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Abstract: Polysaccharide/silica hybrid microcapsules were prepared using ionic gelation followed
by spray-drying. Chitosan and alginate were used as biopolymer matrices, and in situ prepared
silica was used as a structuring additive. The prepared microparticles were used in two very dif-
ferent applications: the encapsulation of hydrophilic molecules, and as a support for palladium
nanoparticles used as catalysts for a model organic reaction, namely the reduction of p-nitrophenol by
sodium borhydride. In the first application, erioglaucine disodium salt, taken as a model hydrophilic
substance, was encapsulated in situ during the preparation of the microparticles. The results in-
dicate that the presence of silica nanostructures, integrated within the polymer matrix, affect the
morphology and the stability of the particles, retarding the release of the encapsulated substance. In
the second application, chloropalladate was complexed on the surface of chitosan microparticles, and
palladium(II) was subsequently reduced to palladium(0) to obtain heterogeneous catalysts with an
excellent performance.

Keywords: chitosan; alginate; ionic gelation; silica; microparticle; spray drying; drug release;
heterogeneous catalysis

1. Introduction

Biopolymer-based microparticles have gained significant attention as drug deliv-
ery systems as a result of their wide range of properties and applications. The use of
microparticle-based therapy allows drug release to be carefully targeted to the specific
treatment site through the choice and formulation of various drug–polymer combinations.
By using microencapsulation technologies and varying the formulation parameters, poly-
meric microspheres can be developed into an optimal drug delivery system, which should
provide the desired release profile [1–4].

Spray-drying has been widely used in recent times in the pharmaceutical and food
industries for the preparation of microparticles; because it is a continuous process, it can be
easily scaled up, and it has a relatively low processing cost [5]. Through the transformation
of a liquid feed into dry powders, spray-drying allows the control of particle size by tuning
the processing parameters [6,7]. The process starts with the atomization of the fluid feed
inside a chamber at a high temperature, through a peristaltic pump to an atomizer or
nozzle [8]. Afterward, atomization is performed via centrifugation, pressure or kinetic
energy due to the force of the compressed air, which disrupts the liquid and splits it into
small droplets. The transformation of fine droplets to dry particles takes place with the
help of both a heated gas stream and fast solvent evaporation, resulting in the separation
and collection of the dried particles in a glass cyclone collector [9–12].
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Conventional polysaccharide microspheres prepared via spray-drying cannot be kept
suspended in water because of their great swelling and dissolution. Accordingly, non-
cross-linked microspheres are unsuitable for sustained delivery systems. Chitosan and
alginate are two common non-toxic and biocompatible hydrophilic polysaccharides that
can easily swell in aqueous media. They can form gels by interacting with different
types of polyvalent anions (in the case of chitosan) or cations (in the case of alginate). Ionic
gelation has also been explored to overcome certain disadvantages of chemical cross-linkers,
such as toxicity [13,14]. Cross-linking agents are therefore required to prepare stabilized
microparticles [15–17]. In the case of chitosan, triphosphate is a nontoxic polyanion that
interacts in acidic media via electrostatic forces to form ionically cross-linked networks. In
case of alginate, CaCl2 has shown outstanding performance as a physical cross-linker [18].

The incorporation of silica has been recognized as safe by the US Food and Drug Ad-
ministration (FDA). Silica has emerged as a component for promising drug carriers because
it is nearly nontoxic, biocompatible, and easily surface-modified [19]. Silica nanoparticles
in suspension can be formed by sol−gel processes in the presence of polysaccharides,
yielding the formation of a hybrid polymer structure with potential uses in the delivery
of therapeutic agents [20–23]. Organic–inorganic hybrid structures are able to protect the
encapsulated payloads from the surrounding environment, and allow their release in a
controlled manner [24–27].

Besides their mentioned uses in drug release and biomedicine, polysaccharides have
also been shown to have a great potential in a completely different field: heterogeneous
catalysis [28–30]. Different polysaccharide supports have been used to load noble metals
for catalysis [31]. In particular, palladium is an important noble metal catalyst used in
different organic reactions. It has been demonstrated that the material and structure of the
support play a significant role in the catalytic performance. In addition, the magnitude of
the interaction between the support and the Pd2+ ions has a great influence on the catalytic
activity of the resulting metal nanoparticles [32,33]. Chitosan offers a strong ability to
chelate metal ions [34]. In this respect, chitosan supports have shown good interaction with
palladium through coordination by heteroatoms, such as N and O, on the branches of the
polymer molecules [35,36].

In this work, we report the preparation of polysaccharide microparticles based on
chitosan and alginate, containing silica nanostructures embedded within their matrix, via
ionic gelation followed by a spray-drying process. Various formulations were prepared and
tested in terms of the morphology and structural stability of the resulting particles. Chitosan
microparticles were selected for studying two different applications. First, erioglaucine
disodium salt was encapsulated in situ during the preparation of the microparticles, and
their release behavior was studied in a neutral medium. Second, the microparticles were
also applied as a catalyst support for the reduction of p-nitrophenol by NaBH4. This reaction
has been mostly applied because of their low energy requirements, economy, effectiveness,
safety, and ease of operation. Chloropalladate was complexed on the surface of chitosan
microparticles, and palladium(II) was subsequently reduced to palladium(0) to obtain
heterogeneous catalysts with an excellent activity. The results indicate that microparticles
prepared using this process exhibited great performance in both applications, long-term
stability, and good mechanical strength.

2. Materials and Methods
2.1. Materials

All of the following chemicals and solvents were used as received: low-molecular-
weight chitosan (Sigma-Aldrich/Merck, Darmstadt, Germany, Mv = 50,000–190,000 Da,
75–85% deacetylated); alginic acid sodium salt (powder, 15–25 cP, 1% in H2O); glacial
acetic acid (Panreac-Química, Barcelona, Spain); sodium triphosphate (STP, Alfa-Aesar,
Karlsruhe, Germany, ≥85%); calcium chloride dihydrate (Sigma-Aldrich/Merck, extra
pure); tetraethyl orthosilicate (TEOS, Sigma-Aldrich/Merck, ≥98%); hydrochloric acid 37%
(J. T. Baker, Phillipsburg, USA); ethanol (Merck, Darmstadt, Germany, gradient grade for
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liquid chromatography); erioglaucine disodium salt (Across Organics, Geel, Belgium, pure);
phosphate-buffered solution (pH = 7.4) self-prepared with NaCl (Sigma-Aldrich/Merck,
≥99%); potassium chloride (Sigma-Aldrich/Merck, ≥99%); disodium hydrogenphosphate
monohydrate (Schlarlau, Hamburg, Germany, reagent grade) and potassium dihydrogen-
phosphate (Sigma-Aldrich/Merck, ≥99%); palladium(II) chloride (Sigma-Aldrich/Merck,
99%); sodium borohydride (Sigma-Aldrich/Merck, 99%); and p-nitrophenol (Doesder,
Barcelona, Spain). Ultrapure water was used through all the experiments.

2.2. Formation of Polysaccharide/Silica Hybrid Microcapsules

Chitosan and alginate microcapsules were prepared using a spray-drying process
combined with ionotropic gelation, through which an electrostatic interaction between
polyelectrolyte and an oppositely charged cross-linking agent takes place.

Chitosan is a cationic polyelectrolyte with amino groups (–NH3
+) that can interact

with the anions of the cross-linker (P3O10
5−). Alginate, in contrast, possesses carboxy-

late groups (COO−) that are able to interact with Ca2+ ion. To prepare chitosan/silica
and alginate/silica hybrid microcapsules, tetraethyl orthosilicate (TEOS) was added to a
polysaccharide solution, yielding silica nanostructures upon contact with water through a
sol–gel process. The forming silica is trapped in the biopolymer matrix, leading to hybrid
polymer/silica structures. Briefly, a 0.3 wt% chitosan solution was prepared by dissolving
the polymer in a 2% v/v acetic acid aqueous solution. The solution was stirred for 24 h
at room temperature. In the case of the samples with silica (and only for those samples),
100 µL of concentrated hydrochloric acid (37%) was added to 200 mL of the previously
prepared chitosan solution and stirred for 1 h. Then, TEOS was added at a rate of 3:4
(wt/wt) in relation to chitosan. The resulting solution was stirred for 4 h at room tem-
perature. The cross-linker solution was prepared in deionized water at a concentration of
3 wt%. Chitosan colloids were spontaneously fabricated after dropwise addition of the
cross-linker to the chitosan solution at a ratio of chitosan to sodium triphosphate (STP)
of 2:1 (wt/wt) under magnetic stirring for 8 h at room temperature. This chitosan-to-STP
ratio was selected based on our previous studies [27,37]; these conditions provided an
opalescent suspension, which is indicative of optimum cross-linking. The chitosan or the
chitosan/silica hybrid microparticles were hardened and spray-dried using a Büchi Mini
Spray Dryer B-191 (Flawil, Switzerland). The operating parameters were set as follows: the
inlet air temperature was in the range of 110 ◦C, the liquid flow rate was between 150 and
200 mL/h, and the aspiration rate was about 80%. The equipment operated in co-current
flow mode. To maintain homogeneity, the colloidal solution was kept under magnetic
stirring during the spray-drying process.

The solid capsules were collected from the apparatus collector and stored under a
vacuum at room temperature. The same strategy was carried out during the encapsulation
of a hydrophilic molecule, namely erioglaucine disodium salt, within the polymer/silica
network structure.

Alginate microcapsules were analogously prepared following the same procedure, but
using CaCl2 as a physical cross-linker. For samples containing silica (and not for samples
with alginate alone), 200 µL of concentrated NH4OH was added to the alginate aqueous
solution before the addition of TEOS.

2.3. Encapsulation of Erioglaucine Disodium Salt

Erioglaucine disodium salt was employed as a payload molecule to study the release
from chitosan-based microcapsules in phosphate buffer (pH = 7.4) at 37 ◦C. The hydrophilic
molecule (2 wt%) was added during the initial step to a chitosan aqueous solution either
in the presence or in the absence of silica with constant stirring at 800 rpm for 2 h. The
cross-linker was added dropwise to the chitosan solution at a chitosan-to-STP ratio of 2:1
(wt/wt), under magnetic stirring for 8 h at room temperature. When the liquid was fed to
the nozzle with a peristaltic pump, atomization occurred by the force of the compressed air,
disrupting the liquid into small droplets. The droplets, together with hot air, were blown
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into a chamber wherein the solvent in the droplets was evaporated and discharged out
through an exhaust tube. The dry product was then collected in a collection glass path.

2.4. Particle Characterization
2.4.1. Water Uptake and Swelling Capacity

A known weight of spray-dried cross-linked microspheres (100 mg) was placed in
a phosphate-buffered solution (pH = 7.4) for a period of 8 h. The swollen microspheres
were collected via centrifugation, and the wet weight of the swollen microspheres was
determined by blotting the particles with filter paper to remove water absorbed on the
surface and weighing them immediately after that. The weight of the swollen microspheres
was recorded at a pre-determined time period (2, 4, 6, and 8 h). The percentage swelling
capacity of the micro-spheres in the dissolution media was then calculated using the
following expression:

Masss welling (%) =
ww

wd
× 100 (1)

where ww is the wet weight of particles at a certain time, and wd is the initial weight of the
dried particles. Data points are the average of three measurements.

2.4.2. Morphology, Composition, and Surface Area

The surface morphology of the microcapsules was investigated via scanning electron
microscopy (SEM) using a Hitachi S4800 microscope (Tokyo, Japan). The powders were
previously fixed on a brass stub using double-sided adhesive tape, and then were made
electrically conductive by coating under a vacuum with a thin layer of platinum (approxi-
mately 3–5 nm) for 3 min at 30 W. Images were taken in decelerating mode at a voltage of
0.5 kV. Elemental mapping was carried out via energy dispersive X-ray analysis (EDX) to
provide the spatial distribution and composition of the palladium in the samples.

Nitrogen adsorption–desorption isotherms were recorded using an automated Mi-
cromeritics ASAP2020 instrument (Norcross, GA, USA). Prior to the adsorption measure-
ments, the samples were outgassed in situ under a vacuum (10–6 Torr) at 120 ◦C for 15 h to
remove adsorbed gases.

2.4.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out with a TGA-50 thermobalance
(TA Instruments, New Castle, DE, USA) by heating the samples from room temperature to
1000 ◦C at a heating rate of 10 ◦C min−1 under air atmosphere.

2.5. Release Study

The release of the entrapped hydrophilic molecules (erioglaucine) was assessed using
a dialysis membrane method. The loaded chitosan microparticles were placed in a dialysis
membrane (MWCO 14 kDa, Carl Roth, Karlsruhe, Germany) containing 5 mL of an aqueous
phosphate buffer (pH = 7.4), subsequently sealed, and placed in thermo-jacketed glass
vessel containing 200 mL of the same buffer at a controlled temperature of 37 ◦C. The
receptor solution was homogenized by means of magnetic stirring at 300 rpm. The volume
enclosed within the dialysis membrane is significantly smaller than the outer volume. Dye
molecules liberated from the microcapsules diffuse through the dialysis membrane to the
outer compartment. At defined time intervals, aliquots were extracted and replaced by the
same fresh volume. The samples were then assayed spectrophotometrically by measuring
the maximum of absorbance at 629 nm (Jasco V-777 spectrophotometer, Tokyo, Japan). The
concentration of the dye was determined using a calibration curve. The release profiles
were fitted and evaluated according to an empiric model known as the Hill equation, as
used in previous work [27,37],

Q̂(t) =
Qmaxtn

t 1
2
+ tn (2)
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where Qmax is the maximum percentage of released load at time infinity, t1/2 is the time
required for 50% of the load to be released, and n is a sigmoidicity exponent. Fixing
the value of n to 1 implies a simple sigmoidal model analogous to a Michaelis–Menten-
type kinetics. The Hill equation (and its simplified Michaelis–Menten form) is formally
analogous to the Langmuir model in heterogeneous catalysis, and it has been previously
used to analyze quantitative drug–receptor relationships [38]. This model can be used as a
convenient empiric relationship to fit release data as a function of time [39].

2.6. Deposition of Pd(0) Nanoparticles on of Chitosan Microparticles

The prepared chitosan microparticles were functionalized with Pd(0) through a post-
loading method. First, chitosan and chitosan/silica microparticles were loaded with Pd2+

ions. For this purpose, PdCl2 (0.004 M) was dissolved in an aqueous solution of hydrochlo-
ric acid (0.1 M, pH = 1), and a specific amount of microparticles (50 mg) were added to
this solution. The resulting suspension was stirred for 3 h at 800 rpm, and the pH was
raised to 12 by adding NaOH. The mixture was further stirred at room temperature for 12 h.
Afterwards, the particles were separated via centrifugation (10,000 rpm, 10 min) and placed
in an aqueous solution of NaBH4 (0.075 M), which was stirred for 4 h until the reduction of
Pd(II) was completed. The particles were then separated again via centrifugation, washed
with distilled water, and dried at 50 ◦C under reduced pressure.

2.7. Catalytic Experiments

All catalysis experiments were carried out under a protective argon atmosphere
with overpressure. Before the experiments, an aqueous stock solution of p-nitrophenol
(0.001 M) was flushed with argon for 30 min at 25 ◦C in an ultrasound bath to expel
any dissolved oxygen. A volume of this p-nitrophenol solution (5 mL, 0.005 mmol) was
added to a vial containing the catalytic particles (~5 mg) and NaBH4 (1.5 mmol, final
concentration of 0.3 M). The reaction mixture was then stirred at 700 rpm at 25 ◦C in
a thermoshaker (MHL23, Hettich Benelux). To follow the reaction progress, aliquots of
100 µL were taken after 0, 10, 30, 60, 120 and 180 min. The aliquots were diluted with 1 mL
of distilled water and placed immediately in a freezer at −18 ◦C to quench any ongoing
reactions. Sampled aliquots were analyzed via high-performance liquid chromatography
(HPLC) with photodiode-array UV-vis detection (Jasco MD-2018 Plus, Tokyo, Japan). A
reverse-phase phenyl-hexyl column (100 × 4.6 mm, 2.6 µm particle size) was used, with a
30/70 mixture of acetonitrile/HClaq (0.05 mmol/L) as an eluent. Chromatograms showed
two main peaks. The compounds were identified via comparison with such pure standards
as 4-nitrophenol (adsorption maximum at 317 nm, retention time Rt = 3 min) and 4-
aminophenol (absorption maximum at 273 nm, retention time Rt = 1 min).

3. Results and Discussion
3.1. Preparation of Polysaccharide/Silica Microcapsules by Spray Drying

Ionically cross-linked polysaccharide microcapsules were obtained via spray-drying in
combination with ionic gelation to develop water-resistant capsules. This method is simple,
performed under mild conditions, and it can give a reproducible yield. The spontaneous
gelation reaction was based on the electrostatic attraction between oppositely charged
groups of the macromolecules and the cross-linking agent: either amino groups of chitosan
and the polyanion triphosphate, or the carboxylate groups of alginate and calcium ions. A
three-dimensional entanglement is precipitated from an aqueous solution in the form of
hydrogel microparticles.

The different compositions of the microcapsules prepared in this work are summarized
in Table 1. Chitosan samples were cross-linked with sodium triphosphate (STP) and were
prepared either without loading (for subsequent post-loading of palladium, samples F1 and
F4) or loaded in situ with the hydrophilic compound erioglaucine (samples F5 to F7). Algi-
nate samples, labeled F8 to F11, were cross-linked with calcium chloride (CaCl2). Tetraethyl



Polymers 2023, 15, 4116 6 of 14

orthosilicate (TEOS) was used as a silica precursor. The hybrid polysaccharide/silica
systems were prepared with a polymer-to-TEOS weight ratio of 3:4.

Table 1. Compositions of the prepared polysaccharide and polysaccharide/silica microparticles.

Sample System Cross-Linker
Polymer:Cross-
Linker:TEOS
Weight Ratio

Initial Load
(In Situ) [a]

F1 Chitosan — 4:0:0 —
F2 Chitosan/silica — 4:0:5 —
F3 Chitosan STP 4:1:0 —
F4 Chitosan/silica STP 4:1:5 —
F5 Chitosan/silica — 4:0:5 Erioglaucine
F6 Chitosan STP 4:1:0 Erioglaucine
F7 Chitosan/silica STP 4:1:5 Erioglaucine
F8 Alginate — 4:0:0 —
F9 Alginate/silica — 4:0:5 —
F10 Alginate CaCl2 4:1:0 —
F11 Alginate/silica CaCl2 4:1:5 —

[a] Samples F3 and F4 of chitosan were subsequently post-loaded with palladium for use in catalytic applications.

The swelling capacity of the spray-dried microparticles was studied in buffered phos-
phate media (pH = 7.4). The corresponding results, plotted as the percentage of mass
swelling versus time, are presented in Figure 1. In general, lower water uptake values
were observed in the samples containing silica, which retards the dissolution of the poly-
meric material and increases the structural stability. The swelling capacity of the chitosan
microparticles cross-linked with STP decreases considerably when compared with the
non-cross-linked ones. The water uptake in hydrogels depends on the extent of the hy-
drodynamic free volume and the availability of hydrophilic functional groups to establish
hydrogen bonds with the water. The swelling behavior and the stability of alginate particles
showed the same trend, but the water uptake values were lower even in the absence of
silica, which is attributed to the different chemistry of alginate and the stronger interaction
between Ca2+ ions and the carboxylic groups of alginate.
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Figure 1. Swelling capacity of (a) chitosan and (b) alginate microcapsules at different times, as
prepared by spray-drying with a polymer–cross-linker–TEOS weight ratio of 4:1:5 in a neutral
immersion medium (pH = 7.4).

Thermogravimetric analysis (TGA) was carried out to evaluate the decomposition
of the materials and to determine the silica content. The corresponding thermograms for
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chitosan and alginate samples are presented in Figure 2. Pristine microparticles, prepared
without cross-linker and without silica (F1 for chitosan and F8 for alginate), are included
for comparison with the hybrid systems. For all samples, mass losses below 100 ◦C are
related to dehydration processes. Under the air atmosphere in which measurements were
conducted, the cross-linked chitosan microparticles of sample F3 (without silica) degrade
completely to water and CO2, and the final residue corresponds to sodium triphosphate
(around 14 wt%). The sample containing silica with no cross-linking agent (sample F2)
exhibits a silica content around 20 wt%, as estimated from the residue at 800 ◦C. The
residue of sample F4, containing silica and the cross-linking agent, is around 34 wt%,
consistent with the addition of the residues of samples F2 and F3. Differing from chitosan,
alginate is used in the form of a sodium salt, so that there is a Na2O residue at high
temperatures (about 20% for the pristine sample). The decomposition traces of alginate
samples show a complex behavior, with many decomposition steps, in part explained by
the presence of hydrated CaCl2, which can pass through different hydration states and
undergo decomposition at temperatures much lower than the anhydrous form. At 800 ◦C,
the final residues are very similar for the samples without and with silica (samples F10 and
F11, respectively), although the TGA traces show considerable differences.
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The morphology of the different formulations of polysaccharide and polysaccha-
ride/silica hybrid microparticles was studied by means of scanning electron microscopy
(SEM). The corresponding micrographs, presented in Figure 3, indicate that the non-cross-
linked spray-dried chitosan microspheres (control sample F1) are irregular with wrinkles
on their surface, most likely as a result of the collapse of the polymer’s hollow structure.
Chitosan/silica and dye-loaded chitosan/silica hybrid microparticles (samples F2 and
F5) prepared without adding the cross-linker generated well-formed spherical particles
with a certain roughness on the surface, as a result of the presence of silica nanostructures
embedded within the chitosan matrix. The formulation parameters, namely the dye load-
ing, concentration, and molecular weight of chitosan, induced a remarkable change in the
surface morphology of the microspheres. The cross-linked particles (samples F3, F4 and F6)
show different morphologies when compared to the non-cross-linked ones. The addition
of STP favored the formation of a shrunken morphology with partial roughness as a result
of the higher amount of water content (moisture) inside the particles. This morphology is
attributed to the rapid evaporation during the first stages of the drying process.
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Alginate non-cross-linked microparticles (control sample F8) also show an irregular,
non-spherical structure. Similar to chitosan systems, without addition of the cross-linker,
the presence of silica (samples F9) resulted in a more spherical morphology. When calcium
chloride was added as a cross-linker (samples F10 and F11), the morphology became more
irregular, and calcium chloride crystals are sporadically observed, even after several wash-
ing steps. Overall, when compared to chitosan, under similar operation conditions, alginate
microparticles showed a less homogeneous and controllable morphology. Therefore, only
chitosan systems were selected in the rest of the work for the application experiments,
both for release of hydrophilic substances and catalytic experiments. Nevertheless, a fur-
ther optimization of the conditions for the alginate system could also potentially lead to
comparable results.

3.2. Application of Chitosan Microcapsules as Carriers of Hydrophilic Substances

The spray-dried chitosan microparticles were loaded with a model hydrophilic sub-
stance (erioglaucine disodium salt). A definite amount (2 wt%) with respect to the polymer
weight was mixed with the chitosan solution, with or without the presence of TEOS. After
dissolution of the dye, the cross-linker solution was added to these mixtures, followed by
spray-drying, yielding the dye-loaded microparticles.

The hydrophilic molecules were encapsulated with different formulations in the
presence (samples F5 and F7) and in the absence of silica (sample F6) to estimate the effect
of silica nanostructures on the release behavior, in a comparison study with the non-cross-
linked ones. The morphology of the obtained microparticles was similar to those obtained
in the absence of erioglaucine, as seen in the SEM micrographs of Figure 4.

Release behavior was studied by performing dissolution studies in a phosphate-
buffered solution (pH = 7.4) at 37 ◦C. Figure 5 presents the release process of spray-dried
chitosan–STP microparticles. The overall release takes place rapidly during the first 3 h
(approximately 40% to 60%), which can be attributed to the presence of a sufficient amount
of the erioglaucine, which adheres to the microcapsules’ surface during the drying steps.
Overall, the release is governed by the diffusion ability as a result of the swelling process.
The data are fitted to the Hill equation, analogously to our previous work [27].
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 Figure 5. Cumulative release of erioglaucine loaded in sample F5 (chitosan/silica hybrid spray-
dried microparticles without cross-linker), sample F6 (chitosan cross-linked spray-dried particles
without silica), and sample F7 (chitosan/silica hybrid cross-linked microparticles in phosphate buffer,
pH = 7.4). The solid lines represent the theoretical fitting according to the Hill equation.

The release of the dye from the non-cross-linked microparticles was higher in the
presence of silica (sample F5). It is clearly slower in the absence of silica for the cross-linked
particles (sample F6). This behavior is mainly influenced by the cross-linking density of the
cross-linker (STP) in chitosan, which decreases the swelling capacity of the particles due to
the presence of a stronger matrix. On the other hand, chitosan/silica hybrid cross-linked
microparticles (sample F7) are more stable, and the release is much slower in comparison
with the non-cross-linked ones under the same conditions. This observation is explained
by both the strong complexation of the dye to the chitosan and the adsorption on silica.
The results reveal that the hybrid chitosan/silica cross-linked microparticles are more
efficient than the non-cross-linked ones in encapsulating erioglaucine, as well as retarding
its release.

3.3. Application of Chitosan Microcapsules in Catalysis

In a second part of the work, we studied the use the prepared materials for heteroge-
neous catalysis. Specifically, we deposited Pd(0) nanoparticles on spray-dried microparti-
cles. The resulting palladium-containing samples were used as catalysts for the reduction
of 4-nitrophenol with NaBH4. We applied a “post-loading” approach, in which the Pd(0)
deposition took place after the formation of the chitosan particles. Two samples were
loaded, one without silica (F3) and one with silica (F4). In our process, the particles were
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suspended in a hydrochloric acid solution of PdCl2, the pH value of the acidic PdCl2
suspension was increased from 1 to 12, and the particles were separated after stirring for a
certain time. Pd(II) was then reduced to Pd(0) with NaBH4.

Figure 6 shows SEM images of catalysts F3-Pd (without silica) and F4-Pd (with silica).
The micrographs show that particles without silica tend to aggregate after the post-loading
process, while individual particles are distinguishable with silica (sample F4-Pd). The relative
molar concentration of Pd normalized to the carbon value was determined via energy
dispersive X-ray spectroscopy (EDX) during the SEM measurements. The measured Pd
quantities were 19.3 mol% and 11.6 mol% for the samples without silica and with silica,
respectively. The surface area of the Pd-loaded microparticles, as determined from BET
isotherms for nitrogen adsorption–desorption, was less under 1 m2/g for all samples. In spite
of this low surface area, in principle expectable for particles of micrometer size, significant
catalytic activity was found in the hybrid palladium/chitosan systems, as shown below.
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Formally, the hydrogenation of 4-nitrophenol in diluted solution can be described
using the simplified process shown in Scheme 1, based on the model of Haber [40,41]. This
pathway consists of three consecutive reactions, leading to the formation of 4-aminophenol
from N-(4-hidroxyphenyl)hydroxylamine through the corresponding nitroso derivative.
The literature suggests that reduction of 4-nitrophenol with borohydride is simple enough
for use as a suitable model for activity comparison [42–45]. For this system, the intermediate
products (i.e., N-(4-hydroxyphenyl)hydroxylamine and 4-nitrosophenol) reduce so rapidly
that only 4-aminophenol is detected. Despite its apparent simplicity, the rate law for
this heterogeneous reduction depends heavily on the catalyst used. In this regard, the
reaction is usually described as first-order, but there is strong evidence that the rate law
is more complicated due to the nitroarene and hydride adsorption phenomena on the Pd
surface [46–48].
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The conversion of 4-nitrophenol throughout the reaction time is shown in Figure 7,
and calculated according to Equation (3):

x = 1 − [NP]t
[NP]0

= 1 − At − A∞

A0 − A∞
(3)

where [NP]t and [NP]0 are the 4-nitrophenol concentrations at times t and zero, respectively;
At stands for the absorbance at 317 nm at time t, and A0 and A∞ are the absorbances at zero
time and by the end of reaction, respectively. Assuming a first-order kinetics, the change of
x with time is given by Equation (4),

x(t) = 1 − e−kt (4)

where k is the pseudo-first order rate constant for the direct conversion to 4-aminophenol. It
should be noted that pseudo-first order conditions are achieved, as reactions are conducted
in a large NaBH4 excess. Consequently, this coefficient depends on the reducing agent
concentration. The k values were calculated by the non-linear least-squares fitting of
experimental x data to those calculated from Equation (5). The results of the data analysis
are collected in Table 2. The reaction catalyzed by microparticles exhibited significantly
high k values, in agreement with a very fast kinetic with very high conversion within quite
short times, as shown in the conversion graphs.
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Table 2. Activity parameters for catalysts F3-Pd (without silica) and F4-Pd (with silica).

Catalyst
TOF 1

2 (corr)/min−1

mol−1 L
k/min−1 t1/2/min

F3-Pd 0.03 0.10 6.7
F4-Pd 0.06 0.21 3.4

To compare the activity of palladium deposited on different carriers using different
post-loading methods, the turn-over frequency (TOF) was calculated. TOF is defined as the
quotient between the substrate disappearance rate and the active center concentration, in
this case the quantity of Pd placed in the reactor (Equation (5)):

TOF = − rNP

[Pd]
(5)

Since the TOF value is time-dependent through rNP, we will take the half-reaction time
(t1/2) as a reference. On the other hand, to avoid the use of a particular kinetic model, we
will use the “corrected” TOF time average calculated at half-reaction time (Equation (6)),
corrected by the co-reactant concentration excess (i.e., the initial concentration of sodium
borohydride, [NaBH4]0):

TOF 1
2 (corr) =

0.5[NP]0
t 1

2
[Pd][NaBH4]0

(6)

The experimental half-life time t1/2 was determined using linear interpolation. The
TOF1/2 (corr) values are 0.03 and 0.06 for samples F3-Pd (without silica) and F4-Pd (with
silica), respectively. The obtained values are within the common ranges for heterogenized
palladium nanoparticles. A previous work compared the values of k, t1/2, and TOF1/2 for
¡a wide variety of supported Pd nanoparticles from the literature (cf. Table 4 in ref. [48]).
In general, the comparison of results from different works is not trivial, as the conditions
are not necessarily comparable. However, the results achieved in this work indicate that
our method is able to yield very efficient heterogeneous catalysts, produced in a simple
and reproducible way, while using an economic and biocompatible support (chitosan or
chitosan/silica). When compared with the chitosan-only particles, the inclusion of silica
has higher structural stability as an advantage, because the catalysts can be more easily
separated from the medium, with less degradation.

4. Conclusions

The present work demonstrates the feasibility of the spray-drying method for encap-
sulating hydrophilic molecules (erioglaucine sodium salt) into chitosan–STP microparticles
prepared through ionotropic gelation. This method was selected because it is reproducible,
rapid, and relatively easy to scale up. The applied preparation process favored the for-
mation of shrunken microparticles with a rough surface. The results indicated that the
cross-linked hybrid chitosan/silica microparticles prepared using this process retarded the
release behavior in the neutral medium in comparison with the non-cross-linked micropar-
ticles. They also showed very good catalytic performance for the reduction of p-nitrophenol
by NaBH4. In addition to their easy preparation, the microparticles are made of biocom-
patible and readily available compounds (chitosan or alginate, and silica), which may be a
significant advantage when compared to other materials used for the same applications.
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istration, R.M.-E.; funding acquisition, R.M.-E. All authors have read and agreed to the published
version of the manuscript.
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