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a b s t r a c t

Adsorption of five relevant low molecular weight polyphenols identified in agro-industrial waste extracts
(Aristotelia chilensis leaves, Carménère wine pomace, spent coffee grounds, and brewery waste streams)
was measured and characterized. SuperoseTM 12 prep grade and between three and six solutions with
different water, ethanol, and acetic acid compositions were used as adsorbent and liquid phases. The cho-
sen adsorbent and liquid phases were relevant for designing an adsorption preparative liquid chromatog-
raphy (APLC) process to isolate these polyphenols. Langmuir and Freundlich models adequately fitted the
obtained isothermal equilibrium data. The Freundlich model represented better ferulic acid (FA), kaemp-
ferol (KAE), and resveratrol (RSV) adsorptions, while the Langmuir model represented better gallic acid
(GA) and catechin (CAT). Different polyphenol/agarose affinities in water-rich liquid phases were
observed. From this, a hypothetical elution order was established (KAE < GA < FA < CAT < RSV), which
was partially experimentally corroborated (for a mixture of GA, CAT, and RSV) with an APLC system.
Lowering the water proportion or increasing the EtOH:HAc ratio in the liquid phase reduced the adsorp-
tion of these polyphenols, except for FA. The decrease in adsorption with temperature and the negative
values of DH indicated that these processes were exothermic. The adsorption of all the polyphenols was
governed by physisorption. All the adsorption processes studied were spontaneous and thermodynami-
cally feasible (DG < 0). In addition, the polyphenol molecules were less randomly organized (more
ordered) at the polyphenol/agarose interface during the adsorption process (DS < 0).

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Polyphenols (or phenolic compounds) have received particular
attention as functional food ingredients and nutraceuticals due to
their health-related bioactivities, including protective effects
against arteriosclerosis, coronary heart disease, cancer, and many
neurodegenerative diseases [1–5]. These relevant human health
benefits have been ascribed to ferulic acid (FA), protocatechuic acid
(PCA), gallic acid (GA), kaempferol (KAE), catechin (CAT), and
resveratrol (RSV) (Fig. 1), according to many in vitro and in vivo
assays [6–11]. Interestingly, these bioactive compounds can be
recovered from agroindustrial wastes such as maqui leaves [12],
Carménèrewine pomace [13], spent coffee grounds [14], and brew-
ery waste streams [15], among other sources. Many polyphenols’
content is higher in these matrices than in other traditional
polyphenol sources such as grape seeds, apple peel, dark chocolate,
and tea leaves [12,16]. The recovery of food ingredients from
agroindustrial wastes has attracted many researchers’ attention
because it reduces the environmental impact of this industry and
increases the availability of food-relevant micronutrients such as
polyphenols [17].

Consumption of diet polyphenols has been associated with sev-
eral health benefits, mainly attributed to reducing the activity of
free radicals. Each polyphenol presents specific properties such
as antioxidant capacity, bioavailability, and solubility, as well as
specific bioactivities. The desired bioactivity of a given polypheno-
lic natural extract can be enhanced by separating those polyphenol
(s) that reduce the total antioxidant capacity of the extract (antag-
onistic property of some polyphenols in the mixture) [18]. There-
fore, polyphenols purification is required to obtain selective
natural extracts with the desired bioactive strength.
ht food
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Fig. 1. Molecular structures of (a) ferulic acid, (b) protocatechuic acid, (c) gallic acid, (d) kaempferol, (e) catechin, and (f) resveratrol.
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Techniques developed to isolate polyphenols generally include
variations of preparative liquid chromatography, although these
methods have been described as tedious, time, and solvent-
consuming, as well as difficult to scale up [19–20]. Adsorption
preparative liquid chromatography (APLC) with cross-linked 12%
agarose gel (SuperoseTM 12 prep grade) has been highly recom-
mended for polyphenols’ isolation because it can be achieved in
one step, and it is easily scalable to industrial size. Agarose is also
stable to harsh chemical cleaning procedures [21–24]. High puri-
ties (87.2% � 99.4%) and recoveries (76.8% � 90.7%) can be
obtained in step isocratic elution using mobile phases containing
different proportions of water, ethanol (EtOH), and acetic acid
(HAc) [21–22].

Despite the promising results obtained for polyphenol’s isola-
tion using SuperoseTM 12 prep grade adsorption chromatography,
to our knowledge, there is no research regarding the adsorption
equilibrium of polyphenols on this matrix considering mixtures
of distilled water, ethanol, and acetic acid as mobile phase. This
research generates preliminary information for APLC experimental
optimization and scaling-up, resulting in a more efficient experi-
mental exploration. Specifically, the estimated adsorption iso-
therm parameters for each polyphenol in liquid phases of
different H2O:EtOH:HAc compositions, which represent the mobile
phases for polyphenols elution in APLC, are essential input data to
develop predictive mathematical models of isocratic and especially
gradient APLCs; these models are useful for process optimization
and scaling-up [25–26]. These models typically require system
parameters (e.g., porosity), mass transfer parameters (e.g., axial
dispersion), and adsorption equilibrium parameters (isotherm con-
stants), which define the elution time and consequently the
polyphenols’ separation [27–28]. Thus, detailed adsorption equilib-
rium studies are necessary to develop reliable predictive APLC
models.

Langmuir and Freundlich models are widely used to represent
the solid–liquid adsorption equilibrium, i.e., the relationship
between the concentration of adsorbate (polyphenols for this
work) in the liquid phase (H2O:EtOH:HAc) and on the adsorbent
(agarose), after reaching equilibrium at a constant temperature
[29–30]. Gauss-Newton, an iterative numerical method, allows fit-
ting experimental data to nonlinear functions, such as theoretical
Langmuir and Freundlich isotherms, minimizing the weighted
sum of squared errors [31]. The models and parameters fitted to
these isotherms by these methods are usually adequate, accurate,
and statistically significant. Additionally, from isothermal equilib-
rium parameters, it is possible to infer the characteristics of the
adsorbent surface and information regarding each adsorbate’s
interaction with both phases (solution and adsorbent). The ther-
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modynamic analysis, through the determination of enthalpy
change, isosteric adsorption enthalpy change, Gibbs energy
change, and entropy change, allows completing the process
description since these values reveal valuable information about
the process thermal nature, adsorbate-adsorbent bonding mecha-
nism, degree of process spontaneity, and uniformity of adsorbate
organization on the adsorbent surface [32–33].

This study aimed to explore and characterize the adsorption
behavior of six highly bioactive polyphenols representatives of dif-
ferent subclasses (FA a hydroxycinnamic acid, PCA a hydroxyben-
zoic acid, GA a hydroxybenzoic acid, KAE a flavonol, CAT a
flavanol, and RSV a stilbene) on highly cross-linked agarose.
Adsorption isotherms were fitted to experimental data and then
used to evaluate the effect of temperature and composition of
the liquid phase (H2O:EtOH:HAc) on each of the six studied
polyphenols’ adsorption capacity. The estimated isothermal equi-
librium parameters are helpful to develop APLC models for process
design, optimization, and scaling-up. The adsorption process was
further assessed through thermodynamic analysis.
2. Materials and methods

2.1. Solvents and polyphenols standards

Ethanol (gradient grade for liquid chromatography LiChrosolv�,
Merck S.A.) and glacial acetic acid (anhydrous for analysis
EMPARTA� ACS, Merck S.A.) were used to prepare liquid phases
where the polyphenols were dissolved. SuperoseTM 12 Prep Grade
(GE Healthcare Lifesciences), a highly cross-linked agarose with an
average particle size of 30 ± 10 mm, was used as an adsorbent. The
evaluated adsorbates, ferulic acid, protocatechuic acid, gallic acid,
kaempferol, catechin, and resveratrol, were purchased from Xi’an
Haoxuan Bio-Tech Co., Ltd. (Baqiao, China); additional information
on the chemical samples is shown in Table 1.
2.2. Batch adsorption system and experimental procedure

Adsorption isotherms were obtained using the Carousel 12
PlusTM Reaction Station (Radleys, Saffron Walden, UK) described
in [34]. Adsorption experiments were performed for each polyphe-
nol using liquids phases of different compositions (H2O:EtOH:HAc)
(Table 2). Polyphenolic solutions were prepared in the concentra-
tion ranges constrained by each compound’s water solubilities
(Table 2). The liquid phases used for the experiments differ
between the polyphenols due to the significant differences in their



Table 2
Some specifications for adsorption experiments: water solubility, concentration range of polyphenolic solutions, liquid phase composition, and absorbance reading.

Compound Water solubilitya

(mg/L water) at 20 to 25 �C
Polyphenol concentration
range (mmol/L liquid phase)

Liquid phase composition
(H2O:EtOH:HAc v/v)

Maximum
wavelength (nm)

FA 524.8 [35]
527.0 [36]

0.515–2.575
(100–500)b

90:5:5 (W90)
70:15:15 (W70)
50:25:25 (W50)
30:35:35 (W30)

325

PCA 18,521 [37]
29,400 [38]

6.488–38.931
(1000–6000)b

100:0:0 (W100)
70:15:15 (W70)
50:25:25 (W50)
30:35:35 (W30)

260

GA 9583 [39]
14,940 [40]

7.054–35.269
(1200–6000)b

100:0:0 (W100)
94:3:3 (W94)
80:10:10 (W80)
70:15:15 (W70)
30:35:35 (W30)

260
270

KAE 1.25 [41]
1.34 [42]

0.028–0.168
(8–48)b

70:15:15 (W70)
50:25:25 (W50)
30:35:35 (W30)

265

CAT 4544 [34]
7620 [43]

2.412–14.470
(700–4200)b

100:0:0 (W100)
94:3:3 (W94)
80:10:10 (W80)
70:15:15 (W70)
50:25:25 (W50)
30:35:35 (W30)

275

RSV 24.15 [44]
50.00 [45]

0.035–0.210
(8–48)b

100:0:0 (W100)
94:3:3 (W94)
80:10:10 (W80)
70:15:15 (W70)
30:35:35 (W30)

305

a values used as a reference in the definition of maximum concentrations of each polyphenol. b equivalent values in mg/L.

Table 1
Chemical sample description.

Sub-classes Chemical name CAS no. Formula Molar mass (g/mol) Puritya

Hydroxycinnamic acid Ferulic acid 1135–24-6 C10H10O4 194.19 �0.980
Hydroxybenzoic acid Protocatechuic acidGallic acid 99–50-3149–91-7 C7H6O4C7H6O5 154.12170.12 �0.990
Hydrobenzoic acid Gallic acid 149-91-7 C7H6O5 170.12 �0.990
Flavonol Kaempferol 520–18-3 C15H10O6 286.24 �0.980
Flavanol Catechin 154–23-4 C15H14O6 290.26 �0.980
Stilbene Resveratrol 501–36-0 C14H12O3 228.25 �0.980

Ethanol 64–17-5 C2H6O 46.07 �0.999
Acetic acid 64–19-7 C2H4O2 60.05 �0.997

a Informed by the corresponding chemical suppliers.
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solubilities. Isotherm curves were set up using 5 or 6 different ini-
tial concentrations of each polyphenol.

In the adsorption experiments, 0.005 g dry weight of cross-
linked 12% agarose was weighed (previously washed with distilled
water to displace the storage ethanol, moisture: 86.1%) in an ana-
lytical balance with a resolution of 0.0001 g and then added to the
glass tubes inside the Carrousel. Once the Carrousel system
reached a temperature of 20 �C, 0.005 L of the polyphenolic solu-
tions (at 20 �C) were poured into the corresponding flask. All glass
tubes were carefully capped to avoid evaporation. The solution-
adsorbent mixture was kept under agitation (500 rpm) at 20 �C
for 60 min (allowing equilibrium). Adsorption experiments were
previously followed for 6 h to define the equilibrium time. A signif-
icant change in the liquid phase polyphenol concentration was
observed during the first minutes (�5 min) and then remained
practically invariant (Fig. 1S). Once the adsorption equilibrium
was reached, the liquid and solid phases were quickly separated
using a polytetrafluoroethylene (PTFE) syringe filter with a pore
size of 0.45 lm and a diameter of 13 mm (Bonna-Agela Technolo-
gies, Delaware, USA). The filtrates were diluted, so polyphenol con-
centrations could be measured using an ultraviolet–visible
spectrophotometer (Reyleigh UV-1601, Beijing Beifen-Ruili Analyt-
3

ical Instrument Co. Ltd., Beijing, China). Each polyphenol’s absor-
bance was measured within the range of 200–600 nm to
establish the maximum wavelengths for spectrophotometric mea-
surements (Table 2).

A similar procedure was carried out to assess the effect of tem-
perature in polyphenols adsorption from a liquid phase (W70,
Table 2). In this case, the experiments were performed at 10 �C
and 30 �C, keeping the rest of the operating conditions invariable.

Calibration curves (R2 > 0.997) for each polyphenol in each liq-
uid phase were prepared to correlate absorbance and concentra-
tion. Increases in concentration during absorbance determination
due to evaporation were prevented by using cell caps. After the
concentration of the polyphenolic solutions was calculated, Ce
(mmol/L), the equilibrium adsorption capacity, qe (mmol/g), was
calculated using a mass balance,
qe ¼ C0 � Ceð Þ � V=mA ð1Þ
where V is the volume of the polyphenolic solution (L),mA is the dry
weight of agarose (g), and C0 is the concentration of the solution
before the adsorption process (mmol/L).
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2.3. Fitting of adsorption isotherm models

The adsorption isotherms describe the relationship between the
amount of polyphenol adsorbed on agarose (qe, mmol/g) and the
polyphenol diluted in the liquid phase (Ce, mmol/mL) at equilib-
rium. The most commonly used isotherm models, Langmuir and
Freundlich, were applied in our study to find which one represents
better the adsorption process of the studied system (polyphenol-
agarose-liquid phase). The Langmuir model assumes monolayer
adsorption and a fixed number of adsorption sites. It also assumes
that all adsorption sites are equal, and there is no interaction
between adsorbed molecules [46]. This model can be described as:

qe ¼ qmaxKLCe=ð1þ KLCeÞ ð2Þ
where qmax (mmol/g) is the maximum adsorption capacity and KL

(L/mmol) is the adsorption equilibrium constant.
The Freundlich model is often used to represent non-ideal

adsorption. It is characterized by multilayer formation, heteroge-
neous surface, and irregular heat adsorption distributions [47].
The equation that describes the Freundlich isotherm is:

qe ¼ KFC
1=n
e ð3Þ

where KF (mmol/g)(L/mmol)1/n and n are model parameters associ-
ated with adsorption capacity of the adsorbent and adsorption
intensity or degree of surface heterogeneity, respectively [46].

Model parameters were estimated through nonlinear weighted
regression where the weighted sum of the squares of the distances
of the data points to the modeled curve (WSSE) Eq. (4) was mini-
mized by Minitab� Statistical Software v.19 using a Gauss-Newton
iterative algorithm (maximum number of iterations: 200 and conver-
gence tolerance: 0.00001). Initial values of the parameters that
allowed convergence to the minimum values were: [0.1 0.1] and
[11] for Langmuir and Freundlich parameters, respectively.

WSSE ¼
XN
i¼1

wi qcalc � qexp

� �
i

2 ð4Þ

where qcalc is the adsorbed polyphenol value calculated by the model,
qexp is the experimental measurement of the adsorbed polyphenol, N
represents the number of data points, and wi is the weight assigned
to each observed point. The reciprocal coefficient of variation (CV)
of each observation’s replications is generally considered an appropri-
ate weight because observations with small experimental errors
weigh more, and observations with large experimental errors weigh
less; this compensates for the heteroscedasticity of the residuals.

Discrimination between Langmuir and Freundlich fitted models
for each case was carried out according to several criteria. Three of
them referred to the residuals: the standard regression error (S, Eq.
(5)), the coefficient of determination (R2, Eq. (6)) and residual plots;
and three other criteria referred to the estimated parameters: cor-
relation matrix (C, Eq. (7)), confidence intervals (CI, Eq. (8)) and
confidence coefficient (CC, Eq. (9)). Although these criteria were
defined for linear functions, which underestimate the nonlinear
equation’s true uncertainty, they can be useful and accepted as a
valid approximation if interpreted correctly.

S is measured in the units of the response variable and repre-
sents how far the data values fall from the fitted values,

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WSSE=ðN � pÞ

p
ð5Þ

p is the number of model parameters.
R2 represents the ratio between the explained variance and the

total variance,

R2 ¼ 1�WSSE
SST

¼ 1�
PN

i¼1wi qcalc � qexp

� �2
PN

i¼1 qexp � q
�
exp

� �2 ð6Þ
4

q
�
exp is the mean of the experimental values of the adsorbed

polyphenol.
The correlation matrix of the parameter estimates (C) was used

to identify those parameters that were strongly correlated (|Cpq| >
0.99). Matrix C was calculated by Minitab� Statistical Software
v.19 based on the approximate variance–covariance matrix of the
parameter estimates:

C ¼ S2 R
0
R

� ��1
¼ R�1 R�1

� �0

ð7Þ

The approximate correlation between the estimates of hp and hq
is:

Cpq
� �

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CppCqq

q� �

R is the (upper triangular) matrix from the QR decomposition of
the Jacobian evaluated at hi (parameter estimate after iteration i)
for the final iteration. hp and hq represent the two estimated param-
eters of each model.

CI defines the range of values that are likely to contain the true
value of the model parameter (95% confidence). The function nl-
parci of MATLAB v. R2019a was used to determine the confidence
intervals based on the variability observed in the sample, the sam-
ple size, and the confidence level.

CI ¼ h� r � ta=2 ð8Þ
r is the standard deviation of the estimated parameter (vari-

ance–covariance matrix function), and ta/2 is the upper point of
the Student’s t distribution with N-p degrees of freedom.

CC was calculated according to [48]. A parameter was consid-
ered statistically significant (different from zero) when the follow-
ing criterion was fulfilled:

CC ¼ D CIð Þ=h < 2 ð9Þ
D(CI) is the width of the confidence intervals.

2.4. Thermodynamic analysis

Further understanding of the adsorption process can be
attained through thermodynamic analysis. The enthalpy change
(DH, kJ/mol), Gibbs free surface energy change (DG, kJ/mol), and
the entropy change (DS, kJ/mol K) can provide information related
to the energy changes that occurred on agarose after adsorption
and the mechanisms involved in this process [32]. The spontaneity
of the system was determined by evaluating DG at equilibrium
conditions, as was done for the solid–liquid adsorption of polyphe-
nols from Eucommia ulmoides oliv. leaves on macroporous resin
[49], sulforaphane on macroporous resin [50], polyphenols on
eucalyptus bark powders [51], and cadmium on orange peel [33]:

DG ¼ �RT lnKeq ð10Þ
where T is the absolute temperature (K), R is the ideal gas constant
(8.314 J/mol K), and Keq is the thermodynamic equilibrium constant
(dimensionless), which was calculated from the distribution coeffi-
cient, Kd (L/g), by plotting ln(qe/Ce) versus Ce and extrapolating to
zero [33]. To achieve a dimensionless constant, Kd was multiplied
by the q(T) of the liquid phase (H2O:EtOH:HAc), as proposed by
Milonjić [52]. The DH and DS values were determined by plotting
lnKeq against 1/T (the van’t Hoff equation, Eq. (11)) and multiplying
the slope and the intercept by R.

lnKeq ¼ �DH
R

1
T
þ DS

R
ð11Þ

This well-known equation is obtained by substituting Eq. (10)
into the Gibbs-Helmholz (Eq. (12)) equation and the fundamental
relation between DG, DH, and DS (Eq. (13)).
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@ DG
T

@T

� �
P

¼ �DH

T2 ð12Þ

DG ¼ DH � TDS ð13Þ
The enthalpy change of adsorption at a constant amount of

adsorbed adsorbate is defined as the isosteric adsorption enthalpy
change (DHx, kJ/mol). This important thermodynamic parameter
indicates the adsorption performance and the surface energy
heterogeneity [53]. The isosteric adsorption enthalpy change with
a constant surface coverage is obtained from the integrated
Clausius-Clapeyron equation and assuming that DHx is indepen-
dent of temperature, as follows:

lnCe ¼ DHx

R
1
T
þ K ð14Þ

where K is an integration constant. DHx can be determined from the
slope of the isosteres, plot of ln Ce versus 1/T. The different equilib-
rium concentrations (Ce) of the isosteres were obtained at a con-
stant adsorbed amount (q) at three temperatures.

Each parameter is presented with the corresponding combined
standard uncertainty (U) calculated as described in [54].

2.5. Statistical analysis

All the adsorptions and chemical analyses were performed in
triplicate (in some cases, additional repetitions were performed).
Experimental values obtained were presented as means ± SD, and
estimated parameters were presented with uncertainties. Statisti-
cal analysis was carried out using Minitab� Statistical Software
v.19 and MATLAB v. R2019a.

2.6. Three-component mixing experiments in APLC system

Additionally, experiments in the BioLogic DuoFlowTM Chro-
matography System (Bio-Rad) were carried out to contrast the elu-
tion order defined according to the adsorption affinities of each
polyphenol with the SuperoseTM 12. An aqueous mixture of gallic
acid, catechin, and resveratrol was prepared, which contained 1,
0.5, and 1.5 g/L, respectively. An Econo-Column (1x10 cm) was
packed with SuperoseTM 12 [55]. Two mobile phases were assessed
(W94 and W70, Table 2), which were pumped isocratically. The
mixture was injected into the system (0.2 mL) and eluted with a
1 mL/min mobile phase flowrate. The effluent was monitored at
three wavelengths simultaneously (270, 275, and 305, Table 2).

3. Results and discussion

3.1. Experimental adsorption isotherms

Adsorption isotherms of six polyphenols (FA, PCA, GA, KAE, CAT,
RSV) on agarose considering liquid phases with different composi-
tions (H2O:EtOH:HAc) at 20 �C were studied; the experimental
curves are presented in Fig. 2. According to the isotherm classifica-
tion system defined by Giles & Smith [56], based on the initial
slope form, all our curves followed the L-type shape, indicating
that as more sites on agarose are filled in, it becomes much more
difficult for a polyphenol molecule to find a vacant site. Also,
polyphenols are either horizontally adsorbed or show no strong
competition from the liquid phase.

The obtained isotherms show different shapes past the origin (a
subgroup of the Giles classification). The FA curves exhibit sub-
group L1 shapes due to the absence of an inflection point. This
absence means these curves are incomplete, probably because FA
initial concentrations in the liquid phases were not high enough.
Nevertheless, these high concentrations are not relevant for the
5

current study since they have not been found in natural sources.
Whereas GA, KAE, CAT, and RSV curves show subgroup L2 shapes,
having an inflection point, an apparent plateau (e.g., GA - W30), a
slight change in slope post the inflection point (e.g., CAT - W94), or
a continually rising curve (e.g., KAE - W50). Finally, PCA curves pre-
sent L4 shapes that are characterized by a second rise and a second
plateau. This behavior could have appeared due to a re-orientation
of the adsorbed PCA molecules (horizontal orientation at the first
plateau and vertical orientation at the second) or because a second
layer has been formed [56]. PCA curves did not agree with the the-
oretical isotherm models evaluated in this study. Consequently,
this polyphenol was not considered in the subsequent analyzes.
PCA isotherms could be analyzed by increasing the number of
observations in the first rise and considering only this region; the
second rise contains exceptionally high concentrations not found
in natural matrices.

The effect of the liquid phase composition on the adsorption
capacity was the same for all the polyphenols analyzed (Fig. 3).
At high water concentrations (W100 for GA, CAT, and RSV; W90
for FA; and W70 for KAE), the highest adsorption capacities were
observed, which decreased (in different proportions for each
polyphenol) with decreasing concentrations of water. RSV’s mean
maximum adsorption reached 93.6%, which was the highest of
the polyphenols evaluated here, followed by CAT (13.3%), FA
(4.5%), GA (3.1%), and finally KAE (2.8%). These results show the
high affinity of RSV with agarose, which in chromatography trans-
lates into a problematic elution that must necessarily be acceler-
ated with the decrease in water concentration in the mobile
phase [57]. On the other hand, GA or KAE, showing the lowest
affinities for agarose, would elute more efficiently, even with a liq-
uid phase with high water concentrations. This behavior was
observed by Tan et al. [58], who found that GA eluted
at � 170 min with a mobile phase of 5% EtOH and 5% HAc (W90)
while RSV elution required a gradient in the mobile phase with
30% EtOH and 30% HAc (W40) as the final mobile phase
at � 321 min.

The average adsorptions of GA, CAT, and RSV with the W70 liq-
uid phase were 0.8%, 2.6%, and 1.4%, respectively. The change from
W100 to W70 generated a more significant impact on RSV adsorp-
tion (reduced� 59 times) followed by CAT adsorption (reduced� 5
times) and GA adsorption (reduced � 3 times). Similarly, the
change from W70 to W30 generated more similar reductions on
the adsorptions of five polyphenols (�2–3 times less). With W30
liquid phase, most polyphenols (safe FA with 2.8%) only reached
an average adsorption of � 0.9%. Due to these low adsorptions,
W30 (or solutions with even less water) is an excellent mobile
phase to elute these polyphenols in APLC. The adsorption capaci-
ties of FA were similar with W30, W50, and W70; these liquid
phases reduced � 2 times the average maximum adsorption (4.5%).

The adsorption behavior against changes in liquid phase com-
position (decrease in water) can be attributed to polyphenols
solvophobicity. A greater polyphenol solvophobicity in a specific
liquid phase means a stronger tendency of liquid phase molecules
to push polyphenol molecules towards agarose. Silva et al. [59]
observed high polyphenol solvophobicities in liquid phases with
high dielectric constants (water, eH2O = 78.5) and low solvophobic-
ities in liquid phases with low dielectric constants (ethanol and
acetic acid, eEtOH = 24.3 and eHAc = 6.15). The liquid phase pH can
also affect the adsorption process, accelerating or delaying the frac-
tions elution in an APLC system. High acetic acid concentrations in
the liquid phase could be responsible for adsorption reduction
since it reduces the available sites for polyphenols adsorption.
Interaction of acetate ions and delocalized electrons from the agar-
ose surface could also influence the process [20]. However, the
addition of EtOH:HAc in fixed proportions generated liquid phases
without significant differences in their pHs, which reached values



Fig. 2. Equilibrium experimental data of the six polyphenols evaluated in 3–6 liquid phases with different compositions (W100, W94, W90, W80, W70, W50, and W30) at
20 �C. Each column corresponds to a given polyphenol: FA (ferulic acid), PCA (protocatechuic acid), GA (gallic acid), KAE (kaempferol), CAT (catechin), and RSV (resveratrol).

Fig. 3. Effect of liquid phase composition (W100, W94, W90, W80, W70, W50, W30, and W90; see Table 2) on polyphenol adsorption for the five studied polyphenols: FA
(ferulic acid), GA (gallic acid), KAE (kaempferol), CAT (catechin) and RSV (resveratrol). This effect for the first plateau of PCA is shown in Fig. 2S.
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Table 3
Estimated parameters and the goodness-of-fit of Langmuir and Freundlich models.

Compound,
liquid phase/T
(�C)

Langmuir model Freundlich model

qmax (CC) KL (CC) S (S%) R2 |C| KF (CC) n (CC) S (S%) R2 |C|

FA W90/20 4.98E-01 (1.22) 1.09E-01
(1.42)

1.23E-03 (2.0) 0.9992 0.9988b 4.93E-02 (0.06) 1.17E+00 (0.14) 9.86E-04 (1.6) 0.9996 0.7291

W70/20 5.59E-01 (8.87)a 4.32E-02
(9.63)a

1.33E-03 (4.6) 0.9967 0.9998b 2.27E-02
(0.43)

1.03E+00
(0.61)

1.52E-03
(5.3)

0.9965 0.8990

W50/20 1.02E-01 (1.10) 2.77E-01
(1.71)

8.79E-04 (3.5) 0.9972 0.9941b 2.20E-02
(0.28)

1.43E+00
(0.51)

1.02E-03
(4.1)

0.9970 0.8976

W30/20 6.63E-02 (0.61) 5.17E-01
(1.15)

5.49E-04
(2.3)

0.9986 0.9837 2.23E-02
(0.17)

1.73E+00
(0.42)

5.75E-04
(2.4)

0.9987 0.8081

W70/10 2.01E-01 (0.40) 2.64E-01
(0.62)

9.03E-04
(1.9)

0.9992 0.9934b 4.09E-02
(0.10)

1.36E+00
(0.17)

1.10E-03
(2.3)

0.9991 0.8711

W70/30 7.24E-02 (1.58) 2.10E-01
(2.04)

1.35E-03
(9.1)

0.9828 0.9947b 1.22E-02
(0.36)

1.26E+00
(0.59)

1.83E-03
(10.1)

0.9747 0.8378

GA W100/20 9.44E-01 (0.26) 8.35E-02
(0.73)

5.13E-03 (1.1) 0.9997 0.9642 1.67E-01
(1.10)

2.42E+00
(0.84)

1.26E-02
(2.7)

0.9986 0.9909b

W94/20 5.77E-01 (0.25) 7.30E-02
(0.65)

2.45E-03 (0.9) 0.9998 0.9652 9.02E-02
(0.48)

2.30E+00
(0.35)

2.87E-03
(1.1)

0.9998 0.9903b

W80/20 5.41E-01 (0.36) 5.62E-02
(0.79)

3.08E-03 (1.3) 0.9996 0.9689 5.83E-02
(1.11)

1.93E+00
(0.67)

6.78E-03
(3.0)

0.9985 0.9881

W70/20 3.58E-01 (0.63) 6.47E-02
(1.64)

4.82E-03 (3.0) 0.9981 0.9707 5.15E-02
(1.76)

2.24E+00
(1.20)

7.79E-03
(4.9)

0.9962 0.9926b

W30/20 1.60E-01 (0.31) 9.62-E02
(0.88)

1.32E-03 (1.6) 0.9993 0.9479 3.13E-02
(1.09)

2.53E+00
(0.90)

2.77E-03
(3.3)

0.9978 0.9860

W70/10 6.56E-01 (0.30) 3.98E-02
(0.55)

2.95E-03 (1.3) 0.9997 0.9791 4.71E-02
(0.90)

1.68E+00
(0.48)

7.93E-03
(3.4)

0.9982 0.9878

W70/30 2.30E-01 (0.40) 3.78E-02
(0.76)

9.00E-04 (1.1) 0.9997 0.9847 1.71E-02
(0.98)

1.73E+00
(0.52)

1.81E-03
(2.3)

0.9992 0.9922b

KAE W70/20 4.54E-03 (0.66) 8.87E+00
(0.99)

2.76E-05 (2.6) 0.9984 0.9958b 1.20E-02
(0.65)

1.38E+00
(0.31)

3.63E-05
(3.4)

0.9977 0.9941b

W50/20 4.61E-03 (0.88) 3.62E+00
(1.27)

1.84E-05
(1.9)

0.9993 0.9959b 6.79E-03
(0.67)

1.33E+00
(0.42)

2.75E-05
(2.8)

0.9987 0.9871

W30/20 2.90E-03 (0.77) 6.12E+00
(1.36)

3.29E-05
(3.8)

0.9970 0.9871 4.81E-03
(0.85)

1.53E+00
(0.62)

5.15E-05
(5.9)

0.9941 0.9793

W70/10 5.69E-03 (0.64) 7.06E+00
(0.90)

3.74E-05
(3.2)

0.9977 0.9968b 1.34E-02
(0.53)

1.36E+00
(0.25)

4.58E-05
(3.9)

0.9972 0.9944b

W70/30 5.25E-03 (1.32) 6.15E+00
(1.72)

5.39E-05
(5.7)

0.9931 0.9967b 1.31E-02
(1.06)

1.26E+00
(0.44)

7.31E-05
(7.7)

0.9898 0.9926b

CAT W100/20 1.44E+00
(0.17)

3.05E-01
(0.57)

1.20E-02 (1.5) 0.9993 0.9645 4.83E-01
(0.39)

2.83E+00
(0.52)

2.07E-02
(2.6)

0.9984 0.9839

W94/20 8.52E-01 (0.25) 3.37E-01
(0.87)

1.05E-02 (2.1) 0.9985 0.9350 2.98E-01
(0.16)

2.94E+00
(0.22)

5.02E-03
(1.0)

0.9997 0.9718

W80/20 7.77E-01 (0.22) 2.39E-01
(0.65)

5.88E-03 (1.5) 0.9994 0.9427 2.06E-01
(0.36)

2.40E+00
(0.39)

7.47E-03
(1.8)

0.9992 0.9725

W70/20 6.38E-01 (0.76) 7.71E-02
(1.38)

5.08E-03 (2.6) 0.9986 0.9897 6.21E-02
(1.06)

1.56E+00
(0.69)

8.30E-03
(4.2)

0.9970 0.9885

W50/20 3.08E-01 (0.35) 1.08E-01
(0.68)

1.57E-03 (1.3) 0.9995 0.9772 4.37E-02
(0.47)

1.80E+00
(0.37)

2.30E-03
(2.0)

0.9992 0.9784

W30/20 1.25E-01
(0.21)

2.63E-01
(0.66)

9.67E-04 (1.4) 0.9994 0.9371 3.75E-02
(0.61)

2.68E+00
(0.70)

2.00E-03
(2.9)

0.9979 0.9755

W70/10 7.26E-01 (0.47) 1.15E-01
(0.90)

5.51E-03 (2.0) 0.9990 0.9802 1.05E-01
(0.70)

1.78E+00
(0.58)

9.68E-03
(3.5)

0.9976 0.9772

W70/30 4.02E-01 (0.63) 8.63E-02
(1.12)

2.64E-03 (2.0) 0.9991 0.9834 4.18E-02
(0.84)

1.56E+00
(0.58)

4.59E-03
(3.4)

0.9978 0.9770

RSV W100/20 2.17E-01 (0.19) 1.40E+02
(0.72)

7.00E-03 (7.3) 0.9902 0.9609 5.83E-01
(0.88)

2.97E+00
(0.68)

8.58E-03
(9.0)

0.9883 0.9816

W94/20 3.74E-02 (0.28) 2.05E+01
(0.77)

3.54E-03 (1.9) 0.9991 0.9556 6.14E-02
(0.56)

2.52E+00
(0.58)

5.54E-04
(3.0)

0.9983 0.9799

W80/20 2.15E-02 (1.24) 6.18E+00
(2.03)

3.18E-04 (4.9) 0.9953 0.9874 3.75E-02
(1.31)

1.48E+00
(0.89)

4.86E-04
(7.5)

0.9918 0.9801

W70/20 8.32E-03 (0.58) 2.39E+00
(0.75)

9.20E-06
(0.7)

0.9999 0.9967b 1.02E-02
(0.26)

1.23E+00
(0.15)

1.13E-05
(0.9)

0.9999 0.9807

W30/20 1.29E-03 (0.21) 8.26E+00
(0.69)

3.70E-06 (0.8) 0.9999 0.9842 2.05E-03
(0.49)

1.80E+00
(0.41)

6.10E-06
(1.4)

0.9997 0.9836

W70/10 7.47E-03
(0.21)

4.40E+00
(0.32)

9.70E-06
(0.5)

0.9999 0.9911b 1.18E-02
(0.45)

1.38E+00
(0.27)

3.65E-05
(2.0)

0.9994 0.9782

W70/30 3.02E-03
(0.14)

5.43E+00
(0.22)

2.60E-06 (0.3) 1.0000 0.9891 4.79E-03
(0.40)

1.51E+00
(0.27)

1.14E-05
(1.3)

0.9997 0.9813

a statistically non-significant parameter.
b Highly correlated parameters.
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Fig. 4. Temperature effect on polyphenols adsorption on agarose from W70 liquid phase for FA (ferulic acid), GA (gallic acid), KAE (kaempferol), CAT (catechin), and RSV
(resveratrol). This effect for the first plateau of PCA is shown in Fig. 2S.
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of 2.66 (W94), 2.57 (W90), 2.42 (W80), 2.33 (W70), 2.18 (W50),
and 2.05 (W30). Only the liquid phase of pure water (W100) had
a difference in pH, whose value was 6.30.

Although there are several interactions of different physical nat-
ure between the molecules of the solute and the phases (size
exclusion, ion exchange, reverse phase, adsorption, and others),
which generate the delay of the solutes in the APLC, the adsorption
equilibrium isotherm is an adequate approximation to quantify
this phenomenon [28]. SuperoseTM 12 gel medium has been widely
used to isolate large biomolecules such as proteins by size exclu-
sion chromatography processes [60]. However, in our case, this
interaction could be ignored because the Mr range of the polyphe-
nols (170–290) was well below the optimal separation range (Mr
1000–300000) offered by the SuperoseTM 12 [55]. Therefore it
can be considered that for these polyphenols, the size exclusion
is too weak to affect the fractions delay.

Contrarily, the number of OH in the polyphenol molecular
structure delays its elution since this functional group forms
hydrogen bonds between the polyphenol and the SuperoseTM 12.
Then, the higher the number of OH, the stronger the retention
[61]. However, this relationship is often not so direct since the
OH’s position in the aglycone’s molecular structure also affects
retention. The molecular structures in which the OHs are distant
generate higher retention in the resin because these structures
favor hydrogen bonding with the Superose. In contrast, molecular
structures with their OHs closest to each other could form
intramolecular hydrogen bonds, as proposed for gallic acid [20].
Consequently, the spatial positions of this functional group on
the polyphenol structure must also be considered. Therefore, the
order of elution based on the number and position of the OH could
be: KAE and GA (4 OH) < FA (2 OH, one of them distant from the
8

benzene ring) < CAT (5 OH) < RSV (3 OH, 2 benzene rings apart)
(Fig. 1), which is consistent with the average adsorption percent-
age. It can be seen that FA is more strongly retained than KAE
and GA that have more OH in their structures due to the spatial
position of its OH. The same behavior is observed when CAT and
RSV are compared.

3.2. Models fitting

The estimated isothermal equilibrium parameters and the
goodness of fit statistics obtained by nonlinear weighted regres-
sion of Langmuir and Freundlich models for each isotherm (33
total) are presented in Table 3.

R2 values ranged between 0.9828 and 1.0000 for Langmuir and
between 0.9747 and 0.9999 for Freundlich. S values for both mod-
els were low; they represented<10.0% of the mean of the endoge-
nous variable (qe). Together with residual plots, these results
indicate that both isotherm models fitted correctly to all experi-
mental curves and were adequate models because their residuals
were independent and normally distributed. In most cases, except
for FA-W90, FA-W30, and CAT-W94, Langmuir fitted models
achieved a slightly higher R2 and a slightly lower S than Freundlich
fitted models. However, these statistics were not discriminant
enough to choose Langmuir as the best model, given the minor dif-
ferences in their values (DR2

max = 0.0081 and DSmax = 3.2%).
Statistical criteria referring to estimated parameters (CI, CC, and

|C|) provided additional information to choose the best-fit model.
The fitted parameters of both models for the studied polyphenols
were statistically significant (CC < 2), except those of FA-W70-
20 �C of the Langmuir model, whose CCs were high (8.87 for qmax

and 9.63 for KL) respectively. Freundlich parameters were more



Fig. 5. Plots of ln(qe/Ce) versus qe to calculated Keq (left column) and van’t Hoff plots (right column) for the five polyphenols (FA, GA, KAE, CAT, and RSV). ▲: 10 �C, d: 20 �C,
and j: 30 �C.
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accurate for FA and KAE isotherms than Langmuir’s since CIs of Fre-
undlich parameters were significantly smaller. For CAT and RSV,
model parameters showed the same trend, but CIs of Freundlich
model parameters were only slightly smaller in these cases. For
GA isotherms, parameter CIs of both models were almost the same
size. The parameter correlation matrix (|C|) is helpful to identify
non-determinable model parameters, i.e., those that are correlated.
Most FA and KAE Langmuir isotherms (except two, see Table 3)
presented highly correlated parameters (|C| � 0.9934); therefore,
this supports that the Freundlich model represents better the
adsorption of these two polyphenols on agarose. Similarly, Fre-
undlich represents the RSV isotherms better since Langmuir con-
9

tains highly correlated parameters in two isotherms, and the |C|
Langmuir values were larger than Freundlich in five isotherms.
Langmuir is the best-fit model for GA and CAT since all isotherm’s
parameter correlations were lower than Freundlich, which showed
highly correlated parameters in three GA isotherms (W100, W94,
and W70 at 20 �C).

It is worth mentioning that the overall difference between the
twomodels was not evident with our data; hence, both can be used
to represent the isothermal adsorption of the studied polyphenols
on agarose adequately. Previous studies have also shown good
agreement between these two models and specific equilibrium
data [62–64].



Table 4
Thermodynamic parameters for the adsorption of five polyphenols on agarose.

Compound T (�C) Keq ± U DG ± U(kJ/mol) DH ± U (kJ/mol) DS ± U(J/mol K) R2

FA 10 49.0 ± 2.7 �9.16 ± 0.13 �49.3 ± 4.4 �141 ± 15 0.9947
20 26.2 ± 2.8 �7.96 ± 0.26
30 12.3 ± 1.6 �6.32 ± 0.34

GA 10 22.59 ± 0.20 �7.339 ± 0.021 �39.6 ± 2.9 �114 ± 10 0.9945
20 13.7 ± 1.2 �6.37 ± 0.21
30 7.44 ± 0.16 �5.058 ± 0.055

KAE 10 41.87 ± 0.42 �8.792 ± 0.024 �11.2 ± 1.1 �8.7 ± 3.6 0.9913
20 34.7 ± 1.2 �8.643 ± 0.088
30 30.6 ± 1.6 �8.62 ± 0.13

CAT 10 64.6 ± 3.9 �9.81 ± 0.14 �28.2 ± 1.1 �64.8 ± 3.7 0.9985
20 44.1 ± 1.8 �9.23 ± 0.10
30 29.3 ± 1.3 �8.51 ± 0.12

RSV 10 30.54 ± 0.35 �8.049 ± 0.027 �25.7 ± 3.4 �63 ± 12 0.9826
20 19.37 ± 0.56 �7.224 ± 0.070
30 14.87 ± 0.18 �6.804 ± 0.030
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The n parameter values in the Freundlich model can indicate
whether the adsorption is irreversible (10 < n), very favorable
(2 < n < 10), moderately favorable (1 < n < 2) and unfavorable
(n < 1) [33,65]. In most cases, the five polyphenols had moderately
favorable adsorptions. A few cases showed very favorable adsorp-
tion (n higher than 2 with nmax = 2.979). Moderate adsorptions are
suitable for chromatography, where analytes should be retained
momentarily to achieve differentiated elution. In addition, n
inverse value in the range 0–1 is a measure of adsorbent surface
heterogeneity, being more heterogeneous as n inverse value gets
closer to zero [47,66]. Therefore, the agarose surface exhibited a
slight heterogeneity in all cases because n inverse values were
far from zero (1/n > 0.5 for most cases and 1/n > 0.35 only for 9
of 33 cases). The adsorption capacities (KF) and the maximum
adsorption capacities (qmax) of all the well-fitted Langmuir models
decreased with ethanol and acetic acid, verifying that adsorption is
higher when the liquid phase has greater water proportion, as pre-
viously discussed. These isothermal equilibrium parameters pro-
vide information on the type of polyphenol-agarose-liquid phase
interactions. They can also be used to develop first-principles mod-
els to optimize and scale-up APLC systems.

3.3. Thermodynamic analysis

Adsorption experiments of the five polyphenols on agarose
using the W70 liquid phase (70:15:15 v/v, H2O:EtOH:HAc) were
performed at three different temperatures: 10, 20, and 30 �C
(Fig. 4). For all the evaluated polyphenols, the adsorption was
reduced with increasing temperature, confirming the exothermic
characteristic of the adsorption process. This behavior was
expected since almost any adsorption process is exothermic, where
the total energy released at the adsorbent-adsorbate junction is
larger than the total energy absorbed by bond breakage [67]. An
increase in 10 �C (from 10 to 20 �C) reduces the average percentual
adsorptions of the five polyphenols. FA was the most affected with
a reduction of 34.8%, followed by GA, RSV, and CAT with similar
adsorption reductions equal to 29.6%, 28.8%, 28.6%, respectively;
KAE was the least affected (7.0%). Similarly, an increment of
20 �C (10 to 30 �C) reduced the average adsorptions by 67.1% for
FA > 65.5% for GA > 57.7% for RSV > 51.6% for CAT > 17.9% for KAE.

The enthalpy (DH) and entropy (DS) of adsorption were deter-
mined from Fig. 5, whose values are summarized together with
the Gibbs energy (DG) values (calculated from Eq. (10)) in Table 4.
The isosteric enthalpy (DHx) of adsorption was computed from
Fig. 6 and is shown in Table 5. All these thermodynamic parame-
ters appear with their respective combined standard uncertainty.
For all cases, the negative values of DH suggest that the adsorption
processes were exothermic and that an increase in temperature
10
hindered the adsorption process. The |DH| value also indicates if
the process is ruled by chemisorption (80–200 kJ/mol) or
physisorption (2.1–20.9 kJ/mol) [67]. KAE adsorption was the only
process completely ruled by physisorption, which makes KAE-
agarose binding interactions relatively weak. Additionally, KAE
was the polyphenol with less affinity towards agarose among the
five studied polyphenols. The adsorption enthalpies of FA, GA,
CAT, and RSV, were higher than the values established for
physisorption and lower than those for chemisorption, then these
can be attributed to a physicochemical adsorption process. This
idea is supported by the fact that hydrogen bonding energy (ph-
ysisorption) is usually in the range of 8 – 50 kJ/mol [63], and
cross-linked 12% agarose provides many hydrogen bonds acceptor
sites for the polyphenol’s hydroxyl groups. Hence, hydrogen bond-
ing has been established as the dominant adsorption factor in
polyphenol-agarose systems [58,60]. Hence, no structural changes
occurred on agarose, and no desorption limitations were involved
[32]. In the adsorption of FA and GA (both with the highest abso-
lute values of enthalpy, see Table 4), multiple hydrogen bonding
FA-agarose and GA-agarose could have been involved [63]. Fur-
thermore, since hydrogen bonding energy strongly depends on
the distance of the atoms involved [68], it may also be possible that
the hydrogen bonds formed by FA and GA with agarose are much
closer to the surface than those formed by KAE, CAT, or RSV. The
|DHx| value (Table 5) corroborated that FA, GA, CAT, and RSV
adsorptions were not ruled by chemisorption since |DHx| values
lower than 80 kJ/mol were established for physisorption and |
DHx| values between 80 and 400 kJ/mol indicate the possible pres-
ence of chemisorption [53]. In addition, according to the variation
of |DHx| with the surface coverage (adsorption capacity) (Table 5),
the degree of heterogeneity of the adsorbent surface can be con-
firmed, while a constant value of |DHx| would indicate a homoge-
neous surface [67,69]. In this study, a slight degree of
heterogeneity of the agarose surface can be attributed because
the variation of |DHx|was moderate in all cases, which agreed with
that indicated by the isothermal parameter n.

Negative values of DG (Table 4) indicate that the adsorption
process was spontaneous and thermodynamically feasible for all
the studied cases [67]. Polyphenol’s adsorption was more sponta-
neous and more favorable energetically at lower temperatures.
Negative values of DS, for all cases studied, indicate that polyphe-
nol molecules were organized less randomly (more ordered) at the
polyphenol-agarose interface during the adsorption process
(DS < 0 means less random and DS > 0 means more random)
[67,70]. |DS| value of KAE adsorption was lower than those of
CAT and RSV adsorption and much lower than those of phenolic
acids adsorption (FA and GA). It could be speculated that the lower
|DS| of KAE is related to the higher –OH moieties of KAE, in which



Fig. 6. Plots of ln(Ce) versus 1/T for adsorptions of FA, GA, KAE, CAT, and RSV on
agarose. ▲, d, j,., *, and r represent the six constant adsorbed amounts (q)
defined in the concentration range of each polyphenol (Table 5).

Table 5
The isosteric adsorption enthalpy change of five polyphenols on agarose.

Compound q (mmol/g) DHx ± U(kJ/mol) R2

FA 1.5E-02 �58.06 ± 4.01 0.9953
2.0E-02 �56.98 ± 0.73 0.9998
2.5E-02 �56.1 ± 1.8 0.9990
3.0E-02 �55.5 ± 3.9 0.9951
3.5E-02 �54.9 ± 5.6 0.9895
4.0E-02 �54.4 ± 7.2 0.9829

GA 2.0E-01 �64.9 ± 9.5 0.9585
2.5E-01 �65.4 ± 8.5 0.9832
2.8E-01 �65.6 ± 6.1 0.9917
3.1E-01 �65.9 ± 3.8 0.9968
3.4E-01 �66.1 ± 1.7 0.9993
3.7E-01 �66.25 ± 0.18 1.0000

KAE 1.3E-03 �8.7 ± 1.6 0.9680
1.5E-03 �8.3 ± 1.2 0.9785
1.6E-03 �8.02 ± 0.93 0.9869
1.8E-03 �7.73 ± 0.64 0.9931
1.9E-03 �7.46 ± 0.38 0.9974
2.1E-03 �7.21 ± 0.14 0.9996

CAT 1.0E-01 �36.3 ± 1.1 0.9991
1.4E-01 �38.96 ± 0.11 1.0000
1.8E-01 �42.3 ± 1.6 0.9986
2.2E-01 �46.6 ± 3.5 0.9943
2.6E-01 �52.5 ± 6.3 0.9857
3.0E-01 �61.0 ± 9.8 0.9711

RSV 1.3E-03 �8.7 ± 1.6 0.9680
1.5E-03 �8.2 ± 1.1 0.9815
1.7E-03 �7.82 ± 0.73 0.9913
1.9E-03 �7.46 ± 0.38 0.9974
2.1E-03 �7.13 ± 0.11 0.9999
2.3E-03 �6.84 ± 0.22 0.9990
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more spatial configurations are available for the adsorption of this
compound on the surface. Hence, the order of the system does not
change as much as when only one or two spatial configurations are
available (as in the case of the phenolic acids).

R2 is the coefficient of determination of the van’t Hoff plot, and
U is the combined standard uncertainly.
3.4. Three-component mixing experiments in APLC system

According to the adsorption values calculated for the five
polyphenols independently in a batch system, the order of elution
of the fractions from an APLC system could be established as
11
KAE < GA < FA < CAT < RSV (elution times). These results also sug-
gest that the elutions of the five polyphenols are feasible and favor-
able for the APLC system with SuperoseTM 12-H2O:EtOH:HAc
phases. Only RSV would present a more significant delay in its elu-
tion according to its high percentage of average adsorption calcu-
lated. Therefore its elution can be accelerated with the addition
of EtOH:HAc to the mobile phase. Based on these assertions and
corroborating them, an aqueous mixture of GA, CAT, and RSV
was fractionated in an APLC system with SuperoseTM 12 as the sta-
tionary phase and the liquid mixtures W94 and W70 as mobile
phases. The fractions eluted from the APLC system in the same
order (GA < CAT < RSV) suggested by the adsorption analysis in
batch system of individual polyphenols (Fig. 7, left and right). It
was also evidenced that resveratrol had a significantly higher delay
than the other polyphenols studied, especially for the mobile phase
with higher water content (Fig. 7, left). According to the adsorption
equilibrium analysis in the batch system, the mobile phase compo-
sition affects the studied polyphenols differently. In the APLC sys-
tem, it could be seen that the change fromW94 to W70 accelerates
the elution of GA in � 4 min, CAT in � 9 min, and RSV in � 39 min.
This difference can be used to find the optimal path of the mobile
phase gradient applying a predictive mathematical model. This
optimization can accelerate the elution of RSV while maintaining
the high resolution of the other fractions (GA and CAT).
4. Conclusions

Adsorption of five relevant low molecular weight polyphenols
on SuperoseTM 12 prep grade from liquid phases with different
compositions (H2O:EtOH:HAc) was explored and characterized.
Each polyphenol was independently evaluated with three or six
liquid phases to simulate the different mobile phases used in iso-
cratic and gradient APLCs. Fitting experimental values to standard
isotherm models (Langmuir and Freundlich) allowed estimating
significant and uncorrelated parameters for 33 different cases.



Fig. 7. Isocratic adsorption chromatography of a mixture of gallic acid, catechin, and resveratrol on SuperoseTM 12 column. Mobile phase: 3% ethanol, 3% acetic acid, 94%
water (W94, left); and 15% ethanol, 15% acetic acid, 70% water (W70, right).
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These parameters, which have not been reported, are essential
input data for developing predictive theoretical models of the APLC
system.

Isotherms’ form (L-type) indicated that probably all these
polyphenols are horizontally adsorbed, there is no significant com-
petition with the liquid phase, and as the sites in agarose are filled,
adsorption becomes more difficult. Different affinities of the
polyphenols with agarose were observed.

Polyphenols had different affinities for SuperoseTM 12, which is
favorable for isolating these compounds by APLC. The hypothetical
elution order (GA < CAT < RSV) determined from the adsorption
analysis was corroborated with experiments in an APLC system.
Lowering the water proportion or increasing the EtOH:HAc propor-
tion in the liquid phase reduced the adsorption of the studied
polyphenols. The same effect had the increase in temperature. This
reduction was different for each polyphenol, which can accelerate
the elution of RSV without impairing the resolution of CAT and GA
in the APLC process. The W30 mixture reduces the adsorption of
four polyphenols (except FA) up to � 0.9%; hence, this mobile
phase can be used in the last elution step in gradient APLC to accel-
erate the elution of all fractions that were already separated.

The goodness of fit statistics (R2 and S) indicated that both iso-
therm models were adequate and fitted all experimental curves
correctly. However, the statistics referring to the parameters (CC,
CI, C), especially C, indicated that the Freundlich model represented
better FA, KAE, and RSV adsorptions, while the Langmuir model
was better for GA and CAT. It should be mentioned that the differ-
ences between models were not significant in some cases.

The thermodynamic analysis indicated that the adsorption pro-
cesses were exothermic (negative values of DH), spontaneous,
thermodynamically feasible (DG < 0), and governed by physisorp-
tion. In addition, the adsorbed polyphenols were less randomly
organized (more ordered) than those in solution (DS < 0). This
characterization reaffirms that the SuperoseTM 12 is a suitable sta-
tionary phase to fractionate polyphenols in an APLC system.
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