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Mixed oxides based on Mg-Al, Mg-Fe, Zn-Al, and Ni-Mg-Al were prepared, char-
acterized and used as sorption materials for different types of active pharmaceutical in-
gredients (APIs)— nicotinic acid, salicylic acid, ibuprofen, paracetamol and ascorbic acid.
Immobilization of APIs on solid supports was confirmed using X-Ray diffraction and
infrared spectroscopy. Overall, the best sorption material for mentioned substances
showed to be mixed Mg-Al oxides (>80 % of immobilized substance after 4 h except
ascorbic acid). On the other hand, Mg-Fe and Mg-Ni-Al materials did not possess high
sorption capacity (max. 59 % after 4 h). From studied substances, the immobilization
amount was the lowest in the case of ascorbic acid (max. 44 % immobilized after 4 h),
the highest amount was immobilized in the case of salicylic and nicotinic acids (>95 %,
4 h). The discussion regarding the structure of substances and properties of sorption ma-

terials is also offered.
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Introduction

Structure of hydrotalcite (hydrated mixed ox-
ide, HTC) is based on the structure of brucite
(Mg(OH),). Magnesium atoms and hydroxyl groups
create octahedral structure, individual octahedral
units share edges and create endless neutral struc-
ture. In this structure, bivalent magnesium atoms
can be exchanged for e.g. trivalent aluminum at-
oms, which cause origination of positive charge.
The positive charge has to be compensated by the
negative charge of anions situated in the space be-
tween the layers of hydrotalcite. Remaining inter-
layer space is occupied by water molecules. A ratio
of bivalent and trivalent atoms in the structure of
hydrotalcite can be simply varied by conditions of
synthesis. Calcination of hydrotalcite provides
mixed oxide, monolayer mesoporous material.
Mixed oxides can be rehydrated back to hydrotal-
cite. The rehydration of mixed oxide with a water
solution of active compound results in hydrotal-
cite-like material, which contains active compound
intercalated in interlayer space (intercalation into
hydrotalcite structure).

Usage of hydrotalcites in drug delivery systems
can offer a large number of advantages compared to
traditional materials. Among them, it is worth men-
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tioning the low preparation costs and low toxicity,
stability, high surface area, and biocompatibility'.
Hydrotalcite materials containing pharmaceutical
substances are widely studied. They can be used to
support active pharmaceutical ingredients which are
poorly water-soluble (indomethacin, ketoprofen, ti-
aprofenic acid)’. Intercalation of active pharmaceu-
tical ingredient (API) can also be used for the con-
trolled release of intercalated substance (diclofenac,
gemfibrozil, ibuprofen, naproxen, paracetamol,
ascorbic acid)**!°. Hydrotalcites can also stabilize
nonstable molecules like ascorbic acid, tocopherol
or retinoic acid*.

Despite many mentioned benefits, some disad-
vantages are also connected with the use of these
interesting materials — (i) For interacalation of API,
materials with nitrate anions in interlayer are usual-
ly used. Nitrate-loaded hydrotalcite-like materials
must be performed without air access to prevent
loading of carbonates into interlayers. (ii) Calcina-
tion and hydration of material are necessary prior to
use of hydrotalcite-like materials. In this work, we
would also like to show that different types of mi-
xed oxides (Mg-Al, Zn-Al, Mg-Fe, and Mg-Ni-Al)
as possible HTC precursors may be successfully
used for loading of chosen APIs — paracetamol,
ascorbic acid, nicotinic acid, ibuprofen and salicylic
acid. To our best knowledge, the usage of at least
Ni-Mg and Fe-Mg mixed oxides has not been de-
scribed in the literature.
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Materials and methods

Materials

Several types of mixed oxides — Mg-Al'l,
Zn-Al"?, Mg-Fe'* and Mg-Ni-Al'* were prepared ac-
cording to literature by coprecipitation method at
constant pH and temperature. After preparation, the
materials were calcined and used as prepared with-
out hydration. Magnesium nitrate hexahydrate, alu-
minum nitrate nonahydrate, zinc nitrate hexahy-
drate, ferric nitrate nonahydrate, nickel nitrate
hexahydrate, potassium hydroxide, potassium car-
bonate, sodium hydroxide, and sodium carbonate
(all Penta, p.a.) were used for the synthesis of mixed
oxides. Nicotinic acid (NA, Sigma Aldrich, >98 %),
salicylic acid (SA, Lachema, >98 %), ibuprofen
(IB, Sigma Aldrich, >98 %), paracetamol (PA, Sig-
ma Aldrich, >99 %), ascorbic acid (AA, Sigma Al-
drich, 99 %) and methanol (Penta, p.a.) were used
for immobilization.

Immobilization

Different amounts of immobilized substance
were used. In the case of ascorbic acid and parac-
etamol, 100 mg of substance was dissolved in 10
cm’ of demineralized water, then 100 mg of mixed
oxide (pretreated at 450 °C/17 h/air) was added. In
the case of nicotinic acid, salicylic acid, and ibupro-
fen 20 mg of substance was dissolved in 10 cm?® of
demineralized water, in the case of ibuprofen in 10
cm® of mixture methanol:demineralized water (1:1
vol.) and 50 mg of mixed oxide was added (pre-
treated at 450 °C/17 h/air). This mixture was stirred
at 900 rpm for 4 h. After the desired time, materials
were filtered using vacuum and glass sintered filter
S4, and dried (40 °C/air/18 h). The concentration of
the substance in solution was monitored using UV-
VIS spectrophotometer Perkin Elmer Lambda 35
(used wavelengths: SA: 231 nm, NA: 262 nm, AA:
269 nm, PA: 243 nm, IB: 220 nm). Selected exper-
iment was repeated 5 times to determine measure-
ment deviation — it was shown to be 5 %.

Characterization

X-ray fluorescence analysis (spectrometer ARL
9400 XP Thermo Scientific) was used to analyze
composition of prepared mixed oxides). X-ray dif-
fraction (X Pert Pro PAN analytical) was used for
characterization of prepared mixed oxides and
mixed oxides modified with different substances).
Infrared spectrometer (Nicolet 6700 Thermo Scien-
tific) was used to measure diffuse reflectance to
confirm immobilization of substances on mixed ox-
ides. Specific surface area was measured using
Pulse Chemisorb (Micromeritics). UV-VIS spectro-
photometer Perkin Elmer Lambda 35 was used to
monitor the concentration of substances in solutions.

Results and discussion

Characterization of materials
X-Ray fluorescence, specific surface area

X-ray fluorescence (Table 1) confirmed the
composition of prepared mixed oxides, which cor-
responds to expected values. The highest specific
surface areas were observed at Ni-Mg-Al materials,
the lowest at Zn-Al mixed oxide. Values are in ac-
cordance with literature'>'>. No specific trend was
observed following the increase of Mg-Al ratio in
this type of material.

X-Ray diffraction
X-Ray diffractograms of prepared materials

In diffractograms of Mg-Al materials (Fig. 1)
the lines typical for hydrotalcite Mg ..Al; ,.(CO,),
(OH),(H,0), .. (2 theta® 11, 23, 35, 39, 46, 61, 62)
and pure magnesium oxide (2 theta® 43, 65, 74,
79)!%7 were identified. The lines at 11.7° 2 theta
corresponding to (003) reflection can be assigned to
the interlayer distance of 0.77 nm, which is in
agreement with the presence of carbonate cation.

Table 1 — Composition (X-ray fluorescence) and specific surface area of prepared materials

Material MgO ALO, ZnO NiO Fe O, other Suir
(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (m*gh)

Mg-Al 2:1 51.9 47.8 - - - 0.3 134
Mg-Al 3:1 62.5 37.4 - - - 0.1 101
Mg-Al 4:1 65 343 - - - 0.7 141
Mg-Fe 2:1 48.4 - - - 51.3 0.3 135
Mg-Fe 3:1 58.3 - - - 41.5 0.2 87
Zn-Al 3:1 - 20.5 79.4 - - 0.1 73
Ni-Mg-Al 1.5:2.5:1 35.8 22.0 - 42.1 - 0.1 170
Ni-Mg-Al 1.5:1:1 17.7 26.4 - 55.7 - 0.2 181
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Fig. 2 — X-ray diffractogram of prepared Mg-Fe materials

0 10 20 30 40 50 60 70 80 90
50000 T T T T T T
— Mg-Al 4:1
25000 - -
50000 1 1 1 1 1 1 1 1 1 1
Mg-Al 3:1
25000 [ -
50000 1 1 1 1 1 1 1 1 1 1
Mg-Al 2:1
25000 E
0 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
2 Theta (°)
1 — X-ray diffractogram of prepared Mg-Al materials
0 10 20 30 40 50 60 70 80 90
Mg-Fe3:1
60000 - -
40000 [ -
20000 -
0
— Mg Fe 2 1 |
60000 [ -
40000 E
20000 —
0 1 1 | - 1 P L L | - 1 P 1 1 L 1 1
0 10 20 30 40 50 60 70 80 90

2 Theta (°)

The presence of hydrotalcite lines of only calcined
materials is, in the cases of all prepared materials,
connected with its storage at air atmosphere, and no
rehydration was performed prior to measurement
and use. The ratio between rehydrated and oxide
form cannot be calculated, especially due to the
amorphous form of aluminum oxide.

Mg-Fe mixed oxides contained phases of
Mg, .Fe,,.(CO,), , (OH),(H,0),, (2 theta® 11, 23, 34,
59, 61) and, again, magnesium oxide (2 theta® 39,
43, 62, 78)!'%!® (Fig. 2). The increase of baseline is
typical for materials containing iron in its struc-
ture'.

Diffractogram of Zn-Al oxide contains phases
for Zn, Al . (OH),(CO,), ,(H, O)0 4 (2 theta® 12,
23, 35, 39 46, 60, 61), and for zinc oxide (2 theta®
34, 36, 37, 48, 57, 63, 65, 67, 69)**2!. Diffractogram
of Ni—Mg—Al oxides contains two phases of mixed
carbonate hydroxide hydrate— Mg ..Al (CO,), .-
(OH),(H,0), and Ni14869 1131(OH)6(CO3)1020 (2 theta®
11, 23, 35, 61, 62) and two phases of pure oxides
— nickel and magnesium oxide. Lines of nickel
and magnesium oxides are overlapping, therefore,
they are listed together (2 theta® 35, 43, 62, 75,
79)15-17.2223 (Fig, 3).

X-Ray diffractograms of Mg-Al 2:1 after sorption of
active substances

XRD diffractogram of modified Mg-Al 2:1
(Fig. 4) confirms preservation of hydrotalcite struc-
ture after modification with API’s in the case of all
modified materials. Lines typical for hydrotalcite
(described in Fig. 1) are present. In the case of ma-
terial modified with paracetamol, typical lines for
this substance are also present (2 theta® 9, 18, 24
and 27), meaning that this APl was not homoge-
neously distributed. As described below, its ad-
sorbed amount was not the lowest of all material,
although the pKa of this API is the highest of all
studied (pKa = 9.86). In the case of ascorbic acid
and salicylic acid, the intensity of hydrotalcite lines
significantly decreased (especially visible is this
fact in the case of ascorbic acid). These two com-
pounds were the most acidic of all used APIs (pKa
NA = 2.2 and SA 3.0), and the hydrotalcite-like ma-
terials suffered from dissolution in acidic media.

In all loaded materials, the decrease or disap-
pearance of lines attributed to magnesium oxide
was observed — especially the disappearance of line
at 43° 2 theta and significant decrease of line at 65°
2 theta. This meant that mixed oxide was hydrated
in the loading process.

The intercalation of compounds to the structure
of hydrotalcite-like materials may be evaluated by
the shift of (003) reflection to lower 2 theta val-
ues®. But in our case, this detection was not possi-
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Fig. 3 — X-ray diffractogram of prepared Ni-Mg-Al and
Zn-Al materials

ble due to two facts: 1) used sorption materials were
predominantly HTC like in carbonate form (which
is not very convenient for ion exchange), and 2) the
largest size of used APIs was, in most cases, smaller
or similar to the interlayer distance of carbonate
material, so the increase in this distance could not
be observed. The size of APIs was measured using
Gaussian 03 software (nicotinic acid 0.70 nm, sali-
cylic acid 0.71 nm, ascorbic acid 0.79 nm, parac-
etamol 0.81 nm, ibuprofen 1.04 nm). The only case
when formation of a new line that may be connect-
ed to the increase in size of interlayer distance was
observed, was in the case of the largest molecule —
ibuprofen. Line at 9° 2 theta was visible and may be
calculated as interlayer distance 0.99 nm. Neverthe-
less, we presume the simple adsorption of chosen
APIs on materials surface. This was also confirmed
by the fact that crystal structure of paracetamol was
observed after loading on this material.

Infrared characterization of modified materials

Characterization using infrared spectroscopy —
diffuse reflectance was performed to confirm im-
mobilization of API’s on Mg-Al 2:1 mixed oxide
(Fig. 5). In the case of paracetamol (Fig. 5a), pres-
ent were characteristic lines for this substance
(1650, 1500, 1360 and 1270 cm™) . In the case of
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Fig. 4 — X-ray diffractograms of Mg-Al 2:1 material modi-
fied with different API's

ascorbic acid (Fig. 5b), two characteristic lines were
identified —1640 and 1380 cm'. Material modified
with salicylic acid (Fig. 5c) contained typical lines
for this substance (1570, 1460, 1370, 1260 and 750
cm'). Lines found in ibuprofen-modified material
(Fig. 5d) overlapped with lines typical for original
nonmodified material (1560, 1410 and 1370 cm™).
Lines identified in material modified with nicotinic
acids (Fig. 5e) were 1600, 1550, 1400 and 1370
cm !, With longer adsorption time, the increase in
API typical lines intensity was obvious.

Course of immobilization

Comparison of immobilization course of differ-
ent substances and materials is depicted in Fig. 6
and summarized in Table 2. Maximal theoretical
amount of API on supporting material was either
100 mg/100 mg material in the case of PA and AA
or 40 mg/100 mg material in the case of SA, IB and
NA. At least 90 % of these values were obtained
after 4 h in the case of SA (Mg-Al 3:1 and 4:1) and
NA (all Mg-Al materials). Comparing immobiliza-
tion of PA and AA, the course was considerably
faster in the case of PA (exception in first 15 min
was Ni-Mg-Al 1.5:1:1). These substances have in
common the fact that one of the less efficient sup-
ports for immobilization were the materials contain-
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Fig. 5 — Infrared spectra of Mg-Al 2:1 material modified with different API's — paracetamol (a), ascorbic acid (b), salicylic acid (c),
ibuprofen (d), and nicotinic acid (e)
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Table 2 — Immobilized amounts during immobilization (AA, PA: 100 mg substance, 100 mg mixed oxide; NA, SA, IB: 20 mg
substance, 50 mg mixed oxide; 10 mL of demineralized water, 900 rpm, 4 h)

Material Immobilized amount in 15 min (mg/100 mg_ ) Immobilized amount in 4 h (mg/100 mg,__ )
e A | aa | sa [ B[ wa A | Aaa | sa [ B | Na
Mg-Al 2:1 17 0 9 19 15 82 15 33 35 40
Mg-Al 3:1 27 4 4 23 18 78 44 40 34 39
Mg-Al 4:1 19 0 11 20 20 70 42 37 34 37
Mg-Fe 2:1 13 2 11 8 12 39 25 17 14 25
Mg-Fe 3:1 10 0 9 5 11 31 41 18 11 24
Zn-Al 3:1 14 0 13 14 14 34 28 18 21 35
Ni-Mg-Al 1.5:1:1 7 9 11 17 16 15 13 12 19 20
Ni-Mg-Al 1.5:2.5:1 10 0 10 13 14 29 11 12 20 18

ing nickel. Immobilization of AA was the less effi-
cient from all API’s, which could be caused by its
structure (more hydroxyl groups than other tested
substances). This is also in correlation with de-
creased intensity of lines of hydrotalcite material
observed in XRD diffractograms.

Paracetamol (N-(4-hydroxyfenyl)acetamide, PA)

The course of paracetamol immobilization is
depicted in Fig. 6a. The highest immobilized amount
was obtained using pure Mg-Al oxides (70 — 82 %),
a material with the lowest magnesium content im-
mobilized the highest PA amount. Zn-Al, Mg-Fe,
and Ni-Mg-Al 1.5:2.5:1 mixed oxides behavior in
PA immobilization was similar —29 — 39 % PA im-
mobilized amount after 4 hours. The less efficient
material was in this case Ni-Mg-Al 1.5:1:1 oxide,
which adsorbed only 15 % of PA after 4 hours. In
case of all materials, immobilized amount increased
with immobilization time. Higher adsorbed amounts
on Mg-Al samples could be caused by its higher
specific surface area (Table 1) compared to materi-
als Mg-Fe and Zn-Al. Materials containing nickel
also had higher specific surface, but the nickel con-
tent in material significantly decreased PA immobi-
lized amount. Nickel in this type of material replac-
es aluminum in the structure. As aluminum bears
Lewis acidity probably convenient for the sorption
of such slightly basic API, its replacement with less
acidic nickel is disadvantageous.

Ascorbic acid ((5R)-[(1S)-1,2-Dihydroxyethyl]-
-3,4-dihydroxyfuran-2(5H)-one, AA)

In comparison with immobilization of PA, im-
mobilization of AA took place significantly more
slowly (Fig. 6b). The highest immobilized amounts
(42-44 %) were obtained using Mg-Al 3:1, Mg-Al
4:1 and Mg-Fe 3:1 oxides. Zn-Al 3:1 and Mg-Fe
2:1 exhibited the same behavior —approx. 25 % of

immobilized AA after 4 h. The lowest amount (11—
15 %) of AA was immobilized on both Mg-Ni-Al
oxides and on Mg-Al 2:1 oxide. In the case of Ni-
Mg-Al 1.5:1:1 oxide, all AA was immobilized in 15
min, and no further increase of immobilized amount
was observed. In case of all other oxides, immobi-
lized amount increased with time of adsorption.
Ascorbic acid contains, in comparison with other
tested substances, higher number of hydroxyl
groups, which could cause higher affinity to polar
immobilization media (water), and therefore, overall
lower absorbed amount. Moreover, the interaction
of AA with materials caused the deepest impact on
the materials structure as visible from XRD (Fig 4).

Salicylic acid (2-hydroxybenzoic acid, SA)

The highest immobilized amount was obtained
using Mg-Al oxides (82-99 %, Fig. 6¢). In case of
Mg-Al oxide, magnesium content did not influence
the amount of immobilized SA. Mg-Al 3:1 mixed
oxide proved to be the best immobilization support,
but the difference between 3:1 and 4:1 was not very
significant. This is in correlation with the fact that
Mg-Al oxides are the most basic of all tested mate-
rials, and SA was the second most acidic API used.
Mg-Fe and Zn-Al oxides gave similar results, after
4 hours of immobilization, 43—45 % of SA was im-
mobilized. Materials containing nickel showed to
be the least efficient immobilization materials —
only 29-30 % of SA immobilized after 4 hours. In
the case of Mg-Al oxides, the immobilization course
was gradual, in the case of other oxides almost all
SA was immobilized during first 30 min.

Ibuprofen ((RS)-2-(4-(2-methylpropyl)phenyl)-
propanoic acid, IB)

In the case of ibuprofen (Fig. 6d), the highest
immobilized amount was again obtained using Mg-
Al oxides — the most basic ones and with high spe-
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cific surface. In this case, the highest immobilized
amount (93-95 %) was obtained at 2 h of immobi-
lization, and with increasing time, the immobilized
amount slightly decreased (86—87 %). This behav-
ior was not observed using other oxides, where the
immobilization gradually increased with immobili-
zation time. The lowest immobilized amount (28—
37 %) was obtained using Mg-Fe materials (proba-
bly due to low specific surface).

Nicotinic acid (pyridin-3-carboxylic acid, NA)

Immobilization of nicotinic acid (the most
acidic of all APIs used, Fig. 6e), in cases of using
any mixed oxide, was very fast from the beginning
(more than 80 % of total immobilized amount in
first 30 minutes) except with Mg-Fe oxides, which
exhibited more gradual immobilization of NA.
Mixed Mg-Al oxides immobilized the highest
amounts of NA (92-99 %), and similar amount
(88 %) was immobilized also using Zn-Al oxide. In
the case of Mg-Al oxides, more NA was immobi-
lized with lower magnesium content in material.
Analogously, in the case of Mg-Fe and Ni-Mg-Al
oxides, more NA was immobilized on material with
lower magnesium content. Materials containing nick-
el immobilized the lowest NA amounts (46—50 %).
The course of immobilization was very similar to
paracetamol. The high rate of NA adsorption was
probably caused by the affinity of carboxylic group
to a particularly basic character of all studied mate-
rials and the highest acidity of NA among all stud-
ied APIs.

Release of API from material was monitored
using paracetamol, salicylic acid, and ibuprofen on
Mg-Al 3:1 material in three dissolution media — pH
=2,4.5, and 7. The highest released amount (29 %,
4 h) in the case of paracetamol was observed using
solution pH = 2. Dissolution medium pH = 2 was
also the most efficient in the case of salicylic acid
— 39 % of API released at 4 h. In contrast, the most
efficient dissolution media for ibuprofen release
were pH = 4.5 and 7 (14 % for both, 4 h).

Conclusion

Immobilization on different types of mixed ox-
ides was performed using five APIs— paracetamol,
ascorbic acid, salicylic acid, ibuprofen, and nicotin-
ic acid in water media. In case of paracetamol, Mg-
Al mixed oxide showed to be the best solid support
— increasing immobilized amount with decreasing
Mg-Al ratio (70-82 % immobilized amount, 4 h) is
attributed to decreasing material basicity, as well as
to low basicity of this API. Other types of materials
exhibited lower immobilized amount (15-38 %, 4
h). Overall, the immobilization of ascorbic acid was

less efficient than any other API, which could be
caused by its higher affinity to polar immobilization
media because of its structure containing a number
of hydroxyl groups (in the best case only 44 % was
immobilized at 4 hours (Mg-Al 3:1). In the case of
salicylic acid, again the most efficient solid supports
were Mg-Al mixed oxides (82-99 %, 4 h), and
Ni-Mg-Al materials showed to be the least efficient
(29-30 %, 4 h). Mg-Al mixed oxides were the best
supports also in the case of ibuprofen and nicotinic
acid immobilization (IB 82-86 %, NA 92-99 %,
4 h). The lowest immobilized amount in the case of
ibuprofen (28-36 %, 4 h) was observed using
Mg-Fe materials, in the case of nicotinic acid using
Ni-Mg-Al materials (46-50 %, 4 h — the most acid-
ic materials). Immobilization of APIs to solid sup-
ports was confirmed using X-ray diffraction and
infrared spectroscopy. Overall, the most efficient
sorption properties were observed for Mg-Al mate-
rials — the most basic ones and with relatively high
specific surface. These readily available and cheap
mixed oxides might be promising for the sorption
of all chosen APIs for the treatment of, e.g., waste-
waters.
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