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on Highly Dispersed Alumina Surface

V. N. Barvinchenko® and N. A. Lipkovskaya* *
“Chuiko Institute of Surface Chemistry, National Academy of Sciences of Ukraine, Kyiv, 1703164 Ukraine
*e-mail: lipkovska @ukr.net
Received July 15, 2020; revised September 2, 2020; accepted September 17, 2020

Abstract—It has been shown that adsorption of 3-phenylpropenic (cinnamic), 3-(4-hydroxyphenyl)propenic
(coumaric), and 3-(3-methoxy-4-hydroxyphenyl)propenic (ferulic) acids on the surface of highly dispersed
alumina is characterized by L-type isotherms according to the Giles classification. The maximum adsorption
values (~3.3 x 10~* mol/g), as well as dissociation constants (pKcooy = 4.5 * 0.1), are almost equal for all
acids, thereby suggesting that their molecules are identically bound to the adsorbent surface via carboxyl
groups. The pH dependences of the adsorption of cinnamic, coumaric, and ferulic acids are described by
dome-shaped curves, and the positions of their maxima in the pH scale coincide with the thermodynamic
constants of carboxyl group dissociation. A linear correlation found between the adsorption values of 3-phen-
ylpropenic acids and their hydrophobicity parameters log P indicates a noticeable contribution of hydropho-
bic interactions to the adsorption of the acids on the surface of highly dispersed alumina.

DOI: 10.1134/51061933X21020022

INTRODUCTION

At present, a necessity arises more and more often
to isolate phenylpropenic acids (PPAs) of vegetable
origin, in particular 3-phenylpropenic (cinnamic),
3-(4-hydroxyphenyl)propenic (coumaric), and 3-(3-
methoxy-4-hydroxyphenyl)propenic (ferulic) acids
and identify them in native medicinal plants, drugs,
foodstuffs, etc. [1, 2]. The increasing interest in natu-
ral compounds of this class is, primarily, due to their
antioxidant activity, which ensures the high efficiency
of treating and preventing various diseases [3, 4].
Moreover, their qualitative composition and quantita-
tive content may be used as criteria of goodness for
standardization of foodstuffs and beverages [5]. These
3-phenylpropenic acids represent structural units of
lignin and are used as model compounds for studying
the profound processing of vegetable biomass and lig-
nin-containing materials with the purpose to produce
biofuel and other products with desired consumer
properties [6]. Since PPAs are specific indicators for
the decomposition of organic substances contained in
vegetable raw materials, it is of importance to analyze
their content in process water.

3-Phenylpropenic acids are commonly concen-
trated and identified using the methods of sorption
and high-performance liquid chromatography [7].
Chemically modified silica gels [8, 9], polystyrene—
divinylbenzene copolymers [10, 11], and zeolites [12,
13] are used as sorbents. Solid phase extraction with
the help of these sorbents is a long-term and multi-
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stage process, which involves large amounts of toxic
organic solvents (methanol, acetone, and acetoni-
trile). In recent years, the principles of “green” chem-
istry are increasingly developed in scientific researches
devoted to the elaboration of environmentally safe
methods for the complex isolation of biologically
active substances from vegetable raw materials [14]
and the quantitative determination of these substances
[15] with the help of environmentally friendly solvents
(water or water—ethanol mixtures). Inorganic oxides,
in particular, silica and alumina, may be the most
promising industrial sorbents for isolating and con-
centrating individual PPAs or mixtures thereof from
obtained aqueous and water—ethanol extracts.

For example, we have previously shown [16—18]
that the values of adsorption of ferulic and caffeic
acids from aqueous solutions by highly dispersed silica
are very low (1—2 umol/g), because it occurs on its
surface =SiOH groups exclusively via hydrogen bonds
involving carboxyl and/or phenol hydroxyl groups
and, therefore, essentially depends on the competing
solvation process. The value of PPA sorption on silica
can be increased only with the use of inert toxic sol-
vents having low polarity and electron-donor ability
(hexane, carbon tetrachloride, chloroform, and
dichloroethane).

Alumina may appear to be more efficient for the
adsorption of acids from aqueous solutions, because,
in contrast to silica, Al,O; surface is positively charged
in a wide pH range [19]. Indeed, it has been shown
that 4,5-dihydroxybenzene-1,3-disulfonic acid diso-
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dium salt [20, 21] and salicylic and sulfosalicilic acids
[21] are efficiently adsorbed on alumina primarily via
the electrostatic interaction with its positively charged
surface.

We have failed to find in the literature data on the
adsorption of structurally similar 3-phenylpropenic
acids, which contain carboxyl and phenol hydroxyl
groups but have different reactivities in proton-trans-
fer processes, as well as strengths and structures of
hydrogen bonds in their associates and complexes with
electron donors. These peculiarities suggest the possi-
bility of different mechanisms for their binding to alu-
mina surface.

The goal of this work is to study the regularities of
adsorption and changes in the spectral characteristics
of structurally analogous 3-phenylpropenic acids,
namely, cinnamic, coumaric, and ferulic acids, on a
highly dispersed alumina surface as depending on the
chemical structure of the acids and the acidity of their
aqueous solutions within a wide pH range.

EXPERIMENTAL

In this work, highly dispersed pyrogenic alumina
Aeroxide Alu C with a particle size of 13 nm and a spe-
cific surface area of 100 m?/g (Evonik Degussa AG)
was used in the form of an aqueous 0.2% dispersion
(ionic strength of 0.01 N), which was prepared by stir-
ring weighed portions of the sorbent (1.00 g) and NaCl
(0.29 g) in water (500 mL) on a magnetic stirrer for 2 h.

Initial solutions of cinnamic, coumaric, and ferulic
acids (Sigma-Aldrich) were prepared by dissolving
weighed portions thereof in hot distilled water. The
working solutions were prepared immediately before
the experiments. Solutions of hydrochloric acid and
an alkali were obtained from a concentrated HCl solu-
tion and NaOH (analytical grade). The acidity of the
solutions before and after adsorption was controlled
using a Hanna Instruments HI 221 universal ionome-
ter equipped with a glass electrode.

Electronic spectra of PPA solutions were measured
in quartz cells before and after mixing with alumina
dispersions using a Specord M-40 spectrophotometer
(Karl Zeiss Jena, Germany) equipped with a cuvette
for turbid solutions. The effect of a background on the
analytical signal was eliminated by the method heter-
ochromatic extrapolation at two wavelengths [22].

PPA adsorption from aqueous solutions on the alu-
mina surface was studied under static conditions. For
this purpose, a solution (10 mL) of a studied acid with
an appropriate concentration was mixed with the
aqueous 0.2% dispersion (10 mL) of the adsorbent. A
needed pH value was preset, and the mixture was
stirred until equilibrium was established (2 h at 20°C).
Then, the absorption spectrum (absorbance Agg,) of
the obtained Al,O; dispersion was measured, because,
at its concentration of 0.1%, it had a high sedimenta-
tion stability and a sufficient transparency. The equi-
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librium solution was separated by centrifugation (8000
rpm, 15 min) and its absorption spectrum A;c; was
measured. Absorbances A°® of cinnamic, coumaric,
and ferulic acids adsorbed on alumina were deter-
mined as the following arithmetical differences:

AS = Adisp - A[C]. (1)

A pure alumina dispersion subjected to all stages per-
formed during the examination of the studied samples
was used as a reference sample.

To determine the equilibrium PPA concentration,
an HCI solution was added to the supernatant until a
value of pH < 2.5—3.0 was reached (at which the light
absorption of PPAs was almost independent of pH),
the absorbance was measured, and the equilibrium
acid concentration was calculated using correspond-
ing molar extinction coefficient € determined experi-
mentally under the same conditions. For this purpose,
the concentration dependences of the absorbance
were preliminarily studied for the PPA solutions. The
dependences were linearized by the least square
method at correlation coefficients > > 0.9997. The
found molar extinction coefficients (M~!' cm~') were
€78 nm = 2.06 X 10* (cinnamic acid), €39y = 1.97 X
10* (coumaric acid), and €354 ,,, = 1.78 x 10* (ferulic
acid).

Adsorption value a (mol/g) was calculated as a =
(C — [C)V/m, where C and [C] are the initial and
equilibrium concentrations of PPAs (M), respectively;
Vis the volume of a solution (L); and m is the mass of
the adsorbent (g).

Adsorption isotherms were analyzed using the
Langmuir equation

a=a.K[C]/(1+K[C]), ()

where a., is the maximum adsorption value (mol/g)
and K is the equilibrium constant of the adsorption
process (L/mol).

In the linearized form, Eq. (2) is as follows:

[C]/a =1/a.K +[C]/a.. (3)

Being plotted in the [C]/a—[C] coordinates, the
dependence is represented by a straight line, the
parameters of which were used to calculate maximum
adsorption value a., and equilibrium value K of the
adsorption process.

RESULTS AND DISCUSSION

The acidity of a medium is an important factor of
adsorption processes for compounds containing car-
boxyl and hydroxyl groups. When studying adsorption
interactions in a heterogeneous alumina/3-phenyl-
propenic acid solution system, it is necessary to take
into account all possible reactions occurring in an
adsorbate solution and on the adsorbent surface. In
aqueous solutions, monobasic cinnamic acid and
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dibasic coumaric and ferulic acids have molecular
and/or deprotonated forms depending on solution
pH. The distributions of these forms (Fig. 1, curves 1,
2) were calculated on the basis of the values of their
first thermodynamic constants of dissociation
(PKcoou =4.5 £ 0.1) [23]. Since the dissociation con-
stants of phenol hydroxyl groups in coumaric and
ferulic acids are in a range of 8.7—9.5, actually no
dianions are formed in the studied pH range of 2—7.

The surface of Al,O; is amphoteric and, according
to the notions of the complexation theory [24], its
charge alters upon the interaction with protons of an
aqueous solution. The equilibria of the protonation
and deprotonation of surface =AIOH groups are
described by equations

=AlOH; = =AIOH + H" (pK)),

=AlOH & =A10" + H' (pK,)

and characterized by constants pK; and pK,, the values
of which are, according to [25, 26], 6.8 and 9.2,
respectively.

The obtained values of the constants were used to
plot the distribution diagrams (Fig. 1) for relative frac-

tion o of protonated =AIOH; (curve 3), nondissoci-

ated =AIOH (curve 4), and deprotonated =AlO~
(curve 5) surface groups of alumina as depending on
solution pH. It can be seen that the adsorption curves
for cinnamic (6), coumaric (7), and ferulic (&) acids
pass through maxima the positions of which in the pH
scale nearly correspond to dissociation constants for
the carboxyl groups of PPAs. The similar pattern of
these dependences suggests that these acids are
adsorbed via the same mechanism, which is possible
only with involvement of —COOH groups. Adsorption
of the PPAs on alumina grows as the pH increases
from 2 to nearly 4.5. Within this pH range, protonated

=AlOH; groups dominate on the adsorbent surface
(curve 3), while the molecular forms of the acids pre-
vail in a solution (curve 7). At pH > 4.5, the fraction of
deprotonated carboxyl groups increases; however, in
spite of this fact, the adsorption value decreases obvi-
ously due to a reduction in the amount of surface

EAIOH;r groups. At pH < 4, the contribution of
hydrogen bonding between carbonyl groups of PPA
molecules and neutral =AIOH groups on alumina sur-
face (this contribution dominated in the case of PPA
adsorption on cerium dioxide [23]) to the adsorption is
relatively low, because the concentration of =AIOH
groups on the alumina surface is too low in this pH
range. As the pH increases above 4.5, the situation
appears to be opposite: the concentration of neutral
=AlOH groups increases, while the concentration of
the molecular form of an acid in a solution decreases.

Additional information on the adsorption mecha-
nism was obtained by comparatively analyzing the
COLLOID JOURNAL Vol. 83
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Fig. 1. Distributions of (/) molecular and (2) deprotonated
forms of PPAs in solutions and distributions of (3) proton-

ated EA]OH;, (4) nondissociated =AIOH and (5) depro-
tonated =A10™ groups on alumina surface [25, 26], as well
as degrees of adsorption a/a,,y of (6) cinnamic, (7) cou-
maric, and (&) ferulic acids, as depending on pH.

spectral characteristics of PPAs, in particular, posi-
tions of maxima A, in their absorption spectra,
which are sensitive markers for the acid-base equilibria
of 3-phenylpropenic acids in solutions and on the alu-
mina surface. It should be noted that the direct mea-
surement of the absorbance of alumina dispersions in
the presence of 3-phenylpropenic acids enables one to
study the spectral characteristics of PPAs in solutions
and on the adsorbent surface under the same condi-
tions.

Figure 2 exemplifies the normalized absorption
spectra of (a) cinnamic, (b) coumaric, and (c) ferulic
acids adsorbed from solutions with pH 2 on the alu-
mina surface (curves /), the spectra of equilibrium
solutions with pH 2 (curves 2), and PPA solutions with
pH 6.5 (curves 3), in which the acids occur in the
molecular and deprotonated forms, respectively.

Asisseen in Fig. 2, when the adsorption is performed
at pH < 4.5, analogous changes are observed in the
absorption spectra of cinnamic and coumaric acids;
namely, the spectra of the adsorbed acids undergo a hyp-
sochromic shift relative to the spectra of their solutions.
In the case of ferulic acid, the absorption maximum shifts

from A,,,, =323 nm to A, =290 nm (Fig. 2c, curve
D.

The influence of solution pH on wavelength differ-
ence AL, between the spectral maxima was studied
for cinnamic (curve /), coumaric (curve 2), and feru-
lic (curve 3) acids adsorbed on the surface of Al,O,

PPA/ALO . : . PPA
(kmax/ *7) and in corresponding solutions (A, )

(Fig. 3).
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Fig. 2. Normalized absorption spectra of (a) cinnamic (b) coumaric, and (c) ferulic acids adsorbed on alumina surface at pH 2
(curves ) and the spectra of these acids in solutions with pH (2) 2 and (3) 6.5.

Analysis of the data presented in Fig. 3 has shown
that, at pH < pKcgon, the A, values of adsorbed
PPAs correspond to A, for these acids in solutions at
markedly higher pH values. This indicates a larger
fraction of a deprotonated acid on Al,O; surface as
compared with the solution of this acid with the same

PPA/Al

203
max from

acidity. The maximum deviation of A

PPA
xmax

in the solutions is observed at pH 2-3, i.e.,

when protonated EAlOHZ groups prevail on the
adsorbent surface (Fig. 1, curve 3), while the molecu-
lar forms of the acids predominate in their solutions
(Fig. 1, curve I). It may be assumed that adsorption at
pH 2—3.5 isaccompanied by polarization of the bonds
in PPA molecules (Scheme 1), which facilitates the
detachment of protons from carboxyl groups and the

bonding of anions with protonated surface EAIOH§
groups of alumina (Scheme 2).

.. (0)
§AIOH+---§-O‘) § e
TN \AIoH -0
Scheme 1. Scheme 2.

As pH grows above 3, the content of an acid in the
anionic form increases in a solution, while shift AA,,,
decreases down to zero at pH = pKypon- At pH > 4.5,
the values of A,,,, in the spectra of the PPAs in solu-
tions and on alumina surface almost coincide with
each other; i.e., no polarizing action of the sorbent
surface groups on the adsorbed acids takes place,
because the PPAs occur predominantly in the depro-
tonated form.

The quantitative parameters of PPA adsorption
were studied at pH values corresponding to the maxi-
mum extraction of the acids. Figure 4 presents the
adsorption isotherms obtained for cinnamic (curve 1),
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Fig. 3. Differences A\, between the wavelengths corre-
sponding to the maxima in the spectra of (/) cinnamic,
(2) coumaric, and (3) ferulic acids on Al,O3 surface

PPA/Al,O . . T .
(kmax/ 273 and in corresponding equilibrium solutions

(7»1};};?) as functions of pH.

coumaric (curve 2), and ferulic (curve 3) acids at
pH 4.5. The maximum PPA concentration in an initial
solution was not higher than 1 x 10~ M due to the
limited solubility of these acids in water.

It follows from Fig. 4 that the adsorption isotherms
of the acids are of the L type according to the Giles
classification [27] and are linearized in the coordinates
of the Langmuir equation. The corresponding calcu-
lated maximum adsorption values, equilibrium con-
stants of the adsorption process, and correlation coef-
ficients are presented in Table 1. It is seen that calcu-
lated maximum adsorption values a. of cinnamic,
coumaric, and ferulic acids almost coincide with each
other. This is possible only when they are bound to the
surface by the same mechanism, namely, via carboxyl
groups, the acidity of which does not depend on the
presence of substituents (hydroxyl or methoxy groups)
in benzene rings. This agrees with the above-presented
data obtained when studying the effect of pH on PPA
adsorption (Fig. 1).

It is worth noting that the studied PPAs are charac-
terized by the presence of both hydrophobic (ethylene
and phenyl radicals) and hydrophilic (carboxyl groups
and phenyl hydroxyl groups) fragments in their mole-
cules. Therefore, they may be bound to alumina sur-
face due to electrostatic interactions and hydrogen
bonding (hydrophilic contribution), as well as polar-
ization and dispersion forces applied to aryl fragments
(hydrophobic contribution). A generally accepted
hydrophobicity parameter, which characterizes the
lyophilic properties of substances, is their partition
coefficient P in a water/n-octanol system (log P). The
log P values presented in the literature [28] for cin-
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Fig. 4. Isotherms for adsorption of (/) cinnamic, (2) cou-
maric, and (3) ferulic acids on alumina surface at pH 4.5.

namic (logP = 2.13), coumaric (logP = 1.79), and
ferulic (logP = 1.51) acids lead us to attribute these
substances to moderately hydrophobic compounds
(1 <logP<3).

Figure 5 shows the dependence of the logarithmic
values of the adsorption of cinnamic, coumaric, and
ferulic acids by alumina on their log P parameters at
the same equilibrium concentration of the PPAs in the
solutions. The obtained dependence is linear (R =
0.980), thus suggesting the existence of a correlation
between these two parameters, i.e., a noticeable con-
tribution of hydrophobic interactions to the adsorp-
tion.

Thus, regularities have been determined for the
adsorption of 3-phenylpropenic acids on the surface of
highly dispersed alumina as depending on the chemi-
cal structure of the acids and the acidity of aqueous
dispersions in a wide range of physiological pH values.

The coincidence of the maximum adsorption val-
ues for all studied PPAs and the positions of the max-
ima in the pH dependences of adsorption coinciding
with the thermodynamic dissociation constants of the
carboxyl groups of the acids suggest an identical bind-
ing of adsorbate molecules to the alumina surface pre-
dominantly via carboxyl groups.

Table 1. Parameters of sorption of 3-phenylpropenic acids
on alumina

Acid e, 1074 mol/g | K, L/mol R n
Cinnamic 3.32 1736 0.968 9
Coumaric 3.31 1756 0.990 12
Ferulic 3.25 3590 0.980 8
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Fig. 5. Dependence of the values of adsorption on alumina
on logP for (/) cinnamic, (2) coumaric and (3) ferulic
acids. [C] = 5.0 x 107> M.

The found regularities and parameters of adsorp-
tion make it possible to elaborate practical recommen-
dations for the use of alumina as a sorbent for the iso-
lation, concentration, and identification of 3-phenyl-
propenic acids.
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