressions. The R2 obtained with linearized PFO (In(ge-qt) vs. t)
was less than 0.98. Furthermore, the calculated ge for XAD7 (0.016
mg/m?) and XAD16 (0.010 mg/m?2) was found very different from
experimental values (0.027 mg/m? for XAD7 and 0.017 mg/m? for
XAD16). On the other hand, R2 of the linear regression of the t/
qt vs t plot was very close or equal to 1 (0.999 and 1 for XAD7
and XAD16, respectively). Moreover, the calculated ge (0.0274 mg/
m? for XAD7 and 0.017 mg/m? for XAD16) predicted from PSO
model was very near the experimental values of ge (0.0273 mg/m?
for XAD7 and 0.017 mg/m? for XAD16). These results indicate
that adsorption kinetics followed a PSO model for the two resins.
This was also observed with adsorption of CGA from Eupatorium
adenophorum Spreng extracts on NKA-II resin [6] and Helianthus
tuberosus L. leaves extracts on ADS-21 resin [20].

Solute transport phenomena are complex in adsorption processes.
In the liquid phase, solutes are transported by convection and

diffusion. There is also a diffusive transport from the liquid phase
to the bead surface (through a limit liquid film) and a diffusive
transport inside the particle pores. Adsorption kinetics may be
modulated by several diffusional types of transports. The intra-
particle diffusion model [42] is commonly used to investigate the
diffusive rate-controlling phenomenon [43-45].

Figure 4D shows qt vs t1/2 plots obtained with XAD 7 and XAD
16. These plots correspond to the linear form of the intra-particle
diffusion model (Table 2). For both the two resins, a linear evolution
with two slopes is observed. The slopes represent the constant rate
(ki) of each adsorption step while Ci (intercept at y-axis) is related
to the thickness of the limiting layer. R2, ki, and Ci values obtained
from linear regressions are displayed in Table 2. In the two cases,
k1 (0.0024 and 0.0017 m%/(mgmin0.5) for XAD7 and XADI6,
respectively) are by far higher than k2 (approximately 0) for the two
resins. It can also be noticed that R? values for XAD7 and XAD16
are 0.9829 and 0.9848, respectively. This indicates that for both
the two resins the adsorption process is limited by two diffusional
effects. Very similar results were observed with the adsorption of
alfalfa phenolic compounds and on HP20 and AERI resins [44].
It was interpreted as a two steps adsorption process. The first one
is related to the diffusional transport throughout the boundary
layer at the liquid/ beads interface. Its high rate constant (Ki,1 was
0.0024 and 0.0017 (mg/m?) for XAD7 and XAD16, respectively)
indicates a low diffusional limitation. The second one is due to
intraparticle diffusion. The low rate constant (Ki,2 approximately
equal to O for both resins) associated indicates a strong diffusional
limitation. Such observation and explanation were also made
by others [36,46,47]. Curiously, it can be noticed that the first
step involved the adsorption of the largest part of the phenolic
compounds (more than 90% of the adsorption at the equilibrium).
This tends to indicate that the intraparticle diffusion limitation
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only took place for a small part of phenols adsorption. Since the
intraparticle diffusion happens inside bead pores, representing
the largest part of the resin surface it can be hypothesized that
the limitation only concerns the deepest zone of the pores. The
diffusion inside pores near the surface is probably only limited
by the boundary layer. This would explain why the intraparticle
diffusion limitation affects less than 10% of the overall adsorption.
The close pore size of the two resins (around 100 A) explains their
close behavior in terms of diffusional limitations.

Adsorption isotherms
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Figure 5: Adsorption isotherms non-linear fitting of selected XAD
7 and XAD 16 resin. (A) Langmuir model and (B) Freundlich

isotherm model.

Figure 5 shows the adsorption isotherms of CGA on XAD7 and
XADI16 at 25°C. Data were regressed with Langmuir (Figure 5A)
and Freundlich (Figure 5B) equations as commonly done elsewhere
[6,20,26]. Table 3 listed the R? of the regression, equations, and
model parameters with XAD7 and XAD16. R2 values indicated
that experimental data were better fitted by the Langmuir model
(0.9899 and 0.9586 for both XAD7 and XAD 16, respectively) than
the Freundlich model (0.8690 and 0.9119 for XAD and XADI16,
respectively). This indicated that the adsorption mechanism was
the same for the two studied resins. It consisted in a monolayer
adsorption of phenolic compounds at the surface resin [6,20,26].
These findings also are in agreement with other work on CGA
adsorption on XAD16 HP and NKA-II resins from other sources
[6,26].

Table 3 indicated that maximum adsorption capacity based
on the resin area of XAD7 was higher than XAD16 (0.054 mg/
m? vs. 0.040 mg/m2). However, as expected from screening
experiments, XAD16 showed higher maximum capacity when
results were based on resin amount (36.59 mg/g for XADI16 vs.
26.21 mg/g for XAD7). Considering kinetics result with the two
resins it can be deduced that XAD7 polymer (acrylate resin) had
a better adsorption property than XAD16 polymer (styrene divinyl
benzene). The far better specific surface area of XAD16 (900 m2/g
vs. 450 m2/g) probably made its highest massic adsorption capacity.
In any case, it would confirm the hypothesis of a higher adsorption
site density on acrylate material.

Besides, Qmax value of CGA adsorption from a sunflower
(Helianthus annuus L.) aqueous extract on XAD 16HP was observed
at 42.7 mg/g [25]. This result is close to what is observed here.
The discrepancy may be due to the interference of other organic
molecules. Indeed, the above-mentioned article dealt with a raw
extract containing proteins. It might also be due to the impact of
an ionic strength. In this study a UF permeate was used (vs. a whole
extract) and the NaCl content was around 0.5 M. Qmax observed
here were lower than on the highly polar NKA-II resin (66.863
mg/g) [6]. Authors claimed that this high adsorption capacity was
due to the resin polarity, but discrepancies are harder to interpret
since the starting material was different (Crofton weed extract).

Determination of thermodynamic parameters
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Figure 6: Equilibrium adsorption isotherm using the Langmuir
model in linear form. (A) XAD7 and (B) XAD16 at 25°C, 35°C and
45°C; (C) In KL vs. 1/T plot of adsorption equilibrium constant
KL using the Langmuir model.

The effect of temperature on both resins adsorption capacity of
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Resin Temperature | Isotherm parameter Thermodynamic parameter
(0C/ K)
Langmuir model
KL Qmax(mg/m?) | R2 AH (kJ/mol) | AG(k]/mol K) | AS (k]/mol K)
25/298.15 1.923 0.13 0.9945 -2.235
XAD7 35/308.15 1.543 0.12 0.9994 37.75 -1.044 0.119
45/318.15 0.142 0.09 0.9998 0.147
25/298.15 1.923 0.19 0.9994 -1.932
XAD16 35/308.15 1.543 0.09 0.9982 -22.47 -1.243 10.068
45/318.15 0.142 0.07 0.9997

Table 5: Isotherm and thermodynamic parameters of phenolic compound adsorption on XAD 7 and XAD 16 at 25°C, 35°C and 45°C.

CGA was also investigated in order to get the thermodynamic
parameters of adsorption. Figure 6A-B shows adsorption isotherms
at 25°C, 35°C and 45°C (linearized Langmuir model). Langmuir
model parameters and R? were listed in Table 5. Obviously, the
adsorption of phenolic compounds decreased with increasing
temperature (Table 5). XAD7 Qmax ranged from 0.13, to 0.09
mg/m? from 25°C to 45°C while XAD16 Qmax value decreased
from 0.19, 0.09 and 0.07 mg/m? in the same temperature range.
AH and AS were determined through the slope and intercept of In
KL against 1/T (Eq. 3) (Figure 6C) according to Van Hoff’s
equation. The enthalpy changes (AH) for the CGA adsorption
process on both XAD7 and XAD16 resin were -37.35 and -22.47
k]/mol, respectively (Table 5). Negative values indicate an
exothermic adsorption process. The fact that values were less
than 43 kJ/ mol demonstrated that the adsorption process of
CGA on the resins was governed by physical rather than
chemical interactions [35,48,49]. That demonstrated that XAD7
and XAD16 resins would not undergo structural changes during
the CGA adsorption process. Therefore, adsorption of CGA on
the resins only takes place through physical mechanism with no
chemical reactions. This observation was also reported in the
work of Gao ZP et al. 2013 [50] when they studied the
adsorption of polyphenols separation from kiwifruit juice using
AB-8 resin [50]. Furthermore, it indicated that the adsorption
process of CGA for both resins should be conducted at room
temperature (around 25°C). In addition, the entropy changes
(AS) values of XAD7 and XAD16 were -0.119 and -0.068 k]/molK,
respectively. These negative values suggested a random adsorption
process at the solid-liquid interface [51] which happened owing to
the desorption process of water molecules previously adsorbed
onto the resins’ surface [50]. The negative free energy change
(AG) deduced from AH and AS (Table 4). suggested that CGA
adsorption onto XAD7 and XAD16 was a spontaneous process.
Moreover, the absolute value of AG < 20 kJ/mol confirmed
physical adsorption of CGA onto both resin [50,52]. These
results are also online with the proposed adsorption scheme in
Figure 3.

Desorption of CGA on XAD7 and XAD16

Ethanol solutions from 30, 50, 70, and 90%, v/v were used to
desorb CGA from XAD7 and XADI16. Desorption kinetics
showed that 120 min was necessary to reach the equilibrium
(data not shown). This observation was in agreement with Xi L
et al. 2015 [53] that studied the desorption static of polyphenols
from sweet potato Ipomoea batatas L. leaves on AB-8 resin.
Figure 7 shows a maximum of CGA desorption ratio from 70%
ethanol (v/v) in both the two cases. At this ethanol
concentration (and higher), the desorption ratio was around

90%. Xi L et al. 2015 [53] also

] Chromatogr Sep Tech., Vol.11 Iss.6 No:435

showed that the highest desorption ratio (90.9%) was observed
when ethanol concentration was 70% (v/v). Such a maximum ratio
was also observed with the desorption of flavonoids from G. glabra
L. leaf from XAD16 (at ethanol 80%, v/v) [36]. Interestingly, for
ethanol concentration below 70% (v/v), the desorption ratio of
CGA for XAD16 was higher than for XAD7 (p < 0.05). Relatively
large desorption ratio discrepancies were particularly observed at
30% ethanol (48.08% for XAD7 and 56.03% for XAD16). This
may indicate stronger interactions throughout hydrogen bonding
(occurring with XAD?7) rather than [ - interactions (occurring with
XAD16). In the past, Liu B et al. 2016 [6] reported that the purity
of CGA from the organic extract of Eupatorium adenophorum
Spreng was 22.17% using NKA-II macroporous resin (polar).
Meanwhile, Sun PC et al. 2015 [20] indicated that CGA separation
from Helianthus tuberosus L. leaves extract by ADS-21 (polar resin)
was 65.2%. On the contrary, in this study, the purity of CGA from
sunflower meal when we used XAD7 and XAD16 were 77.56 +
0.99 and 74.59 + 0.12%, respectively. It might be the effect of the
polarity of macroporous resin on the adsorption selectivity of CGA
to some degree. The results in the current study indicated that
selected macroporous resins were efficient for separation of CGA
notably with XAD?7 resin (moderate polar resin).

CONCLUSION
XAD7 (mildly polar) and XAD16 (apolar) showed high CGA

surface and massic adsorption capacities (from an aqueous
by-product of sunflower protein purification process). The
adsorption kinetics of polyphenols on the two resins followed a
pseudo-second-order model with a similar intraparticle diffusion
pattern. The Langmuir model described more accurately the
adsorption behavior of phenolic compounds on both the two
resins indicating a monolayer adsorption behavior. The negative
value of enthalpy, entropy, and Gibbs free energy indicated
spontaneous and exothermic processes. Hence, the adsorption
process was controlled by a physical mechanism and should be
favorably performed at low temperatures. We concluded that the
high surface adsorption capacity on XAD 7 was probably due to a
high frequency of the binding sites on acrylate polymer. The high
massic adsorption capacity observed with XAD16 is due to its very
high specific area. In addition, the highest desorption ratio was
observed at ethanol solution at 70% (v/v) but slight discrepancies
were observed between the two resins. This would be due to the
different interactions at stake between CGA and the two resins
(hydrogen bond with XAD7 and [ - [ stacking with XAD16).
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LIST OF ABBREVIATION/ NOMENCLATURE
SFA Sunflower Albumin

DF Diafiltration

UF Ultrafiltration

TCA

Trichloro acetic acid

SE-HPLC Size exclusion high-performance liquid chromatography

SDS-PAGE Sodium dodecyl sulfate - polyacrylamide gel
electrophoresis
PVDF  Polyvinylidene diflouride

CGA
3.CQA 3-O-caffeoylquinic acid
4.CQA 4-O-caffeoylquinic acid
5-CQA 5-O-caffeoylquinic acid

chlorogenic acid

q, adsorption capacity (mg/g)

C, initial concentration of phenolic compound (mg/mL)

\% volume of the initial sample solution (mL)

W weight of the tested dry resin (g)

C, equilibrium concentration of phenolic compound (mg/
mL)

SA surface adsorption capacity (mg / m2)

SS specific surface (m2/ g)

PFO pseudo-first-order

pseudo-second-order

. amount of adsorbate uptake per mass of adsorbent at any
time t (min)

k, rate constant of the PFO equation (1/min);

k, rate constant of the PSO equation(g/mgxmin)

k. rate constant of the intra-particle diffusion model (mg/
gmin'/?)

C constant associated with the thickness of the boundary
layer (mg/g)

Q ax  maximum saturated monolayer adsorption capacity of
polyphenol (mg/g)

K Langmuir constant (L/mg)
K, Freundlich constant (mg/g)/(mg/L)"
n Freundlich intensity parameter (0 <n <1)

AH enthalpy change (k]/mol)

AS entropy change (kJ/mol K)

AG Gibbs free energy change (kJ/ mol K)
R ideal gas constant (8.314 ]/ mol K)

T temperature (K)
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Keq equilibrium  distribution coefficient of adsorption

isotherm
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