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Abstract

The purpose of this work was to investigate the influence of zinc gluconate (ZnG) as an intercalating agent on the properties of
lamellar zirconium phosphate (x-ZrP). This nanofiller was synthesized by direct precipitation and it was evaluated as a host for
zinc gluconate. Structural, thermal, morphology, and molecular mobility characteristics were assessed. Infrared spectroscopy
(FTIR) evidenced that the ZrP and ZnG strongly interacted to each other. Wide-angle X-ray diffraction (WAXD) showed a slight
shift of ZrP hkl planes and missing of some ZnG diffraction. According to thermogravimetry, there were free and physically
anchored ZnG molecules into ZrP. Scanning electron microscopy showed that ZnG is disorderly distributed among lamellar ZrP
platelets. Hydrogen low-field nuclear magnetic resonance (‘'HLFNMR) revealed changes of a-ZrP molecular mobility. The

material could be used potentially for drug control releasing.
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Introduction

Ions and their salts play important roles in the biological pro-
cesses of the human body. They have been used for several
therapeutic purposes. For treatment of some disorders and
illness, medicines based on sodium (I), magnesium (1), calci-
um (I), aluminum (II), and zinc (II) and other elements are
available. Moreover, a non-toxic carrier for bioactive delivery
is needed [1, 2].

Zinc gluconate is one of the most effective salts used as
zinc supplement [3, 4]. Besides, administration of phar-
macological doses of this element has been established
as a treatment of several disorders/illness such as in-
flammatory acne [5], immune disturbances, common
cold [6-8], dysgeusia (bad taste) [9], olfactory function ther-
apy [10], and also for contraception/sterilization studies
[11, 12].
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The study of inorganic layered nanomaterials has
been growing with potential for several biomedicine practical
uses [13]. The application of such a nanovehicular system for
delivering bioactive agents has been widely investigated.
Nanosized drug delivery carriers have shown advantages for
improving therapeutic efficiency due to the enhancement of
permeation and reduction of side effects. Most studies showed
that layered double hydroxide [2, 14] clays and tetravalent
metal phosphate [15] such as zirconium phosphate (ZrP)
[13, 16, 17] may be considered great drug carriers. One of
the major advantages of these systems is their capacity to
entrap high loads of bioactive species and protect them until
they are released [13, 16].

In general, a chemical intercalation is required for the prep-
aration of nanohybrid material as a host for control drug re-
leasing. A quite simple chemical reaction is performed leading
to attracting too much interest in many science fields. The
chemical modification alters the physicochemical properties
of the host material increasing its ability to accept the guest
bioactive [18, 19].

Although having a large number of applications—catalyst,
cation exchange, and others—the zirconium phosphate, x-Zr
(HPO,4) 2H,0, has been studied as a nanofiller for polymer
nanocomposites [20-22]. The acid groups on the inner surface
of its layers allow the direct intercalation of a variety of
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substances, particularly basic substances such as alkylamines
[23-26].

Alpha-ZrP has the capacity to incorporate several sub-
stances into its layer via direct ion exchange [13]. The inter-
calation of bioactive species into «-ZrP lamellae is a simple
and easy ion exchange method allowing the preparation of
very attractive nanocarriers for control drug delivery and other
biotechnological applications [16, 17].

This study aimed to investigate the intercalation of zinc
gluconate into «-zirconium phosphate lamellae. It was devel-
oped as a suitable and promising guest-host material to be
used as a drug delivery system.

Experimental
Materials

Phosphoric acid (H;PO,4) 85% P.A. and hydrated zirconium
oxychloride (ZrOCl,.8H,0) P.A was purchased from Vetec,
Brazil. Oligoetheramine (JeffamineTM M600 was provided
by Sigma-Aldrich. Zinc gluconate was supplied by Diet
Import S.A., Lisbon.

Synthesis of lamellar zirconium phosphate

Lamellar zirconium phosphate («-ZrP) was synthesized by
direct precipitation of 12 M solution of phosphoric acid and
zirconium oxychloride at a Zr/P ratio equal to 18 using a three-
neck flask. The reaction medium was maintained at 110 °C,
during 24 h, under refluxing and stirring. After that, the reac-
tion medium was centrifuged and washed successively with
deionized water until the pH equaled to 5.0. Finally, the zirco-
nium phosphate was frozen at — 80 °C during 24 h and lyoph-
ilized for 4 days [23, 27].The product was named as o-ZrP.

Intercalation of a-ZrP with zinc gluconate

The intercalation of the «-ZrP with zinc gluconate was con-
ducted through mixing of ethanolic solution of phosphate and
aqueous solution of zinc gluconate, at 25 °C, under magnetic
stirring, during 24 h. Following, the reaction medium was
filtered and washed with ethanol to ensure the removal of free
zinc gluconate. Finally, the modified ZrP was dried in an oven
at 80 °C. The product was named as ZrP-ZnG.

Differential scanning calorimetry

The differential scanning calorimetry (DSC) of the samples
was performed using TA Instrument Q1000 calorimeter.
Three thermal cycles were used. Firstly, the sample was heated
from 20 to 250 °C, at a heating rate of 10 °C/min under
nitrogen atmosphere and maintained for 2 min to remove the
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thermal history. Then, the sample was cooled until 20 °C at a
cooling rate of 100 °C/min. A second heating cycle was per-
formed at the same conditions of the first one in order to
compare the sample’s thermal behavior.

Thermogravimetry/derivative thermogravimetry

Thermogravimetry/derivative thermogravimetry (TG/DTG)
properties were evaluated using a TA Instrument Q500 ther-
mogravimetric analyzer. The analysis was carried out from 30
to 700 °C, at 10 °C/min, using nitrogen as a carrying gas.
Initial, maximum, and final degradation temperatures (T}yigal,
Tmax> and Tnar) Were registered.

Wide-angle X-ray diffraction

The crystallographic patterns were registered by wide-angle
X-ray diffraction (WAXD). The analysis was performed in a
Rigaku equipment, model Ultima IV, using CuKx radiation
with wavelength (15,418 A), Ni filter, 40 kV, and 20 mA with
20 between 2 and 50°. The filler interlayer spacing was eval-
uated by Bragg equation (Eq. 1),

n = 2dysen6; (1)
n diffraction order;

dna  interlayer spacing;

0 diffraction angle.

Fourier-transform infrared spectroscopy

The analysis of chemical structure were performed with
Perkin Elmer FTIR spectrometer, model Frontier. The spectra
were taken from 400 to 4000 cm™ ' with 50 scans and 4 cm ™
of resolution. The evaluation of the absorbance ratio between
the bands at 3593 and 3511 cm 'with invariable band at
661 cm ' was proceeded in order to discuss on interaction
of the ZrP and ZnG materials.

Field emission scanning electron microscopy

Field emission scanning electron microscopy was carried out
in a Hitachi equipment, model S-4800 at 20 kV, vacuum and
variable magnitude. The morphology, level of dispersion, and
particle size were evaluated.

Hydrogen low-field nuclear magnetic resonance

The relaxometry analysis was performed applying hydrogen
low-field nuclear magnetic resonance ('"HLENMR) in a
Maran Ultra 23 low-field NMR equipment, in time intervals
of 2 s and 40 points, at 30 °C. The results were expressed in
terms of relaxation time (T;H) and domain curves.
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Fig. 1 TG (a) and DTG (b) curves of zinc gluconate (ZnG) and «-ZrP
with and without zinc gluconate

Results and discussion
Thermogravimetry

Figure 1 shows the TG (a) and DTG (b) curves, respec-
tively. For «-ZrP, three degradation steps were noticed.
The first one occurred between 100 and 180 °C (max-
imum at 138 °C) being attributed to releasing of crystal/
interlayer water. The intermediate step at 440-500 °C
(maximum at 465 °C) was related to the dehydroxyl-
ation of P-OH groups. The third one around 500-—
600 °C (maximum at 541 °C) was associated with the
chemical transformation of phosphate to pyrophosphate.

Zinc gluconate exhibited three weight loss steps below
250 °C and one between 300 and 350 °C indicating release
of adsorbed water and thermal degradation of organic struc-
ture, respectively.

For ZrP-ZnG, three weight loss steps were detected and
around 78% of zinc gluconate was incorporated. The first
decay at about 140-220 °C (maximum at 189 °C)
corresponded to the release of crystal/interlayer water. The
second one between 275 and 375 °C (maximum at 319 °C)
was attributed to the degradation of the free portion of zinc
gluconate molecules into ZrP lamellae. The final degradation
step appeared between 400 and 500 °C (maximum at 463 °C).
It was deduced that some portion of ZnG molecules was phys-
ically anchored to the P-OH groups into lamellae and its ther-
mal stability was increased.

Calorimetric properties

Figure 2 shows the second heating calorimetric curves of the
samples. The ZrP curve did not present any modification
along the temperature axis. ZnG exhibited an endothermic
peak around 121 °C attributed to the crystal/interlayer water.
For ZrP-ZnG, a slight alteration of the thermal curve around

Fig. 2 Second heating
calorimetric curves of zinc
gluconate (ZnG) and ZrP with
and without zinc gluconate /
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Fig. 3 WAXD patterns of zinc gluconate (ZnG) and «-ZrP with and
without zinc gluconate

121 °C was also associated with the crystal/interlayer water.
As the water remained, this could induce that zinc gluconate
entered in the ZrP lamellae.

Wide-angle X-ray diffraction

Diffraction patterns of the samples are shown in Fig. 3.
The 20 angle of o-ZrP Akl plane appeared at 11.9° (dgpacing
equal to 7.4 A) and are in agreement with Bestaoui et al. and
Constantino et al. A series of diffraction angles was observed
for zinc gluconate. The diffractogram has great similarity to
the study reported by Ding et al. on preparation of zinc glu-
conate with different nanostructures. For ZrP-ZnG, significant
changes were noticed. The diffraction angle of «-ZrP hkl
plane was shifted to a lower value (11.5°) and dgpacing Slightly
increased (7.7 A). In some extent, platelet/platelet interactions
were weakened. There were substantial changes of the zinc
gluconate diffraction angles. All angles below 10° and
that one around 17° disappeared. The angle at the vi-
cinity of 22-23° drastically decreased. The changes in the zinc
gluconate molecules arrangement evidenced its entrance into
ZrP lamellae and that there was some physical interaction
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Fig. 4 Infrared spectra of zinc a
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Fig. 5 Schematic representation of free and coordinate structures of
carboxylate group in zinc gluconate

between host and guest entities. The results are in agreement
with TG/DTG analysis.

Infrared spectroscopy

Figure 4 shows FTIR spectra of samples. For ZrP, absorption
bands at 3595 and 3511 cm™ ' were attributed to the stretching
of free crystal/interlayer water. The absorption at 3153 cm ™'
was recognized as hydrogen bonding of H-HO—H and P-OH
group. The absorption peak at 1617 cm™' was also associated
with the crystal/interlayer water. The 1075, 1050, and
968 cm™ ' absorption bands were concerned to the PO4>~ vi-
brational modes while that around 594 cm ' was considered
as vibration of Zr—O bond [27, 28].

Zinc gluconate is an organic salt based on hydroxy-acid
(Fig. 5). Above 3000 cm ', its spectrum presented a broad
absorption band related to the hydrogen bonding of water
and OH groups of zinc gluconate. Around 2927 and
2839 cm', these two bands were assigned as the stretching
of the C—H bond. Ishioka et al. in their study on vibrational
spectra and structures of zinc acetate and zinc stearate pointed
out that two absorption bands at 1500—1600 cm™' were asso-
ciated with the coordination mode of the carboxylate group. In
this work, two bands at 1597 and 1541 cm™ ! were also no-
ticed. By analogy, they were assigned to the asymmetric
stretching of the carboxylate group and related to the coordi-
nation mode of zinc and gluconate moieties. Another band
related to the symmetrical stretching of the carboxylate anion
was found around 1429 cm . The bands at 1199, 1160, 1095,

Table 1 Absorbance

ratio of specific bands to Band ratio Absorbance ratio

assessing interaction

7Z1P-ZnG ZrP ZrP-ZnG
3593/661 0.91 0.45
3511/661 0.55 0.45

.:Zr .:Zn @®Pr @0 @H o:cC

Fig. 6 Illustration of the supposed interaction between the ZnG hydroxyl
group and P-OH

Fig. 7 SEM photomicrography of «-ZrP
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Fig. 8 SEM photomicrography of ZrP-ZnG

1056, and 1025 ¢cm™ ! were concerned with the stretching of
the C—O bond and asymmetric stretching of the O—C—C bond.
Similarly as registered elsewhere, the bands at 896, 696, and
653 cm ' were respectively associated with the vibrational
deformation, angular deformation, and out-of-plane of car-
boxylate group [28, 29].

The IR spectrum of the ZrP-Zinc gluconate (ZrP-ZnG) ma-
terial should be similar to the sum of the spectra of the lamellar
ZrP except any chemical alteration of precursor materials hap-
pening after intercalation. Although, the bands at 3593 and
3511 cm™ ' appeared their intensities decreased. In fact, the
absorbance ratio between these bands with an invariable band
at 661 cm ' diminished (Table 1). This decrease was under-
stood as the replacement of interlayer water by ZnG upon
intercalation. This is an evidence of the interaction between
ZrP/ZnG. The band around 3000 cm™ ' presented a sharp

200

enlargement. Also, the presence of ZrP induced change in
the carboxylate bands of the organic salt. The absorption
bands at 1597 and 1541 cm™ ' appeared as a doublet. The peak
intensity of the band at 1541 cm ™' markedly increased. Once
again, there was evidence of interaction between the P-OH
group and ZnG hydroxyl group. In addition, the band at
968 cm” ' (P—OH vibration) showed marked reduction of peak
intensity. These findings permit to emphasize two aspects. The
ZnG molecules entered into «-ZrP lamellae. In some extent,
the original ZnG coordinate mode was altered. It is reasonable
to assume that the ZnG hydroxyl groups attached to the adja-
cent carbon of the carboxyl were associated with the P-OH
group breaking the original zinc gluconate coordinate struc-
ture. This change is schematically illustrated in Fig. 6. The
infrared results strongly suggest that the intercalation of the
ZnG was successfully achieved.

Scanning electron microscopy

Figures 7 and 8 present the SEM images of the o-ZrP and ZrP-
ZnG, respectively. For ZrP, a typical morphology for layered
compounds is observed. Mixing of pseudo-hexagonal and
rounded platelets was produced. The round edge of some of
the sheets could be an indication that their crystallinity is still
not very high as registered before [24]. For ZrP-ZnG, the
image is similar to that of ZrP but aggregates of ZnG with
different dimensions are disorderly distributed among the
platelets and on the surface of the phosphate. Thus, the en-
trance of ZnG into host material was registered corroborating
the assumption of the previous analyses.

Hydrogen low-field nuclear magnetic resonance
Either in a high field or in a low one, nuclear magnetic reso-

nance (NMR) is an important tool for determining chemical
composition and constitution, molecular mobility, and

Fig. 9 Domain curves and
relaxation times of neat ZrP, ZnG,
and ZrP-ZnG

150

ZnG
ZrP
ZrP-ZnG

100

Normalized Intensity
3
1

A

1000

@ Springer

7 ——y ————y
10000 100000 1000000
Relaxation time (ms)



Colloid Polym Sci (2018) 296:1079-1086

1085

configuration of organic and inorganic compounds. Recently,
hydrogen low-field NMR has been used for evaluating mo-
lecular structural organization and molecular dynamic in
nanocomposites [30].

In this work, this technique was applied to assess the
relaxometry of the materials. Figure 9 shows the domain
curves of neat ZrP, ZnG and ZrP-ZnG, respectively. The relax-
ation domains of the ZrP showed two relaxation intervals. The
first one lay around 7 x 10%-2 x 10* ms while the second one at
the vicinity of 8 x 10%-3 x 10° ms, similar to domains found by
Mendes et al. [22] and Lino et al. [31]. It is reasonable to
consider that the hydrogen atoms attached to the water mole-
cules must have a lower relaxation time. Based on it, it was
supposed that the first relaxation interval represents the molec-
ular mobility of free crystal/interlayer water molecules and
those physically anchored to the P-OH group of the ZrP. The
second interval of relaxation could be attributed to hydrogen
relaxation of free P-OH, from the tip to the center of the ZrP
lamellae. For ZnG, the relaxation curve presented a peak
around 5 x 10°~7 x 10° ms that was associated with the hydro-
gen relaxation of water molecules. Between 9 x 10° and 1 x
10° ms, a second peak was registered due to the hydrogen
relaxation of the hydroxyl groups attached to the zinc gluco-
nate. The ZrP-ZnG relaxation curve is unlike of that of neat
ZrP. Three sharp relaxation peaks were noticed. The peak lo-
cated at 2.5 x 10*77 x 10> ms was related to the hydrogen re-
laxation of the water molecules. The broad intermediate peak
(3 x 10%-5 x 10° ms) is merged from ZrP and ZnG ones, and it
was understood as being the result of physical interaction of the
P—OH groups and the hydroxyl groups attached to the ZnG.
The peak at the highest relaxation times represented the free P—
OH, where its low intensity was due to the occurrence of the
partial interaction of P-OH and hydroxyl groups bonded in the
chemical structure of ZnG.

Conclusions

The intercalation of zinc gluconate (ZnG) as a guest molecule
into lamellar zirconium phosphate («-ZrP) was performed.
The phosphate was synthesized using phosphoric acid and
zirconium oxychloride as precursors. In this study, the inter-
action and the entrance of the ZnG into the interlayer spacing
was investigated. There were many evidences showing that
ZnG was inserted into o-ZrP dypacing. TG/DTG indicated that
among ZrP platelets, there are free and physically anchored
ZnG molecules. Diffractometry, infrared, and relaxometry
analyses showed that there was the insertion of ZnG into
ZrP lamellae and interaction between host and guest materials.
Although several hydroxyl groups are attached in the guest
chemical structure, they have very low basic strength, which
decreases the probability of reaction with strong P-OH
Brensted acid groups in the ZrP interlayer region. The results

support that physical interaction predominated between ZrP
and ZnG.
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