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Interactions between polyphenols and dietary fiber might play an important role in
polyphenol bioactivities. These interactions can be studied through adsorption processes.
The aim of this study was to investigate the adsorption of phenolic acids (p-coumaric
acid, caffeic acid, chlorogenic acid) onto dietary fiber — B-glucan. Adsorption was carried
out at different temperatures (25, 37, and 45 °C) and pH values (1.5, 5.5, and 10).
Non-linear isotherm adsorption models (Langmuir, Freundlich, Dubinin-Radushkevich,
Temkin, Hill) were applied to analyze the data. Experimentally determined adsorption
capacities showed some fluctuations with temperature and pH. Adsorption isotherms
modelled the experimentally determined adsorption capacities well. According to iso-
therm parameters, it can be suggested that the adsorption was a physical process with
non-covalent bonding at all temperatures and pH. Thermodynamic parameters showed
that the adsorption was spontaneous (except for chlorogenic acid) and exothermic. Ad-
sorption isotherms and thermodynamics gave useful information about phenolic acid —

B-glucan interactions.
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Introduction

Polyphenols are secondary plant metabolites
that have shown numerous positive bioactivities' .
More recent studies have also shown that they can
interact with macromolecules like proteins, carbo-
hydrates, and lipids in the digestive tract, which can
affect their bioactivities’”’. Namely, interactions
with other compounds in the digestive tract can af-
fect polyphenol accessibility for absorption (bioac-
cessibility), the actual amount that is being absorbed
(bioavailability), and therefore their bioactivities®.
For example, dietary fibers can interact with poly-
phenols, “carry” them to the lower parts of the di-
gestive tract® and by doing so, possibly influence
their bioactivities. That is why interactions between
dietary fibers and polyphenols are in the focus of
present studies.

To obtain more information about polyphenol
and dietary fiber interactions, the adsorption pro-
cess between polyphenols and dietary fibers has to
be studied. Adsorption is a process in which mole-
cules from the solution (adsorbate) adsorb onto the
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surface of the adsorbent’. The explanation of the
adsorption process includes various aspects of the
transportation of adsorbate, like transport of the ad-
sorbate from the solution to the adsorbent surface,
adsorbate diffusion across adsorbent liquid film, in-
traparticle diffusion, and adsorption and desorption
from the surface of the adsorbent'’. After reaching
the adsorption equilibrium, data about the adsorp-
tion process can be obtained (the amount of adsor-
bate adsorbed onto the adsorbent and the concentra-
tion that remains unadsorbed in the solution at
constant temperature), which can be modelled with
equations called adsorption isotherms®''>. Some
frequently used adsorption isotherm models are
Langmuir, Freundlich, Dubinin-Radushkevich,
Temkin, and Hill models. These models can provide
various information about the adsorption process,
such as the physical or chemical nature of the ad-
sorption, or the maximal predicted, theoretical ad-
sorption capacity®'.

One of the natural dietary fibers which can be
found in cereals, mushrooms, seaweed, and yeast is
B-glucan®. Earlier studies have shown that 3-glucan
can interact with polyphenols'*'®. Interactions be-
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tween various polyphenols and p-glucan'’, tea poly-
phenols and B-glucan'*!®, quercetin and B-glucan'®,
vanillin-inspired phenolic derivatives and B-glu-
can" have been investigated. Only some of these
studies have analyzed the experimental data with
the use of adsorption isotherms'*'8, However, inter-
actions between polyphenols and B-glucan are yet
to be completely understood. They can be affected
by environmental conditions, like pH and tempera-
ture or by the chemical structure of polyphenols or
B-glucan. In order to understand how polyphenols
bond to B-glucan, obtain the adsorption capacity,
and to understand how environmental conditions af-
fect interactions, further studies are necessary.
Moreover, by studying polyphenol — B-glucan inter-
actions, additional insight into dietary fiber — poly-
phenol interactions in general can be obtained.

The objective of the present research was to
study interactions between B-glucan and polyphe-
nols that belong to the phenolic acid subclass,
through the adsorption process. To understand the
influence of the environment on the adsorption pro-
cess, the adsorptions were conducted at three differ-
ent temperatures and at three pH values. Results
were analyzed with non-linear isotherm models
(Langmuir, Freundlich, Dubinin-Radushkevich,
Temkin, and Hill) to help understand the adsorption
process. Prediction of the adsorption process that is
more precise can be obtained by applying non-lin-
ear models, rather than linear models, to the experi-
mental results'’.

The thermodynamic parameters of adsorption
were calculated (standard reaction Gibbs energy,
standard reaction enthalpy, and standard reaction
entropy).

Materials and methods

Reagents and solutions

The methanol (HPLC grade) was purchased
from J. T. Baker (Netherlands). Other chemicals
were purchased from Sigma-Aldrich (St. Louis,
MO, USA) (p-coumaric acid — C9008 > 98 %, caf-
feic acid — C0625, > 98 %, chlorogenic acid —
C3878 > 95 %, B-p-glucan from barley — G6513 >
95 %). Sodium carbonate anhydrous and potassium
chloride were purchased from Gram-Mol (Zagreb,

HO HO

p-coumaric acid

Croatia). Folin — Ciocalteu reagent, sodium hydro-
gen phosphate dodecahydrate, sodium dihydrogen
phosphate dihydrate, and sodium bicarbonate were
purchased from Kemika (Zagreb, Croatia). Sodium
hydroxide pellets and hydrochloric acid (37 %)
were purchased from Avantor (Arnhem, Nether-
lands). Stock solutions of phenolic acid standards
were prepared in methanol in the concentration of
1000 mg L' (p-coumaric acid, caffeic acid, chloro-
genic acid). The B-glucan stock solution was pre-
pared in the concentration of 190 mg L' in distilled
water, heated for 15 min at 80 °C, and stored in a
refrigerator at 4 °C. The solution of pH 1.5 was pre-
pared using hydrochloric acid-potassium chloride
(0.1 M). The buffer of pH 5.5 was a phosphate buf-
fer, and of pH 10.0 a carbonate buffer (0.1 M).

Adsorption between phenolic acids
and B-glucan

Adsorption process was performed between
phenolic acids (p-coumaric acid, caffeic acid and
chlorogenic acid) (Fig. 1) and barley B-p-glucan in
single solution. Adsorptions between phenolic acids
and B-glucan were carried out according to proce-
dure from earlier study with some modifications'”.
The model solution in a plastic tube contained
B-glucan as the adsorbent (5 mg L), a phenolic
acid as the adsorbate (25 mg L), and buffer solu-
tion. The total volume of the model solution was
500 pL. Adsorption was performed for 16 h. Con-
centrations of phenolic acids and B-glucan were 25
and 5 mg L, respectively. Adsorptions were con-
ducted at three different temperatures (25 °C, 37 °C
and 45 °C, pH adjusted at 5.5). Temperature of 37 °C
was chosen since it is a human body temperature.
Adsorption at two additional temperatures 25, and
45 °C, enabled us to calculate thermodynamic pa-
rameters. To cover higher pH range, adsorption was
conducted at pH 1.5, 5.5 and 10, with temperature
adjusted to 37 °C. Phenolic acid concentrations in
plastic tubes were initial concentrations (¢, .. ,mgL™).
Solutions were vortexed (Grant Bio, Cambridge-
shire, England) and put in an incubator (Incubator
IN 30, Memmert, Schwabach, Germany). After re-
aching equilibrium (obtained experimentally, 16 h),
model solutions were centrifuged (Eppendorf Mini-
spin centrifuge, Eppendorf, Hamburg, Germany)
through polyethersulfon membrane (Vivaspin 500,

HO, CO.H
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Fig. 1 — Chemical structure of phenolic acids
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100-500 pL Sartorius, Goettingen, Germany). In
the solution that passed on the other side of
membrane, phenolic acids were determined using
the spectrophotometric Folin-Ciocalteu method (c,
mg L"). The same adsorption with the same condi-
tions was conducted without B-glucan, which repre-
sented a blank experiment. Phenolic acids that
passed through the membrane in the blank experi-
ment, were determined using spectrophotometric
Folin-Ciocalteu method validated in our laboratory
for each compound in single solution® (c,, mg L™").
The concentration of adsorbed phenolic acids (c,,
mg L") was calculated as:

cadsorbed - CO - ¢ (mg Lﬁl) (1)

The concentration of unadsorbed phenolic acid
at equilibrium (c, mg L") was calculated as:

sorbed’

Ce = cim’tial - cadsorbed (mg Lil) (2)

The g, (amount of adsorbed phenolic acids in
milligrams per gram of B-glucan) was calculated ac-
cording to eq. (3):

cadsorbed i Vm (3)

Vo Vi
where ¢, . is the concentration of adsorbed phe-
nolic acids (mg L), V_ is the total volume of a
model solution (L), y, is the B-glucan concentration
(g L"), and ¥ is the volume of model solution (L).
The same adsorption experiment was repeated with
various initial phenolic acid concentrations (25, 50,

75, 100, and 150 mg L") and B-glucan (5 mg L™).

q. =

Spectrophotometric Folin-Ciocalteu method

The phenolic acids in the adsorption experi-
ment were determined using the Folin — Ciocalteu
method?' according to our earlier developed and
validated procedure®. Aliquots of 20 uL of solution
after adsorption, 1580 pL of distilled water, 100 pL
of Folin — Ciocalteu reagent, and 300 pL of Na,CO,
(200 g L") were added into a glass tube. The result-
ing solution was mixed in the vortex (Grant Bio,
Cambridgeshire, England), incubated at 40 °C for
30 min (incubator Memmert IN 30, Schwabach,
Germany), and then analyzed spectrophotometrical-
ly at 765 nm (UV-Vis spectrophotometer UV 2005,
Selecta, Barcelona, Spain). A blank solution con-
taining 20 pL of distilled water instead of solution
after adsorption was used during the analysis. Cali-
bration curves were constructed for each individual
phenolic acid by using the same method, in the con-
centration range from 1 to 500 mg L'. The concen-
trations of phenolic acids after adsorption were de-
termined (mg L) using the constructed calibration
curves.

Adsorption isotherms

The amount of phenolic acids in milligrams ad-
sorbed per g of B-glucan (g,) and the phenolic acid
concentrations at equilibrium (c,) were modelled
using non-linear Langmuir (eq. 4), Freundlich (eq.
5), Dubinin-Radushkevich (eq. 6-9), Temkin (eq.

10), and Hill (eq. 11) adsorption isotherms®!-2>-24,
. QmKLc
Langmuir =-m *c 4
g =1, K.c. 4
Freundlich =K.c!" (%)

Dubinin-Radushkevich ¢, =g,exp(—p¢’) (6)

£=RTln (—S] (7)
C
1

= 2 ,3 3

Dubinin-Radushkevich becomes

q. = qsexp(—ﬂRsz Klni—sj J (9)

RT
Temkin g.=—— In(4c,) (10)
T
. q.c
Hill —_fm7e 11
4. Ky+cm (b

The g, is the amount of phenolic acids adsorbed
per gram of B-glucan at equilibrium state (mg g'),
c, is the phenolic acid concentration in the solution
at equilibrium (mg L"), K| is the Langmuir equilib-
rium constant of adsorption (L mg™') or apparent
affinity constant, ¢_ is the theoretical maximum ad-
sorption capacity of B-glucan (mg g'), K, is the
Freundlich constant indicative of the relative ad-
sorption capacity of B-glucan ((mg g™') (L mg™)'")),
1/n is the intensity of adsorption, ¢_is the theoretical
isotherm saturation capacity (mg g'), f is a con-
stant related to the adsorption capacity (mol® J2), ¢
is the Polanyi potential (J mol™), R is the gas con-
stant (8.314 J mol™! K™), T'is the temperature (K), £
is the adsorption mean free energy (J mol™), c_is
the theoretical saturation concentration or solubility
(mg L™), 4 is the equilibrium binding constant re-
lated to the maximum binding energy (L g!), appar-
ent Temkin adsorption potential, b is the heat of
adsorption (J mol™), n,, is the Hill cooperativity co-
efficient , and K is the Hill constant (mg L™).

Langmuir, Freundlich and Temkin equations
are two-parameter equations and nonlinear model-
ing was used to determine parameters K, and g _
from Langmuir, K, and 1/n from Freundlich, and b
and A4 from Temkin equation. Dubinin-Radushkev-
ich isotherm is a three-parameter model in which g,
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f and c_ can be determined with nonlinear model-
ing. The ¢, (mg L") represents a saturation concen-
tration, a concentration of non-adsorbed phenolic
acids in a theoretically saturated solution. Our ex-
periment was not constructed to measure in such
large theoretical concentrations, so the c_ values
were predetermined according to our data for C,

Due to predetermined ¢, Dubinin Radushkevich
isotherm was used to determine two parameters, g
and . The f was finally used to calculate mean free
energy of adsorption £ (eq. 8). Finally, two param-
eters were reported, ¢, and E. The Hill equation was
finally used to determine parameters ¢ _, n, and K.

Thermodynamic parameters

The standard reaction Gibbs energy (J mol ')
was calculated according to eq. 12:

G’ =-RTInK, (12)

where R is the gas constant (8.314 T mol ! K), T'is
absolute temperature, and K| is the Langmuir equi-
librium constant of adsorption for neutral adsor-
bates or adsorbates with very weak charges®” ex-
pressed in L mol . The Langmuir constant K, was
recalculated to a dimensionless parameter®. Stan-
dard reaction enthalpy and standard reaction entro-
py were calculated from linear Van’t Hoff equa-
tions*?** (eq. 13), which represents InK| vs 1/T:

—AH" AS°
+
RT R

Standard reaction enthalpy AH° was calculated
from the slope (-AH"/R), and standard reaction en-
tropy AS® from the intercept (AS’/R).

Ink, = (13)

Statistical analysis

All adsorption experiments were conducted in
two parallels, each concentration was measured
three times (n = 6). All calculations were performed
in MS Excel (Redmond, USA) software. Tool Solv-
er in MS Excel was selected for non-linear regres-
sion analysis of adsorption isotherms. The sum of
squared errors (SSE) of nonlinear least square re-
gression was calculated according to eq. 14, where
c,,and ¢g_, are the means of the measured c_ and g,
Values f (c a, b) is the nonlinear model function
with generic parameters a and b, and n, is number
of data points for the i initial concentration. Stan-
dard error of nonlinear regression was calculated
according to eq. 15. (where N is the total number of
observations, and £ = 1, 2 or 3 is the number of
parameters.

SSE=Y [0, ~f(cad)]  (14)

SSE
— 15
Y (15)

For statistical comparisons, a one-way analysis
of variance with post hoc Tukey test was performed
in Minitab (Pennsylvania, USA).

Results and discussion

Adsorption of phenolic acids onto B-glucan
(influence of temperature and pH)

Table 1 shows the amount of phenolic acid ad-
sorbed per mass of B-glucan (¢, mg g') determined
in the experiment with initial phenolic acid concen-
tration of 25 mg L, at three different temperatures
and three different pH values. The g, values were in
the range of 48 — 438 mg g'. It was difficult to
compare these results with literature, since p-glucan
can vary depending on the source (oats or barley),
molecular weight?’?, or even environmental factors
during growth of barley®, which can lead to great
difference in adsorption. In addition, the ratio of
polyphenol/B-glucan can affect g '*. Thus, earlier
studies have reported various values for ¢, in ad-
sorption onto oats B-glucan. Namely, standards of

Table 1 — Amount of phenolic acids adsorbed per g of [-glu-
can (q, mg g') at different temperatures (25, 37, 45 °C (pH
5.5)) and pH values (pH 1.5, 5.5, 10 (37 °C))

Polyphenol 4" meg)

25°C 37°C 45 °C
p-coumaric acid 313+13¢ 313+0° 111=0°
caffeic acid 48+3° 193£10° 9344°
chlorogenic acid 438+59° 1854120 345422°

pH 1.5 pH 5.5 pH 10
p-coumaric acid 195+1° 313+0° 296+7°
caffeic acid 374+25° 193+10° 340+0?
chlorogenic acid 253+£7° 185+12° 193+12°

Tukey test™*
Temperature pH

25 °c[37°c|45°C| 15 | 55 |
p-coumaric acid a a b b a a
caffeic acid c a b a b a
chlorogenic acid a b a, b a b a, b

q, values obtained from adsorption experiment with the initial
polyphenol concentrations 25 mg L™

*different letters in a column correspond to differences between
polyphenols at the same temperature or pH (obtained with post-
hoc Tukey test)

**different letters in a row correspond to differences between
temperature or pH for each polyphenolic compound separately
(obtained with post-hoc Tukey test)
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polyphenols found in tea adsorbed onto oat B-glucan
in the amount of 156 to 405 mg g ' '“. Tea polyphenols
adsorbed onto B-glucan at different pH values up to
116 mg g!' ¥ Some polyphenols adsorbed onto
plant cell walls up to 600 mg g 2%, 1200 mg g'7,
1000 mg g'3'. The adsorption in these studies is
similar to the results for adsorption of phenolic ac-
ids onto B-glucan in this study.

Furthermore, the g, for each phenolic acid
showed some significant fluctuations with tempera-
ture (Table 1). This was similar to earlier studies
that had shown that temperature influences the ad-
sorption of tea polyphenols'® or (-)-epigallocate-
chin-3-gallate' onto oat B-glucan or the adsorption
of procyanidins onto apple cell wall material®?. Fur-
thermore, some fluctuations in ¢, with pH from 1.5
to 10 could also be seen for each compound (Table
1). This was similar to earlier studies that had shown
that pH can influence the adsorption of (-)-epigallo-
catechin-3-gallate onto B-glucan in the range of pH
2 — 7" or tea polyphenols onto f3-glucan in the range
from pH 3 to 7'®. Phenolic acids like caffeic and
chlorogenic acid also showed pH dependence in the
adsorption process onto food-grade resin®.

To obtain a better insight into the adsorption
process, the adsorption capacity was measured for
more different initial concentrations of phenolic acids
at three different temperatures (25, 37, and 45 °C,
adjusted pH at 5.5), and three different pH values
(pH 1.5, 5.5 and 10, adjusted temperature 37 °C).
Those results are shown in ¢, vs g diagrams (Fig. 2
and 3). At different temperatures, all three phenolic
acids showed fluctuations with temperature (Fig. 2).
All phenolic acids showed slightly higher adsorp-
tion capacity at 25 °C. With increasing temperature,
the adsorption capacity decreased®?. At different pH
values, p-coumaric acid and chlorogenic acid
showed somewhat higher adsorption capacity at pH
10 (Fig. 3). In addition, it was found in literature
that adsorption capacity increased with increasing
pH14'

With the increasing concentration of phenolic
acids, the adsorption capacity increased, but slight
decrease in adsorption capacity was observed for
concentration of 150 mg L™ (Fig. 2 and 3). This
could be connected with desorption that occurs in
adsorption process®. At different temperatures, this
could be seen for p-coumaric acid at 25 °C, caffeic
acid at 25 and 37 °C, and chlorogenic acid at all
temperatures (Fig. 2). At different pH values, this
could be seen at pH 10 for p-coumaric acid, and at
pH 1.5 and 10 for caffeic acid (Fig. 3).

The adsorption of p-coumaric acid, caffeic
acid, and chlorogenic acid onto B-glucan showed
some fluctuations with temperature. Adsorption ca-
pacity fluctuations with temperature can be con-
nected to bond formation. It is known that hydro-
phobic interactions are an endothermic process**®

and accordingly, these interactions favor the in-
crease in temperature. If the increase in temperature
causes an increase in adsorption, it may indicate
that mostly hydrophobic interactions are involved
in the adsorption. H bond creation, on the other
hand, is an exothermic process. Therefore, if the ris-
ing temperature causes decreasing adsorption, this
may indicate the creation of H bonds***. Usually,
both types of bonds exist in the interaction. The cre-
ation of different bonds could have affected the
fluctuations of adsorption capacity with the tem-
perature in our study. The creation of non-covalent
bonds and interactions (like H bonds, Van der Waals
forces and hydrophobic interactions) between phe-
nolic acids and B-glucan in the temperature range
from 25 to 45 °C, are in accordance with the pre-
dicted physical adsorption by adsorption isotherm
models.

Furthermore, the influence of pH can be con-
nected to chemical structure of phenolic acids, their
functional groups, and the ratio of their deprotonat-
ed/protonated forms. Phenolic acids possess COOH
groups as well as different number of OH groups.
At lower pH, COOH and OH groups are in proton-
ated (nonionic) forms. Protonated OH groups are
important for the creation of H bonds at pH 1.5. As
pH increases, the ratio of deprotonated/protonated
functional groups (A7/A) increases as well. This
means that the attraction forces between dissociated
forms of phenolic acids and B-glucan at higher pH
can be stronger, which can explain the higher ad-
sorption capacity at higher pH in some cases (for
p-coumaric acid and chlorogenic acid). The pres-
ence of phenolic acids in different protonated or
deprotonated forms could have affected the adsorp-
tion at different pH!*!7-3,

Adsorption isotherm models at different
temperatures and pH values

The experimental results (c, vs g,) were ana-
lyzed with five different nonlinear adsorption iso-
therm equations: Langmuir, Freundlich, Dubi-
nin-Radushkevich, Temkin and Hill. The goal was
to fit experimental data well with those equations,
to determine their parameters with least possible er-
ror, and to possibly describe the adsorption process
with those parameters. Namely, from all of these
five models, parameters can be obtained: K| and ¢ _
from Langmuir, K, and 1/n from Freundlich, ¢_and
E from Dubinin-Radushkevich, b and 4 from Tem-
kin, and ¢ _, n, and K from Hill. These parameters
can predict useful, theoretical information about ad-
sorption, such as the apparent maximum predicted
adsorption capacity/saturation of B-glucan (¢, and
q), the apparent mean free energy (£) or whether
there is a cooperativity in the adsorption between
phenolic acids and B-glucan (n,)*.
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Table 2 reports parameters of isotherm models
at three temperatures (25, 37, 45 °C, pH 5.5). The
parameters g from both Langmuir and Hill and g
from Dubinin-Radushkevich can be used to gain in-
sight into the model predicted apparent maximum
adsorption capacities/saturation capacities of B-glu-
can’’*, The values of these parameters were from

025°C W37°C  45°C
800 - o
600 - ®
= " o
°n
1 ¢ = (]
én 400 _ 8 ]
= 200 -
Y
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2 4004 m
e o
200 { m
0 T T T 1
0 50 100 150 200
c.(mg L)
b)
025°C  W37°C  #45°C
800 -
600 - [
o %
&0 o & H
e 400 A
£ ¢ N g
T 2004 m
0 ; . . ;
0 50 100 150 200
c.(mg L)
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Fig. 2 — Data for adsorption isotherms (q, vs ¢, diagrams) at
25, 37, and 45 °C (pH 5.5). Data shown are means + standard

deviation of means. a) p-coumaric acid; b) caffeic acid; c)
chlorogenic acid.

518 to 778 mg g! at all temperatures, which is in
the range of experimentally determined g, values.
The parameter 1/n presents the intensity of the ad-
sorption. For all phenolic acids, the 1/n was lower
than 1, which suggests that the adsorption was fa-
vored for all phenolic acids at all three tempera-
tures. The parameter £ represents apparent mean
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Fig. 3 — Data for adsorption isotherms (q, vs ¢, diagrams) at
pH 1.5, 5.5 and 10 (37 °C). Data shown are means + standard
deviation of means. a) p-coumaric acid; b) caffeic acid; c)
chlorogenic acid.
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Table 2 — Apparent, theoretical, predicted parameters of Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, and Hill adsorp-
tion isotherms at 25, 37, and 45 °C (pH 5.5)

Langmuir Freundlich Rajgill:ﬁ;(llelz/-ich Temkin Hill
Phenolic acid :‘c\n ED %D :P:o %“ —%: %:D :‘:D 2
2 o= an o) on
Bl S| S |mIE|s | glE|s|E|2|S|E8|<|2&]s

§ M—‘ ) > I <& = @E Mc

o0

£

25 °C

p-coumaric acid 770 0.033 15 0.80 12 29 775 5245 35 40 90 24 778 089 25 22

caffeic acid 665 0.053 17 0.65 25 14 667 6000 15 45 120 19 699 0.75 25 21

chlorogenic acid 605 0.033 13 0.84 12 24 608 5898 16 49 135 13 609 092 20 9
37 °C

p-coumaric acid 520 0.048 6  0.81 12 16 518 5778 10 61 178 8 522075 10 5

caffeic acid 590 0.053 & 0.80 10 22 589 4821 21 50 140 9 590 0.81 5 10

chlorogenic acid 610 0.029 13  0.78 10 20 611 5981 15 47 122 15 613 093 35 18
45 °C

p-coumaric acid 585 0.029 10 0.76 13 13 589 6966 12 68 158 11 590 092 20 13

caffeic acid 518 0.040 16 0.75 15 18 520 4984 24 60 150 20 522 0.68 10 19

chlorogenic acid 525 0.010 13  0.88 8 29 527 5839 22 70 250 24 530 0.75 15 15

S represents standard errors reported as values 10

Table 3 — Apparent, theoretical, predicted parameters of Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, and Hill adsorp-
tion isotherms at pH values 1.5, 5.5, 10 (37 °C)

Dubinin-

Langmuir Freundlich Radushkevich Temkin Hill
Phenolic acid | % | ‘o ? oz ) % 5
enolic aci o 0 Lo I = = Lo "

o g s 2 0 ) en

Bl S| s |mi¥z| s | g El s i 2| S| E|lm]| B S

SE :4_1 ﬁ 7 I < ~ § Mﬂ

g
1.5

p-coumaric acid 520 0.020 9  0.78 10 6 522 5556 12 69 163 11 521 079 20 14

caffeic acid 626 067 10 087 10 21 628 6466 12 42 130 11 629 0.75 8 19

chlorogenic acid 520 0.10 8 074 15 14 521 6511 8 80 295 7 523 085 10 9
5.5

p-coumaric acid 520 0.048 6  0.81 12 16 518 5778 10 61 178 8 522 075 10 5

caffeic acid 590 0.053 8 0.80 10 22 589 4821 21 50 140 9 590 0.81 5 10

chlorogenic acid 610 0.029 13  0.78 10 20 611 5981 15 47 122 15 613 093 35 18
10

p-coumaric acid 720 0.045 8  0.88 17 3 725 6718 11 35 65 9 722 091 15 10

caffeic acid 462 0.033 14 080 10 23 460 4767 24 82 482 14 461 089 15 14

chlorogenic acid 1540 0.022 34 082 25 5 1542 6236 4 20 30 4 1545 0.86 30 4

S represents standard errors reported as values -10#
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Table 4 — Thermodynamic parameters for the adsorption of phenolic acids and [-glucan

AG AH® s°
A
Polyphenol (J mol™") R
(J mol ™) (J mol'K™)
25°C 37 °C 45 °C

p-coumaric acid -21311 -23135 —22399 0.0136* 2385 64
caffeic acid -22716 -23630 —23495 0.6278 —10063 43
chlorogenic acid -23218 -23819 -21617 0.7202 —43465 67

*1n these cases, the data were inconsistent with a linear fit

free energy of adsorption. All free energies of ad-
sorption were lower than 8000 J mol™!, which indi-
cates a physical bond creation between phenolic
acids and B-glucan, like H bonds or Van der Waals
forces® at all three temperatures. The creation of
these non-covalent bonds is in agreement with ear-
lier studies '*'%*. The parameter n, is lower than 1
for all studied phenolic acids at all temperatures,
which suggests a negative cooperation in the ad-
sorption. This means that when a molecule of phe-
nolic acid is adsorbed onto the surface of B-glucan,
the affinity for other molecules decreases. Temkins
parameters b, and 4 are shown in relation to ¢, in
Fig. 3. The parameter b, Temkin’s apparent heat of
adsorption, and parameter 4, apparent maximum
bonding energy, both decreased as ¢, increased,
suggesting that compounds with higher maximum
adsorption capacities had lower apparent adsorption
heat (Fig. 3).

Table 3 reports parameters of isotherm models
at three pH values (pH 1.5, 5.5, 10, at 37 °C). Pa-
rameters ¢ from Langmuir and Hill, and g _ from
Dubinin-Radushkevich 1s0therm were in the range
from 460 to 1545 mg g!, which is in the range of
experimentally determined g, values or somewhat
higher. For all phenolic acids, the 1/n was lower
than 1, which suggested that the adsorption was fa-
vored for all phenolic acids at all pH. The mean free
energy of adsorption £ was lower than 8000 J mol™!
at all pH, which still indicated physical bonds be-
tween phenolic acids and B-glucan. The apparent
heat of the adsorption b, and bonding energy 4, de-
creased as ¢, increased, suggesting that compounds
with higher maximum adsorption capacities had
lower apparent adsorption heat (Fig. 4). The n,, was
lower than 1 at all pH values, which suggested a
negative cooperation in adsorption. As already men-
tioned, this means that when a molecule of polyphe-
nol is adsorbed onto the surface of B-glucan, the
affinity for other molecules decreases.

Furthermore, predicted parameters ¢ _ from
Langmuir and Hill models, g from Dubinin-Radu-
shkevich model were correlated to experimentally
determined g, to see how well the predicted values
described the experimental values (Fig. 5). Predict-
ed values g and g_ correlated well with the experi-

mentally determined ¢, at different temperatures
and pH, with high R? (0.9562 to 0.9999). This sug-
gested well conducted modelling process.

Thermodynamics

Thermodynamic parameter AG® is shown in Ta-
ble 4, together with AS® and AH° obtained from the
Van’t Hoff plots. It should be mentioned that the
calculation of these thermodynamic parameters in-
volves the use of constants from Langmuir isotherm
(K, (L mol'")), which were determined with model-
ling, and depend on precisely conducted modelling
process. This could affect the determination of ther-
modynamic parameters. Since K, values showed
differences with temperature (Table 2), they were
used in this study for the evaluation of thermody-
namic parameters. For all phenolic acids, the stan-
dard reaction Gibbs energy AG® was negative at all
temperatures, which was similar to literature data?>*
and suggested a spontaneous process. Van’t Hoff
plots were then used to evaluate AS® and AH°. More
precisely, standard reaction enthalpy AH’ was cal-
culated from the slope, and standard reaction entro-
py AS° from the intercept of the Van’t Hoff plot.
Lines in Van’t Hoff plots had R? from low values
(0.0136) to higher values (0.7202) (Table 4), which
suggested that the lines were not linear in all cases
(p-coumaric acid), and that they should be interpret-
ed with caution. This could be connected to the
complexity of adsorption process*. Nevertheless,
AS® and AH® were obtained from slopes and inter-
cepts of Van’t Hoff plots. The results showed the
positive value of standard reaction entropy AS,
which supported a spontaneous process in the inter-
action of phenolic acids with B-glucan (except for
chlorogenic acid). AH® was found to be negative,
indicative of an exothermic reaction®.

Conclusions

By studying adsorption, this study showed that
phenolic acids interacted with B-glucan in a com-
plex process affected by the concentration of phe-
nolic acids, chemical structure of phenolic acids or
pH value and temperature of environment. The
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analysis of adsorption of selected phenolic acids
onto B-glucan indicated that temperature and pH af-
fected the adsorption process causing some fluctua-
tions in adsorption capacities. Furthermore, the ad-
sorption capacity was higher for p-coumaric acid
and chlorogenic acid at pH 10. Experimental results
in the adsorption process can be modelled well with
adsorption isotherms, which can give useful infor-
mation about the adsorption process. According to
adsorption isotherm parameters, the adsorption pro-
cess could be physical and noncooperative at all
temperatures and pH values. It can be suggested
that bonds created between all phenolic acids and
B-glucan were physical bonds like H bonds and Van
der Waals forces. According to thermodynamic pa-
rameters, the adsorption process was spontaneous
(except for chlorogenic acid) and exothermic for all
phenolic acids. All this might have an important ef-
fect on the polyphenol bioactivities in the human
organism. Further studies are needed to completely
understand interactions.
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