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The aim of the present study was to develop a new vitamin E-zeolite drug carrier
system, and investigate the mass transfer mechanism of the antioxidant encapsulation
and release on/from the mineral matrix by thermodynamic and kinetics sorption/desorp-
tion experiments and mathematical modelling of the experimental data. The surface,
morphological and spectral characteristics of the vitamin and the zeolite were determined
by Boehm titration, SEM, FTIR and UV/Vis spectrophotometric analyses. Intraparticle
diffusion was not the only rate-limiting mechanism, as the mixed-order kinetics model
gave the highest regression coefficient (R*) and lowest SSE, MSE, RMSE, and AIC_
values. The thermodynamic study confirmed the endothermic nature of the spontaneous
encapsulation process and increased degrees of randomness at the solid-liquid interface.
The in vitro release results were best modelled by the zero-order and sigmoidal models.
The results obtained are essential for the development of innovative vitamin E-carrier
systems for application in human and veterinary medicine.
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Introduction

All tocopherols and tocotrienols are nonpolar
and present mainly in the lipid phase. Vitamin E is
the main dietary fat-soluble antioxidant, playing im-
portant roles in the body. It is a family of four to-
copherols (a, f, y and 0) and four corresponding
tocotrienols (a, f, y and d), of which a-tocopherol
has the highest biological activity. Vitamin E acts as
a chain-breaking antioxidant preventing the propa-
gation of free radical reactions, and thus consump-
tion of vitamin E has been widely considered to
help reduce risk of many chronic diseases, such as
cardiovascular diseases.'?

Besides protecting them from the harsh pro-
cessing conditions and adverse storage environ-
ment, the encapsulation of bioactive compounds
can also achieve targeted delivery and controlled
release of entrapped nutrients to the specific site.?

“Corresponding author: Tel.: +359 898399203, E-mail: z.yaneva@abv.bg

Porous materials such as zeolites, zeolitic ma-
terials, activated carbons, silica gels, and metal ox-
ides are of tremendous importance in many areas of
research and development, mainly in adsorption,
catalysis, energy storage, electrochemistry, and bio-
medical engineering.’

However, the performance of these materials in
the adsorption of organic macromolecules is not op-
timal because of disordered pore structure, low spe-
cific pore volume, and significant amount of micro-
pores, which only allows the adsorption of
relatively small molecules. Among these porous
materials, natural, modified and synthetic zeolites
have been extensively used in various industrial ad-
sorption and separation processes due to their or-
dered internal structure and the availability of mes-
opores.>®

Adsorption of vitamin E on solid surfaces has
attracted significant attention due to its importance
for the pharmaceutical industry and medicinal
field.” ' Recently, Kavalenko and Kuznetsova re-
ported the adsorption of vitamin E on carbon-con-
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taining enterosorbents to obtain drugs with slow
release of the active ingredient.! They also found
that the adsorbed vitamin E molecules are oriented
in such a way that their OH-groups remain free and
retain their biological activity.

An adsorption study can only be significant
and useful if it includes an extensive study on ad-
sorption equilibrium, kinetics, thermodynamics, and
desorption.'*!* In the design of adsorption systems,
thermodynamic properties are critical design vari-
ables in estimating the performance and predicting
the mechanism of an adsorption separation process,
and are also one of the basic requirements for the
characterization and optimization of an adsorption
process. '

Important for the use of drug delivery systems
is the knowledge about their release kinetics. Drug
release depends on a number of physical and chem-
ical properties of both the carriers and drugs, e.g.,
chemical composition, porosity, surface roughness,
degradation ability, molecular weight, particle size,
and drug-matrix interactions.!¢!”

The aim of the present study was to develop a
new vitamin E-zeolite drug carrier system, and in-
vestigate the mass transfer mechanism of the anti-
oxidant encapsulation and release on/from the min-
eral matrix by means of thermodynamic and kinetics
sorption/desorption experiments and mathematical
modelling of the experimental data.

Materials and methods

Reagents

Vitamin E (b, L-a-tocopherol acetate, C, H,,0,)
(CAS No. 7695-91-2) (analytical, > 99 % HPLC,
water soluble) was supplied by Sigma-Aldrich. The
natural zeolite was supplied by Bentonite AD,
Kurdzhali City, Bulgaria. Its physicochemical char-
acteristics are presented in Table 1.'® Prior to the

Table 1 — Physicochemical characteristics of natural zeolite

Parameter Value

Total pores volume, V| 0.11 cm?® g!

Micropore volume, V_ 0.004 cm?® ¢!
Average mesopore diameter, d 7.7 nm
Average micropore diameter, d .~ 0.8 nm

BET surface area 37.1 m? g!
Clinoptilolite content 87 %
Theor.etical total ion exchange 2.05 meq g
capacity

Si/Al ratio 6.01

sorption experiments, the mineral composite was
thoroughly washed several times with distilled wa-
ter to remove dust and any adhering substances.
The natural zeolite was oven dried at 373 K for 48 h.
The prepared samples were stored in airtight con-
tainers for further studies. They were fractionated
by sieving. The used fraction was 0.5-1.0 mm.

Surface chemistry characterization of zeolite

Surface chemistry of zeolite was characterized
by Boehm titration, pH of zero charge and FTIR
analyses. Acidic and basic sites on the sorbent were
determined by the acid-base titration (potentiomet-
ric titration) method proposed by Boehm.!” The
zero surface charge (pH,,.) characteristics of natu-
ral zeolite were determined using the solid addition
method. The procedure has been described else-
where."”

FTIR spectroscopy

The functional groups present in the fresh and
vitamin-loaded zeolite were characterized by FTIR.
FTIR spectra of the fresh and vitamin E-loaded ze-
olites were obtained with KBr disc technique in the
range 400 — 4000 cm™' using TENSOR 37 Bruker
FTIR spectrometer (Bruker Optik GmbH, Germany).

UV/Vis spectrophotometry

Vitamin E concentrations were determined by
an adapted UV-VIS spectrophotometric method us-
ing DR 5000 UV-Vis Spectrophotometer (Hach
Lange, Germany), supplied with 10 mm quartz
cells. All spectra were recorded in the UV region at
A =285 nm with 2 nm slit width, 900 nm min™' scan
speed, and very high smoothing.

Kinetics sorption studies

The kinetic experiments were conducted in a
standardized batch adsorber (¥ = 800 mL) with a
two-bladed impeller at initial vitamin E concentra-
tions (C ) 50 and 250 mg dm*, masses of adsorbent
(w) 6 and 10 g, at agitation rate » = 200 rpm, tem-
perature 7= 19+2 °C, and pH = 7. The antioxidant
solutions were separated from the adsorbent by cen-
trifugation with Heraeus Labofuge 200 (Thermo,
Electron Corporation) at 5,300 g for 20 min, and
filtered using 0.45 pm membrane filters (LCW 916,
Hach Lange, Germany) to ensure the solutions were
free from adsorbent particles before measuring the
residual liquid phase vitamin E concentrations,
which were determined spectrophotometrically.

In vitro release studies

The in vitro release experiments were conduct-
ed by agitating 0.5 g dried vitamin E-loaded zeolite
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sample with 50 cm® simulated gastric fluid solution,
containing 0.1 mol dm=HC]I and 0.1 mol dm= NaCl
at pH = 1.2 and temperature 37+0.5 °C. The sor-
bate/sorbent system was agitated on IKA KS 130
Basic Shaker at 180 rpm for 180 min. Volume cor-
rection when processing the experimental data was
done. Vitamin E concentrations were determined
spectrophotometrically at definite time intervals un-
til equilibrium.

Thermodynamic studies

The thermodynamic studies were accomplished
by agitating three series of vitamin E solutions with
volume 50 mL and initial concentrations (C ) 50,
100, 250, 300, and 500 mg dm™> at pH =7 with 1 g
zeolite at 7 = 25, 40, and 70 °C, respectively, on
IKA _KS 130 Basic Shaker at 180 rpm for 120 min.
The corresponding values of the antioxidant solid
phase concentrations (g,) were calculated by the
mass balance equation Eq. (1):

(C,-C.)V=(q9.-q,)w (1)

where C (mg dm™) is the initial vitamin E concen-
tration in the liquid phase, ¢, = 0 (mg g') — the
sorbate concentration in the solid phase, V' (dm?) —
the solution volume, and w (g) — the sorbent mass.

Interpretive modeling

The kinetics of solute sorption is required for
selecting optimum operating conditions for the full-
scale batch process. Kinetics parameters are sup-
portive for the prediction of adsorption rate and
equilibrium time giving important information for
designing and modelling of the sorption processes,
while by the extent of applicability of the mass
transfer/diffusion models and the values of the cor-
responding parameters, the prevailing mechanism/s
during vitamin E sorption on the mineral matrix
could be determined.

Therefore, four kinetics models and two diffu-
sion/mass transfer models were employed for test-
ing the experimental sorption data. The kinetics
sorption behavior of vitamin E on zeolite in the
present research was modelled by the pseudo-first
order, pseudo-second order, third order, mixed order
kinetic models, and by the diffusion-chemisorption
models by means of linear/non-linear analyses (Ta-
ble 2).

The in vitro release experimental data were
modelled by the zero order, first order, simplified
Higuchi, Hixson-Crowell, = Korsmeyer-Peppas,
Weibull and sigmoidal models, which are presented
in Table 2.

The values of the Gibbs free energy (AG°), en-
thalpy (AH®), and entropy (AS°) give significant in-
formation in order to elucidate the adsorption ther-
modynamic behavior of the studied system. In this
work, the values of AG°, AH°, and AS° were esti-
mated using the following equations:

In| de |- AL AS @)
c ) RT R
AG = AH ~T-AS 3)

where R is the universal gas constant (8.314 Jmol 'K™)
and T is the temperature (K).

Error analysis

Non-linear regression analysis was employed
to describe the sorption behavior of the studied sys-
tem by means of various mathematical equations. In
order to confirm the best-fitting model(s), the data
set using the values of the determined correlation
coefficients (R*), sum of squares of errors (SSE),
root-mean-square errors (RMSE), and the corrected
Akaike criterion (AIC ) has to be analyzed. The lin-
ear/non-linear regression analyses were done by the
data analyses and graphics software Origin 9.1
(OriginLab Corporation).

The AIC developed by Akaike is a methodolo-
gy for model selection in a situation where more
than one model has been fitted to experimental data
and screening of the candidate models is crucial to
the objectives of the research work. Akaike’s gener-
al approach not only allows the best model to be
identifed, but also allows the ranking of the rest of
the models under consideration.?*?!

In the case of least squares fit with normally
distributed errors, the AIC is calculated by the fol-
lowing equation:

AIC=N-ln(SSTRj+2-k (4)

where SSR is the sum of squared residuals, N — the
number of experimental points, and k& — the number
of model parameters.

The corrected Akaike criterion (AIC) is calcu-
lated according to:

2-k-(k+1)

AIC, = AIC +
N-k-2

)

The model with the minimal AIC, value of all
candidate ones indicates the best model.
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Table 2 — Linear and non-linear form of the kinetics, diffusion, and desorption models applied to the vitamin E/zeolite system

Linear form Non-linear form Basic model assumptions
Kinetics/diffusion sorption models
Pseudo-first order k dg Physical adsorption — non-specific; weak van der
kinetics model log(g, —q,)=logq, - 3 3'03 -t (2) dtt =k-(q.-4,) (3 Waals/H-forces.
’ Adsorption of one molecule of adsorbate by one
adsorption site.
Pseudo-second 1 1 1 d The sorption mechanism is governed by second-
e q, 2 . .
order kinetics —= s+—:1 (4) =k, '(qe - q[) %) order chemisorption process.
model q, k,-q. e dr
Third order 1 - 1 +k. -t (6 Complex kinetics order including physical and
s 7=tk (6) ; : .
kinetics model q; q. chemical sorption mechanisms.
Diffusion- PLEY 1 1 Multi-mechanistic kinetic reaction including
chemisorption — =t r— (7 4= ] (8) diffusion and chemisorption.
model 4 4. e =
q. Kpc-t 05
Intraparticle _ 7 408 Adsorption on porous adsorbents.
. . qt - ki £ +1 (9) . . .
diffusion model First stage — diffusion of adsorbate to the external
surface of the adsorbent.
Second stage — intraparticle or pore diffusion
where the adsorbates move into the inner part of
the adsorbent and adsorb onto the interior sites.
Final stage — slow approach to equilibrium.
Boyd model 6 To identify if boundary layer film diffusion has
F=1- [—zjexp(—Bt) (10) any role in the rate-controlling step.
i If the plot B, vs. ¢ is nonlinear or linear but does
not pass through the origin, the limiting step is
s B =-0.4977-In (1 _ F) film-diffusion or chemical reaction.
qe
Mixed order A maximum on the rate profile and an inflection
I I-F 1-exp(—k, -t) ; v
kinetics model In| ——— |=—k -t (11) q9,=q9, | ————— point on the kinetics curve
I=fF I=f2-exp(=ki 1)) are indicative of adsorption systems with lateral
interactions and possible energetic heterogeneity.
where (12)
k. -
f,= i 2kqe
1 TRy g,
9

F=
qe
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Linear form

Non-linear form

Basic model assumptions

Kinetics release models

Zero-order model ¢ _x .4 (13)

Applicable for drug dissolution from dosage forms
that do not disaggregate and release the drug slowly.
The drug release rate is constant over a period of
time.

Describes the drug dissolution of modified release
pharmaceutical dosage forms, transdermal systems,
matrix tablets with low soluble drugs in coated
forms, osmotic systems, etc.

First-order model k-t (14)

Higuchi model — C, =k, -t*° (15)

t

Describes drug dissolution in pharmaceutical dosage
forms, e.g. containing water-soluble drugs in porous
matrices.

The initial concentration of the drug in the matrix is
significantly higher than its solubility.

Drug diffusion is one-dimensional.

The size of the drug particles is smaller than the
thickness of the investigated system.

The swelling and dissolution of the matrix could be
neglected.

The drug diffusion coefficient is constant.

Perfect sink conditions are always attained in the
release environment.

The mathematical model is valid during the entire

release process until total depletion of the drug is
achieved.

Hixdsoln-Crowell C*-C" =K.t (16)
mode

The particles area is proportional to the cube root of
their volume.

Describes drug release from systems which
characterize with a change in the surface area and
the particles diameter.

Korsmeyer-Peppas ¢~
model F'=f1‘f” 17)

o

For cylindrical tablets, 0.45/0.5 < n corresponds to a
Fickian diffusion mechanism, 0.45/0.5 < n < 0.89 to
non-Fickian transport, n = 0.89 to relaxational
transport, and n > 0.89 to super case II transport.
Fick diffusion for n = 0.5;

non-Fickian diffusion for 0.5 <n < 0.1

For analyses of the release of pharmaceutical
polymeric dosage forms, when the release
mechanism is not well known or when more than
one type of release could be involved.

Weibull model G, =C,-(1-¢™) (18)

Dissolution drug release.
Matrix type drug release.

Sigmoidal model % =k, (t=1)" +k,-(t=1)" (19)

e

Non-Fickian diffusion including diffusion and
relaxation.
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Signal A = SE1

EHT =20.00 kV

Fig. 1 — SEM image of zeolite

Results and discussion

Physicochemical and morphological
characterization of zeolite

According to the experimental data from the
potentiometric titration, the basic and acidic sites
for zeolite were estimated at 2.5 and 6.3 mmol g,
respectively, which determined the acidic surface of
the mineral material. The pHlDZC of zeolite is 7.34.

The SEM images of zeolite (Fig. 1) displayed
the heterogeneity of the samples related to their
composition.

FTIR analyses of zeolite before and after vitamin
E encapsulation

According to the study of Che Man et al.,” the
FTIR spectrum of vitamin E (Fig. 2a) exhibited ab-
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Fig. 2 — FTIR spectra of fresh zeolite, vitamin E-loaded zeolite, and pure b,L-a-tocopherol (adapted from®)
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sorption bands at wavelength 3473 cm! for
OH-stretching vibrations;* at 2927-2854 cm™! for
asymmetric and symmetric stretching vibrations of
CH,- and CH,~ vibrations;” at 1460-1450 cm™" for
phenyl skeletal and methyl asymmetric bending; at
1378 cm™ for methyl symmetric bending; at 1262
cm' for —CH, vibrations; at 1086 cm™ for plane
bending vibrations of phenyl group, and at 919 cm™
for trans =CH, stretching.?

The characteristic FTIR spectra of fresh zeolite
and vitamin E-loaded zeolite are presented in Fig.
2. The comparative analysis of the obtained FTIR
spectra showed that, after the adsorption of vitamin
E molecules in zeolite, the following variations in
the intensity of relevant FTIR bands on the spectra
of the loaded mineral were registered: shifting of
the bands at 3473, 1201, 790, and 468 cm™' to lower
frequencies: 3465, 1197, 773, and 445 cm™!, respec-
tively, and lower transmittances of the same bands;
a decrease in the frequency at 3400 cm™' (OH-stretch-
ing band of the strongly H-bonded zeolitic water),
indicating that the adsorbed vitamin E molecules
involved H-bonds with the zeolitic water molecules;
a slight shift of the absorption bands at 796 cm™!
(for fresh zeolite) to 773 cm™! (for vitamin E-loaded
zeolite) with significant decrease in the intensity of
the loaded mineral spectrum; a slight deformation
of the loaded zeolite spectrum at 914 cm™!, attribut-
ed to trans-CH,-stretching vibrations of vitamin E
molecules.

In conclusion, the strong bands assigned to vi-
brations of the zeolite structure were dominant;
however, the characteristic vitamin E FTIR vibra-
tional bands in the antioxidant-loaded zeolite spec-
tra provided evidence for the presence of the vita-
min in the zeolite matrix.

Sorption kinetics

The experimental kinetics curves of vitamin E
sorption on zeolite at w = 6 and 10 g sorbent are
presented in Fig. 3 as ¢, vs. 7. Obviously, both kinet-
ics curves were S-shaped, characterizing with the
highest sorption rate in the time interval 50—100
min. The maximum established sorption capacity of
the mineral towards the vitamin was ¢, = 4.79 mg g
for the series with 6 g adsorbent, and ¢, = 3.07
mg g' — with 10 g zeolite. The experimental ¢,
values are calculated according to the mass balance

—eq. (1):

c -C)-
q,=—( . —G) Y (6)
w

Obviously, at equal initial vitamin concentra-
tion, the sorbent capacity is inversely proportional
to the zeolite quantity, i.e. the equilibrium adsorp-
tion capacity increases with a decrease in zeolite
dose, as a unit mass of the mineral comes into con-
tact with a greater number of organic molecules.

The experimental data was described by four
kinetics/mass transfer mathematical models: the
pseudo-first order, the mixed order kinetics models,
the diffusion-chemisorption, and the intraparticle
diffusion models. The characteristic model parame-
ters were calculated by non-linear regression analy-
ses (Table 3).

The integrative comparative analyses of the
values of the predicted model parameters, coeffi-
cients, and error functions (Table 3) established that
the intraparticle diffusion model represented satis-
factorily the experimental results of the vitamin
sorption on zeolite, as the values of R *, SSE, MSE,
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Fig. 3 — Experimental kinetics curves of vitamin E sorption on zeolite
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RMSE, and AIC,. for both experimental series were
acceptable.

According to Weber-Morris model, it is possi-
ble that the diffusion process can be related to dif-
ferent diffusion rate parameters occurring within
different pore sizes or perhaps pore blockage occur-
ring with time, which will lead to a reduction in the
adsorption rate or diffusion. Thus, at least four sep-
arate regions on the plot g, vs. #*°, depicting the
mass transfer onto the adsorbent: an initial portion,
due to possible external mass transfer effects relat-
ing to the adsorption from solution onto the adsor-
bent, followed by three linear sections representing
the possible intraparticle diffusion, are potentially
possible to exist.?*2¢

The plots of g, versus #*° for both experimental
series (Fig. 4) pass through the origin and comprise
of three linear sections indicative of film-diffusion
(or chemical reaction), followed by macro-/meso-
and micropore-diffusion. The comparative analyses
of the values of the model rate parameters (Table 3)
established that, for both experimental series, the
values of k, are the highest, followed by these for
k,. Consequently, the rate-limiting mechanism of
the encapsulation process is pore diffusion; howev-
er, the role of film-diffusion could not be neglected.
Besides, the higher values of k, as compared to &,
are indicative of the fact that probably a greater rel-
ative part of vitamin E molecules was incorporated
in the macro- and mesopores/channels of the zeolite
matrix. The latter could be explained both by the
smaller number of micropores (Table 1), and the
spatial organic molecule/pore size limitations.

The comparative analyses of the kinetics exper-
imental and model data established that intraparticle
diffusion was not the only rate-limiting mechanism
during the antioxidant encapsulation, as the
mixed-order kinetics model characterized with the
highest R? and the lowest SSE, MSE, RMSE values.
Besides, the model curves presented in Fig. 5 cor-
related very well with the experimental points, es-
pecially for the middle and high concentration rang-
es. The best applicability of the mixed-order model
was also confirmed by the lowest values of AIC_
for both experimental series (Table 3).

The values of the parameter f in the mixed-or-
der kinetics model, for the investigated systems
with different zeolite mass, are negative. These pa-
rameter values correspond to a maximum on the
rate profile, and an inflection point on the kinetics
curve. Such mode is indicative of adsorption sys-
tems with lateral interactions and possible energetic
heterogeneity. The values of the pseudo-second or-
der and third order models are not presented in Ta-
ble 3, since both kinetics models were inapplicable
to the current experimental results. The latter con-
clusion was based both on the extremely low values

Table 3 — Values of the kinetics and diffusion parameters,
correlation coefficients, and error functions for the

vitamin E/zeolite system

Kinetics/
diffusion w=6g w=10g
models
k, 0.0247 k, 0.0149
q,, 191.69 mg g'! q, 23.95mg g
Pseudo-first — p>— ¢ 7971 R?2=0.8259
order kinetics _ _
model MSE = 1.107 MSE = 0.199
RMSE = 1.052 RMSE = 0.446
AIC_ = 8.7832 AIC, = 6.6704

q e 0.6892 mg g!

9, 0.5304 mg g

K, 0.0477 K, 0.0333

Diffusion- —— p >— 06791 R,>=0.6810

chemisorption _PS e

ool MSE = 21.665 MSE = 36.261
RMSE = 172.32 RMSE = 290.09

AIC. = 27.1416

AIC, = 42.1768

K, 0.041 K\ 0.078
£, -40.195 f,-1520.543
— ko 8357107 k,,,—0.2198
ki:éficsor R,>=0.991 R, =0.988
model SSE = 0.017 SSE = 0.033
MSE = 0.002 MSE = 0.004
RMSE = 0.046 RMSE = 0.064
AIC_=-4338896  AIC, =-37.1383
k, 0.1188 k, 0.0569
1,-0.1023 1,-0.0257
R >=0.9485 R>=0.8624
MSE = 9.0904-10%2 MSE = 4.9689-10-2
RMSE = 3.6362:10' RMSE = 1.9876:10°!
k. 0.9385 k. 0.7753
1,-6.5654 1,-5.8582
Intraparticle > — () 9766 R.2=09168
diffusion i2 i2
model MSE = 1.1241:102 MSE = 9.8213-10 %
RMSE = 2.2482:10% RMSE = 1.942:10
k. 0.2208 k. 0.0693
1,1.3776 1,1.9624
R.>=0.9988 R2=08781
MSE = 7.3759:10% MSE = 1.5407-10
RMSE = 7.3759-10° RMSE = 1.5407-10°
AIC, = 1.4267 AIC, = 0.5041
D 62122:10 5 m? s D, 5.4357-105 m? 5!
R =0.9754 R 0.9033
Boyd model ~MSE =5-10° MSE = 2-10°
RMSE = 0.0022 RMSE = 0.0047
AIC = —42.7695 AIC,_ =0.7215
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Fig. 4 — Experimental kinetics data and intraparticle diffusion model

of the obtained correlation coefficients (R*> = 0.0645
—0.1819), and the significant deviation of the mod-
el curves as compared to the experimental points.

According to Boyd model, if the intraparticle
diffusion is the adsorption rate controlling step, then
the plot of Bf vs. ¢ (Boyd plot) produces a straight
line, which passes through the origin. The Boyd’s
coefficient, B, is determined by the slope of Bt vs. ¢,
and the values of the effective intraparticle diffu-
sion coefficient, D, by the following equation:

7*-D,
B=—7 ™)

r

If the plot is nonlinear or linear but does not
pass through the origin, it can then be concluded
that the limiting step is film-diffusion or chemical
reaction.”’?* According to the Boyd experimental
and model results presented graphically in Fig. 6,
the plot intercepts the origin and consists of three
linear segments (two breakpoints) (Fig. 6). Conse-
quently, according to Boyd’s criterion, it can be
concluded that intraparticle diffusion was the
rate-controlling step during the antioxidant encap-
sulation on the mineral matrix. The calculated val-
ues of D, by the Boyd model for the studied systems
are presented in Table 3.

Mechanism of vitamin E encapsulation

To outline the probable host-guest interactions
between vitamin E molecules and the zeolite struc-
ture during the process of the antioxidant encapsu-
lation, insight into the molecular structure and prop-

erties of the drug, as well as the morphological and
physicochemical characteristics of the inorganic
matrix is necessary. The molecular characteristics
of vitamin E (Table 4) were calculated by Chem 3D
Draw software package. In addition, the approxi-
mate dimensions of the organic molecule in the 3D
coordinate system were determined by Marvin Che-
mAxon software package (Fig. 7).

According to scientific literature, natural zeo-
lites belong to the group of mesoporous mineral
materials with the following pore/channel diame-
ters: micropores d < 1.5-2.0 nm; mesopores 1.5
(2.0) > d > 40 (50) nm; macropores d > 40 (50)
nm.” In view of these data, it could be concluded
that the antioxidant molecules could enter and leave
the meso- and macropores of the solid matrix with-
out serious spatial limitations. Whereas, the extent
of diffusion in the micropores and microchannels
obviously depends on the spatial orientation of the
drug molecules, which could in turn render resis-
tance and limit the free path for encapsulation.

Table 4 — Molecular characteristics of vitamin E

Parameter Value
Formal charge 0
Connolly accessible area, A? 904.217
Connolly molecular area, A> 501.272
Connolly solvent excluded volume, A’ 478.49
M_, g mol™ 444.6896
Ovality 1.6944
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Fig. 7 — Connolly molecular area and molecular dimensions of vitamin E molecule

The localization of a-tocopherol molecules on
individual adsorption sites is possible due to hydro-
gen bonding between their phenol hydroxyl groups
and isolated Si-OH groups of the sorbent.***! The
formation of a monomolecular layer of the antioxi-
dant molecules on the sorbent surface leads to the
emergence of additional energetically nonequiva-
lent adsorption sites. The further observed increase

in the sorption extent is probably caused by the for-
mation of polymolecular a-tocopherol layers. Asso-
ciation of vitamin E molecules via hydrophobic in-
teractions is possible. However, according to the
study of Bidzilya ef al., such tendency occurs at
solution concentrations above 5 - 10~ mol dm™ (i.e.
2223 mg dm3).303
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Thermodynamic study

The values of the calculated thermodynamic
parameters for the system vitamin E/zeolite are pre-
sented in Table 4, and their dependence on the ini-
tial vitamin E concentration in Fig. 8. The positive
values of AH° suggested the endothermic nature of
the adsorption process of the vitamin on the mineral
material. The values of the free energy change
(AG®) were negative, and decreased with tempera-
ture increase (Table 5, Fig. 8), indicating that the
adsorption of vitamin E on zeolite was spontaneous
and the adsorption became more favorable at a
higher temperature. The fact that they were lower
than —80 kJ mol™' indicated the chemical nature of

Table 5 — Values of the thermodynamic parameters of vita-
min E adsorption on zeolite

C, AHP, AS®, AG®, kJ mol!
mguL" kJ mol™ | kJ mol" K™ | 298 K | 313K | 343 K
50  6118.69  21.00 ~140.50 —455.56 —1085.68
100 1701.04 5.81 -30.55 —117.71 -292.03
250  958.60 3.39 ~52.99 -103.91 -205.75
300 82328 3.05 -86.81 —132.62 —224.24
500  652.70 2.48 -85.14 —122.29 -196.57

the host-guest interactions. The positive values of
AS° displayed that the degrees of randomness in-
creased at the solid-liquid interface during the ad-
sorption of the biologically active substance on the
mineral.

Release studies

The use of in vitro drug dissolution data to pre-
dict in vivo bioviability of biologically active sub-
stances can be considered as the rational develop-
ment of controlled release formulations.’*
Model-dependent methods are based on different
mathematical functions, which describe the dissolu-
tion profile. Once a suitable function had been se-
lected, the dissolution profiles were evaluated de-
pending on the derived model parameters.

According to the experimental data, the highest
extent of vitamin E release from the zeolite matrix
in simulated gastric fluid solution was 3.0 mg dm™,
which is equal to desorption efficiency £, 6 % at
298 K achieved after 180 min. The experimentally
determined vitamin concentration in the zeolite ma-
trix was 4.35 mg g'. Based on the data for the di-
etary reference intakes of vitamin E, the released
antioxidant quantity is equivalent to 6.66 IU (1 IU
of the synthetic form is equivalent to 0.45 mg of
a-tocopherol), which is within the Recommended
Dietary Allowances (RDAs) for humans.* The lat-
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Fig. 9 — Applicability of: a) the zero-order model, and b) Korsmeyer-Peppas model to the
experimental data for vitamin E release from zeolite

ter experimental result proved undoubtedly the effi-
ciency of vitamin E-loaded zeolite for medical ap-
plications. In order to determine the suitable release
kinetic model describing the dissolution profile of
vitamin E, nonlinear regression was applied. The
experimental results from the in vitro desorption
studies in simulated gastric fluid (pH = 1.2) were
modelled by the zero-order, first-order, Higuchi,
Hixson-Crowell and Korsmeyer-Peppas, Weibull,
and sigmoidal models. The values of the model pa-
rameters are presented in Table 6.

The zero-order model (Fig. 9a) displayed sig-
nificant correlation towards the experimental data
(R* = 0.9332; AIC, = —12.235). Concerning drug
release, the dosage forms following this profile, re-
lease the same amount of drug by unit time, and it
is the ideal method of drug release in order to
achieve a prolonged pharmacological action. In ad-
dition, it is the ultimate goal of all controlled-re-
lease drug-delivery mechanisms. It leads, in princi-
ple, to the best control of plasma concentration and
offers several advantages, including improved pa-
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Table 6 — Values of the desorption parameters for the vita-
min E/zeolite system

Desorption model Parameters

k,=0.0171
R*=0.9332
AIC_ =-12.235

Zero-order model

C, = 0.6485
k, =—0.0092
R>=0.8917

AIC,= 3.8186

First-order model

k, = 0.2287
R =0.8730
AIC, =-1.5226

Higuchi model

koo =110
R*=0.7719
AIC, = 23.6272

Hixson-Crowell model

a=12988-107
n=0.8453
R*=0.8960
AIC, =-7.0929

Korsmeyer-Peppas model

C, = 8943
k = 0.002

T=-4.152
R =0.8990

AIC, =—6.7706

Weibull model

k,=1.866-107
k,=-4.45-10"
n =15
R*=0.950

AIC. = -15.7963

Sigmoidal model

tient compliance and reduced frequency of drug ad-
ministration.!> 14

Drug dissolution from dosage forms that do not
disaggregate and release the drug slowly can also
be represented by the zero-order model. This rela-
tionship can be used to describe the drug dissolu-
tion of several types of modified release pharma-
ceutical dosage forms, as in the case of some
transdermal systems, as well as matrix tablets with
low soluble drugs in coated forms, osmotic systems,
etc.’® However, the applicability of the Weibull (Fig.
10) and Korsmeyer-Peppas (Fig. 9b) models could
not be fully neglected due to the acceptable values
of the regression coefficients (R* ~ 0.89) and AIC_
(Table 6).

The release exponent n of Korsmeyer-Peppas
kinetic model describes the drug release mecha-

nism: Fick diffusion for n» = 0.5; non-Fickian diffu-
sion for 0.5 <n < 0.1. The value of n = 0.8453 ob-

tained in the present study (Table 6), indicates a
change in vitamin E release mechanism from pseu-
do-Fickian diffusion to anomalous or non-Fickian
antioxidant release.”” Non-Fickian behavior needs
two or more parameters to describe the interacting
diffusion and relaxation effect inherent in it.*® The
latter conclusions imposed the necessity of applying
a proper mathematical model, which could describe
such complex release behavior. The sigmoidal drug
release model, presented graphically in Fig. 11,
characterized with the best correlation with the ex-
perimental data of the release of vitamin E from ze-
olite. The latter was confirmed by the highest value
of the regression coefficient and the lowest AIC_
value (Table 6). The significantly higher value of
the kinetics constant k; as compared to &, (Table 6)
is indicative of the considerable role of diffusion.
The inflexion point registered at approximately 50 %
equilibrium release outlines an initial stage where
the rate of desorption exceeds that of sorption and a
second region characteristic of decreased desorption
rate.

In this respect, the study of Tabandeh and Mor-
tazavi* proved minor contribution of Higuchi mod-
el due to diffusion of a-tocopherol from the outer-
most bilayers of the multilamellar large vesicles
(MLVs) to a liposomal gel. The second phase of the
antioxidant release profile showed a non-Fickian re-
lease indicating a more prominent role for diffusion.
This combinational release profile provided a high
initial concentration of a-tocopherol followed by a
slow release throughout a 10-hour period.

In the case of mesoporous materials, one of the
possibilities to incorporate non-constant diffusivity
is the assumption that the diffusion coefficient of
drugs depends on the matrix porosity.* In the pres-
ent study, considering the fact that the relative part
of the micropores volume is only 3.6 % (Table 1)
from the total pores volume, the spatial and dimen-
sional limitations of these pores towards the vitamin
macromolecules, it could be concluded that the dif-
fusivity of the organic molecules during their re-
lease would not be much dependent on the zeolite
microporosity.

Recent scientific studies on the design, applica-
bility, and efficiency of innovative vitamin E carrier
and drug-zeolite composite systems (Table 7), out-
lined the competitiveness and reliability of the new-
ly developed antioxidant-zeolite formulation in the
present study. Significant comparability between
the values of the cited encapsulation and release ef-
ficiencies (eq. 26) and these obtained in the current
investigations is observed.

E,%= % -100 (7)

o
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Conclusion

The current study has provided insights into
the encapsulation/release behavior of the vitamin E/
zeolite system. The physicochemical nature of the
antioxidant sorption on the mineral matrix was con-
firmed by SEM, FTIR, and UV/VIS spectrophoto-
metric analyses. The sorption kinetics followed the
mixed order kinetics model, thus the intraparticle
diffusion was not the sole rate-limiting step. The
thermodynamic study proved the endothermic,

spontaneous, and feasible nature of the antioxidant
encapsulation process. The attained vitamin E re-
lease efficiency in simulated gastric fluid for 180
min was within the Recommended Dietary Allow-
ances (RDAs) for humans. A complex mechanism
of vitamin E release from the zeolite matrix, in
which diffusion plays a significant role, was ob-
served. The results from the present study are es-
sential as they could be applied during the develop-
ment of innovative vitamin E carrier systems for
human and veterinary medicine.
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Table 7 — Literature review on vitamin E carrier and drug-zeolite composite systems

Drug/carrier system Encapsul. efficiency Release efficiency Ref.
vitamin E/zein-chitosan complex 76.6-87.8 % 90 % 2
tocopherol/inulin microspheres 86-90 % 15% i
vitamin E/acid-modified clinoptilolite tuff 29 % - 32
tocopherol/liposomal gel 98.6 % 1 % »
tocopherol/protein-based nanoformulations 99 % - 2
a-tocopherol/thermosensitive polymer nanoparticles 40.5-50.5 % 70-100 % #
indomethacin +zeolite 13X 24.54 % <10 % 4
ibuprofen +zeolite 13X 25.28 % <10 % 44
indomethacin +zeolite Y 25.75 % <10 % 44
ibuprofen +zeolite Y 26.32 % <10 % 4
resveratrol/Zeolite Y 37.1 % 27 % (5 h) 4
vitamin E/zeolite 68.1-72.9 % 6 % (180 min) this study
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