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ABSTRACT: The vibrating-nozzle technology is very interesting to very easily and very rapidly produce industrial amounts of
functional microspheres. The technology was used to make hybrid alginate−silica microspheres by droplet coagulation. The
microspheres were formed starting from suspensions of sodium alginate, and coagulation occurred in an aqueous solution of
calcium ions. To enhance the mechanical properties of the alginate raw material, it was combined with two different silica
sources: tetramethyl orthosilicate (TMOS) and commercial silica powder. The two different batches of alginate−silica
microspheres were fully compared with regard to their morphology, composition, shrinking behavior, and stability in acidic
conditions. It was shown that the incorporation of an inorganic matrix resulted in a material with a better stabilized porous
structure and a higher resistance in an acidic environment. Both are important when functional particles are designed to be used
for adsorption of metal ions, either as a stirred suspension or as a stationary phase in a chromatographic column. A study of the
adsorption performance was conducted in batch mode for neodymium(III), a representative element for the group of critical
rare-earth elements. The effect of stripping (desorption) on the adsorption performance and reusability was also investigated.
The functional alginate−silica microspheres show a sustainable character.

■ INTRODUCTION

Biopolymers, such as chitosan and alginate, are very useful for
the removal of metal ions from aqueous solutions by
adsorption, both in the context of wastewater treatment to
purify waste streams from toxic (heavy) metal ions and in the
context of wastewater valorization to recover valuable metal
ions from these secondary resources.1−9 The great interest of
researchers in these materials arises from their advantages. They
are bioavailable and thus characterized by a quasi-unlimited and
low-cost supply, they show a high adsorption capacity, they are
reusable, etc.2,3,7,10 On the other hand, biopolymers have some
drawbacks. They are generally nonporous, show high swelling
behavior, and have an elastic character. These shortcomings can
be overcome by incorporation of a silica source, in order to
build an inorganic matrix in the structure and hence create
functional organic−inorganic materials with superior character-
istics.11−19 These hybrid materials can then be applied as
stationary phases in large column chromatography setups.
However, when it is intended to use these materials for
applications on a large industrial scale, the physical appearance
of the materials becomes more important. The shaping of high-
performance materials into spheres enhances the ease of use
and storage in comparison with powders.20 Also, a smooth
eluent flow through the column can be guaranteed without
clogging problems because the porosity is generally included in
these spheres during their formation.20 Moreover, the
adsorption performance of the column material could be
improved by rational design and synthesis. Indeed, expansion of
the biopolymer network improves access to internal sorption

sites, which could enhance the adsorption capacity of the
adsorbent materials and the selectivity for the metals of interest.
Here, the shaping of alginate−silica hybrid materials into
microspheres was done by the principle of microencapsulation.
Microencapsulation is the general term for the coating of small
solid particles, liquid droplets, or gas bubbles with a film of shell
material.21 The capsules thus produced are usually from the
micrometer to millimeter range and are therefore called
microspheres.22 Microsphere formation mainly finds applica-
tion in the fields of pharmaceutics,23,24 biotechnology,25,26 and
food technology.27,28 However, microspheres can also be
applied in the field of hydrometallurgy because adsorption is
believed to be an efficient and environmentally friendly
technique for the recovery and separation of metal ions from
aqueous streams, certainly when taking advantage of bio-
sorbents like chitosan or alginate.1,8,9,29 Different technologies
exist for the formation of microspheres, such as spray drying,30

fluid bed coating,31 coacervation,32 spheronization,33 annular
jet,34 etc. For practical use in hydrometallurgical applications,
the authors consider the vibrating-nozzle technology as the best
option for the creation of large batches of functional
microspheres. The vibrating-nozzle technology offers the
capability of producing industrial-scale quantities of spherical
and especially monodisperse particles in short production
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times.20 By making use of the vibrating-nozzle technology, the
process is considered to have the following advantages: (1) easy
scale-up from laboratory scale to pilot scale; (2) formation of
microspheres with a monomodal and narrow size distribution;
(3) possibility of flexibly adjusting the diameter range by
variation of the nozzle size, suspension viscosity, frequency, and
pressure; (4) a small ecological footprint of the setup and
limited energy consumption.
In this article, two approaches for the creation of hybrid

alginate−silica microspheres were tried and compared (Figure
1). One method consists of the addition of a fine-grained silica
powder to the alginate suspension before dripping. In this way,
a composite material is obtained (alginate−silica M600) with
easily tunable characteristics by the choice of the proper silica
powder. The other method consists of inducing in situ silica
polymerization by soaking pure alginate microspheres in
tetramethyl orthosilicate (TMOS).35 The latter sol−gel
procedure comprises hydrolysis reactions to replace methoxide
groups with hydroxyl groups, resulting in hydrophilic silanol
entities, which subsequently undergo condensation reactions to
form siloxane bonds within the microspheres.36 Because
hydroxyl groups of silanol and alginate can coreact, a so-called
interpenetrating-network (IPN) material with enhanced rigidity
is expected (alginate−TMOS).
The naming of the particles in this work refers to the origin

of silica incorporation (silica M600 and TMOS). A full
characterization was done for both batches, with respect to
their morphology, composition, shrinking behavior and stability
in acidic environment. A clear and full comparison of the
resulting characteristics of the alginate microspheres for both
approaches of silica incorporation has not been described
before. Also the adsorption performance of the hybrid materials
was investigated for neodymium(III) (NdIII), considered as a
model element for the group of rare-earth elements (REEs).
Much research is going on to achieve sustainable valorization
schemes for waste streams, like industrial process residues,
containing these REEs.37 Finally, the effect of stripping on the
adsorption performance and reusability was investigated in
order to be able to evaluate the sustainable character of the
synthesized materials.

■ EXPERIMENTAL SECTION

Chemicals. Scogin LV (low viscosity) sodium alginate was
kindly supplied by FMC BioPolymer (Philadelphia, PA). The
mannuronate−guluronate (M:G) ratio was 3:2 (60% M and
40% G). The viscosity specification range was between 50 and
70 mPa·s (1 wt % solution). Tetramethyl orthosilicate
(TMOS), ≥98.0% purity, was purchased from Fluka Chemie
GmBH (Buchs, Switzerland). Quartz silica powder Sikron
M600 was supplied by SCR-Sibelco NV (Dessel, Belgium). It
had a median (d50) diameter of 3 μm and a specific surface area
of 4.2 m2/g. Hydrochloric acid, 30%, for analysis (Emsure),
hydrated calcium chloride for elemental analysis, and Uvasol
ethanol for spectroscopy were purchased from Merck KGaA
(Darmstadt, Germany). Ethanol 96% AnalaR NORMAPUR
and Ph. Eur. Ethanol absolute were purchased from VWR
Chemicals BDH Prolabo (Leuven, Belgium). Nd(NO3)3·6H2O
(99.9%) was supplied by Alfa Aesar (Ward Hill, MA).
Chemicals were used without further purification. Water
(Milli-Q) was always of ultrapure quality.

Equipment and Analysis. The formation of alginate−silica
microspheres was done by means of the Microspherisator M
from Brace GmbH (Karlstein am Main, Germany). This small
pilot-scale device has a capacity of up to 10 L/h. A schematic
presentation of the experimental setup is shown in Figure 2.
A HAAKE MARS Modular Advanced Rheometer System

(Thermo Electron Corp,) with a temperature controlling unit
was used to perform viscosity measurements. Samples were
measured in a coaxial cylinder with a Z41Ti spindle, at 25 °C.
Shear rates were varied from 0.1 to 1000 s−1. Microscopic
pictures for particle size analysis were taken with a Zeiss
SteREO Discovery.V12 microscope, equipped with a Plan Apo
S 1.0x FWD 60 mm objective, a digital Axiocam MRc camera,
and a KL2500 LCD light source. Particle size analysis was
carried out on a minimum of 100 microspheres with the
AxioVision 4 Module Particle Analyzer software. Fourier
transform infrared (FTIR) spectra were recorded on a Bruker
Vertex 70 spectrometer (Bruker Optics). Air-dried samples
were crushed and examined as such using a Platinum ATR
single reflection diamond attenuated total reflection accessory.
Carbon, hydrogen, and nitrogen (CHN) elemental analyses
were obtained with a TruSpec CHN element analyzer (LECO,

Figure 1. Schematic structure of alginate microspheres, interpenetrated with in situ polymerized silica networks by soaking in a TMOS solution
(left) and incorporated with dispersed silica powder − Sikron M600 (right).
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St Joseph, MI). Thermogravimetric analyses (TGA) were
performed using a Netzsch-Geraẗebau STA 449 C Jupiter
thermomicrobalance. Samples were analyzed from ambient
temperature to 1000 °C under flowing air at a heating rate of 5
°C/min. Some of the particles were dried by supercritical CO2,
in order to remove all liquid in a controlled way, without
capillary forces damaging the raw structure. This was done by
using a BAL-TEC CPD 030 Critical Point Dryer. Prior to
drying, the water in the microspheres was fully replaced by
ethanol because water and liquid CO2 are not miscible. This
was done by soaking the microspheres in ethanol of gradually
increasing purity: a first time in 96 vol % ethanol, then in
absolute ethanol, and finally in ethanol Uvasol. The drying
procedure was then started by replacing ethanol with liquid
CO2 in the microspheres. This was done by refreshing the
medium in the drying chamber with pure liquid CO2, rinsing,
and draining (five times). To make liquid CO2 supercritical, the
temperature and pressure in the chamber were increased above
the critical point of CO2, which is at 31 °C and 73.8 bar. Then
by gentle release of supercritical CO2, the pressure of the
chamber decreased again to atmospheric pressure, leaving
behind the dried product. The surface of the intact supercritical
CO2 dried microspheres was observed using a Nova Nano-
sem450 cold field-emission scanning electron microscope (FEI,
Hillsboro, OR) at an acceleration voltage of 5 keV. To avoid
charging under the electron beam during scanning electron
microscopy (SEM), all samples were coated with a thin Pt(80)/
Pd(20) layer (∼1.5 nm), using a Cressington 208 HR high-
resolution sputter coater. Another part of the microspheres was
freeze-dried with a Heto Power Dry LL3000 Freeze Dryer with
a HSC500 temperature controller. The microspheres were
frozen in liquid nitrogen prior to sublimation of the water in the
microspheres under vacuum. The specific surface areas of the
freeze-dried adsorbents were determined with a Quantachrome
Autosorb-iQ automated gas sorption analyzer. Samples were
outgassed under an inert helium purge at room temperature.
The specific surface areas were determined with the Brunauer−
Emmett−Teller (BET) method from N2 adsorption and
desorption isotherms at liquid-nitrogen temperature. Metal-
ion concentrations were determined by total-reflection X-ray
fluorescence (TXRF) on a Bruker S2 Picofox TXRF
spectrometer. To perform the sample preparation for TXRF
measurement, an aqueous metal solution (500 μL) was added

in an Eppendorf tube with a 1000 mg/L Merck gallium
standard solution (100 μL) and diluted with Milli-Q water (400
μL). A small amount of the sample (7.5 μL) was put on a
quartz disk, precoated with a hydrophobic silicone solution (10
μL), and dried in an oven at 60 °C for 30 min. Samples were
then measured for 300 s. The investigation of silicon leaching
required the use of polypropylene disks, instead of quartz
carriers.

Synthesis. Alginate−TMOS. First, a suspension (1 L) was
made by mixing sodium alginate (3 wt %) in Milli-Q water. The
suspension was stirred overnight to ensure full homogenization.
A flow was initiated by putting the liquid feed under pressure.
With a stroboscopic light that flashes in phase with the nozzle
vibration, the breakup of the jet could be visualized. This is
important to optimize the parameters of the process, which is
necessary for a good breakup of the droplets. After this, the
microspheres were caught in a coagulation bath (1 L), being a
solution of CaCl2 [2.5% (w/v)]. The dripping height was kept
constant on the position of the first free droplet of the
interrupted jet. The spheres (500 mL) were rinsed three times
with Milli-Q water and stored for 24 h. Next, half of the spheres
(250 mL) was carefully transferred to a 1:1 mixture of TMOS
in ethanol (500 mL), in which they matured overnight. The
spheres were isolated, stirred for 2 h in Milli-Q water, sieved,
and then soaked in a 1:1 mixture of glycerol in Milli-Q water
(500 mL) for 4 h. Finally, the hybridized microspheres were
rinsed three times with Milli-Q water and then stored in Milli-
Q water.

Alginate−Silica M600. A similar method was used to
prepare alginate−silica M600 microspheres. Prior to the
coagulation process, Sikron silica M600 powder [2% (w/v)]
was added to the sodium alginate suspension [3% (w/v)]. After
stirring, potential agglomerates were filtered off by a 100 μm
sieve. Because of a different composition of the suspension, the
instrument parameters for the vibrational droplet coagulation
were different (Table S2). The spheres (500 mL) were rinsed
and stored in Milli-Q water.

Adsorption Experiments. Prior to the adsorption experi-
ments, the stability in an acidic environment was investigated.
Wet microspheres (500 ± 5 mg) were added to acidified
solutions (10.0 mL), with concentrations of HCl varying from
0.00 to 5.00 M. The solutions were stirred at 300 rpm for 4 h,
after which the aqueous phase was decanted for analysis with
TXRF.
Batch adsorption experiments were conducted in aqueous

solutions to investigate the adsorption performance of the
microspheres. A stock solution of NdIII was prepared (caq =
10.00 ± 0.10 mM). Wet microspheres (500 ± 5 mg) were
added to a properly diluted solution of NdIII (10.0 mL) and
magnetically stirred at 300 rpm and room temperature. At
equilibrium (within 4 h), the aqueous phase was decanted for
analysis with TXRF. The amount of metal ions adsorbed was
then quantified using the following formula:

=
−

q
c c V

m
( )

e
i e

ads (1)

In this formula, qe is the amount of adsorbed metal ions at
equilibrium (mmol/g adsorbent), ci is the initial metal-ion
concentration in aqueous solution (mmol/L), ce is the
equilibrium metal-ion concentration in aqueous solution
(mmol/L), V is the volume of the solution (L), and mads is
the mass of the adsorbent (g). Adsorption was investigated as a

Figure 2. Schematic presentation of the experimental vibrating-nozzle
setup: 1, feed vessel; 2, pressure pump; 3, vibrating nozzle; 4,
stroboscopic light; 5, coagulation bath; 6, pulsation chamber.
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function of the pH, adjusted by adding proper amounts of HCl
(1.0 M) or NaOH (0.1 M) to decrease or increase the pH,
respectively. Wet spheres were used for reasons of convenience
and because of the fact that water-saturated spheres would also
be used in column applications. Adsorption amounts were
recalculated to dry mass by correcting for the water content
(vide infra). This was done to simplify comparison with similar
systems in the literature.8,38−42

The water content was determined by weighing an amount
of wet spheres, then increasing the temperature in a TGA
device (10 °C/min), and considering the residual (dry) mass
after a stabilization period of 30 min at 105 °C (Table 1).
Reusability Study. Studies on the reusability of the

microspheres were performed to investigate the adsorption
efficiency for consecutive adsorption/desorption cycles. Ad-
sorption was done by adding wet microspheres (500 ± 5 mg)
in plastic centrifuge tubes containing aqueous NdIII solutions
(caq = 1.00 ± 0.01 mM). After 4 h of shaking at 1000 rpm, the
aqueous solutions were separated by decantation for analysis
with TXRF to determine the adsorption amount. Then, the
particles were washed with Milli-Q water (10.0 mL) to remove
NdIII ions that were not coordinated. Subsequently, desorption
was achieved by stripping the particles with a solution of HCl
(0.5 M, 10.0 mL). The particles were shaken at 1000 rpm for 1
h. The stripping solution was separated by decantation prior to
analysis with TXRF. The stripping percentage is defined as

= ×
n

n
% stripping 100%

Nd,stripping solution

Nd,adsorbed (2)

with nNd,stripping solution the molar amount of NdIII in the HCl
solution and nNd,adsorbed the molar amount of NdIII that was
adsorbed on the sorbents.
A 0.5 M HCl concentration was used in the reusability

experiments in order to ensure full stripping. Three washing
steps with Milli-Q water were performed before starting a new
adsorption/desorption cycle, in order to get the particles pH-
neutral. The experiment was done in triplicate to minimize the
experimental error.

■ RESULTS AND DISCUSSION
Because of previous experience with functionalized chitosan,
the authors initially intended to create microspheres starting
from a chitosan material.43,44 Chitosan is a well-known material
in the context of microencapsulation because of its gel-forming
behavior.13,14,45−49 In chitosan, the formation of a gel is based
on the principle of pH inversion when an acidic suspension is
dropped into an alkaline coagulation bath. Unfortunately, the
thus-formed spheres lacked any mechanical stability to resist
the high impacts with the surface of the coagulation solution
when dripped under high pressure with the Microspherisator.
Several approaches were tried (addition of additives, reduction
of the surface tension of the coagulation solution, increase of
the viscosity and/or the density of the suspension, variation of
the pH, etc.), but nothing could prevent deformations of the
fragile spheres formed by breakup of the annular stream by the
vibrating nozzle. Another biopolymer, very comparable to
chitosan, is alginate. Both have the same advantages, such as
their bioavailability, quasi-unlimited and cheap supply, reus-
ability, and high adsorption capacity for metal ions. However,
alginate microspheres show higher mechanical strength than
chitosan microspheres.50 With alginate, coagulation is based on
the ionotropic gelation of alginate drops in a solution of

multivalent cations.51 Usually calcium chloride is used for
coagulation. Note in Figure 1 the so-called egg-box structure
that results from the specific coordination of calcium ions in
alginate guluronate blocks. The formation of junction zones
involves dimerization of alginate polymer chains, hence giving
rise to a very stable structure.52 Preliminary tests showed that
sodium alginate was more suitable as a starting material for the
shaping of high-performance sorbent microspheres by means of
vibrating-nozzle technology. Organic−inorganic hybrid materi-
als were produced to improve the characteristics of the
coagulated microspheres. Two different hybridization ap-
proaches were compared regarding their performance. In one
batch, pure alginate microspheres were soaked in a TMOS−
ethanol solution to obtain an IPN material. In another batch,
silica powder (Sikron M600) was added to the alginate
suspension, prior to coagulation, to obtain a composite
material. Both approaches have their benefits and drawbacks,
as will be discussed in the text. Note that the silica matrix is not
necessary for the shaping but is only incorporated to improve
the stability of the thus-formed microspheres, their acid
resistance, the resulting rigidity, the column flow properties, etc.

Viscosity Study. The viscosity of the suspension has to be
more or less between 50 and 800 mPa·s to ensure that the
vibrational droplet coagulation process proceeds successfully.
Therefore, viscosity profiles were measured for suspensions of
1.0, 2.0, 3.0 and 4.0% (w/v) of sodium alginate (Figure 3).

In Figure 3, the experimental data were fitted with the
Ostwald−de Waele (power-law) model, which is based on the
equation53

γμ = ̇ −K n 1
(3)

In this equation, μ (Pa·s) is the apparent viscosity, γ ̇ (s−1) is
the shear rate, and K (Pa·sn) and n (dimensionless) are the flow
consistency and flow behavior indices, respectively. The
empirical parameters derived from fitting the experimental
data with the Ostwald−de Waele model give information about
the flow behavior and consistency of the suspension (Table
S1).
Suspensions encounter certain forces during their processing

as a consequence of the feed pressure, the vibrating nozzle, etc.
On the basis of the viscosity values at the shear rate comparable

Figure 3. Viscosity profiles measured at 25 °C as a function of the
shear rate for aqueous suspensions with varying sodium alginate
concentrations. The vertical dashed line at 60 s−1 indicates the shear
rate that is comparable with the circumstances in the nozzle during
vibrational droplet coagulation.
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with the circumstances during the vibrational droplet
coagulation process (γ ̇ = 60 s−1; vertical dashed line in Figure
3), a 3.0% (w/v) sodium alginate suspension was considered to
be the best choice for our process.
Two different types of silica sources were tested in order to

compare the combined properties of the resulting alginate−
silica microspheres: (1) TMOS, to induce in situ silica
polymerization reactions, which results in an IPN material
constituted of alginate and silicate interacting on a molecular
level; (2) silica powder, to obtain a composite (multiphase)
material in which the silica (filler) phase is dispersed in the
alginate (matrix) phase. Alkoxysilanes such as tetramethox-
ysilane (TMOS) and tetraethoxysilane (TEOS) are common
silicon-containing precursors for silica formation in materials
for technological applications.36 By soaking of the alginate
microspheres in a TMOS solution, the aim was to induce in situ
silica polymerization reactions, in order to obtain an IPN
material (alginate−TMOS). Those materials possess a strong
hybrid character and are thus expected to be very stable. In
aqueous solutions, TMOS hydrolyzes, which results in the
formation of silanol entities. In the subsequent condensation
reactions, the formed silanol groups react in order to produce
siloxane bonds.54 Silica polymerization is usually catalyzed in an
acidic or alkaline environment. However, it was observed that
the silica polymerization proceeded well in a neutral environ-
ment because of the presence of −OH groups on the alginate
moieties, which act as nucleation sites at which polymerization
could start.35 The major advantage of this approach is that
chemical interactions and linkages occur between both
materials (alginate and silicate), which results in a naturally
cross-linked, IPN material. The other approach to incorporat-
ing an inorganic matrix in the organic microspheres was by
adding silica powder to the alginate suspension. To decide
which type of silica was the most suitable, we had to
compromise between several characteristics. On the one
hand, the particle size should be sufficiently small in order to
have a high specific surface area. On the other hand, the specific
surface area cannot be too high because this would increase the
viscosity of the alginate suspension drastically, which would
make it impossible to drip. Moreover, the powder must have
sufficient density to keep dripped microspheres from floating
on the surface of the coagulation bath and colliding with
incoming spheres. Despite having large surface areas (50−600
m2/g), fumed silica sources were therefore considered
unsuitable as additives in the alginate suspension because the
resulting suspensions have too high viscosities and too low
densities (0.16−0.19 g/cm3). Sikron silica sands are micro-
meter-sized and, with a density of 2.65 g/cm3, sufficiently heavy
to make the formed microspheres sink to the bottom. Within
the Sikron series, the Sikron M600 silica type was chosen
because it has the highest specific surface area (4.20 m2/g),
which is due to its small (and well-controlled) particle-size
distribution, with a d90 value of 9 μm and a d10 value of 2 μm. A
d90 particle-size value is defined as the value where 90% of the
population is smaller than this size and thus gives an idea about
the size of the largest particles. Analogously, the d10 particle-size
value represents the size where only 10% of the microspheres
resides below. The eventual application of the functional
particles determines the choice of the silica powder. Hence, an
important advantage of adding silica powder over TMOS is that
the characteristics of the resulting microspheres can be easily
tuned by choosing the proper silica type.

The addition of 2.0% (w/v) silica M600 powder to the pure
3.0% (wt/vol) sodium alginate suspension led to an increase in
the viscosity, from 531 to 568 mPa·s at a shear rate of 60 s−1. In
order to obtain suspensions with comparable viscosities, the
viscosity of the pure alginate suspension was also slightly
increased by adding a higher amount of sodium alginate: 3.0 wt
% (30 g in 970 mL of water) was used for the pure alginate
suspension, compared to 3.0% (w/v; 30 g in 1000 mL of water)
in the mixed suspension. This resulted in a viscosity value (562
mPa·s at a shear rate of 60 s−1) that was comparable with that
of the mixed alginate−silica M600 suspension.

Vibrational Droplet Coagulation Process. First of all,
the nozzle parameters for the vibrational droplet coagulation
procedure were optimized. To visualize the interruption of the
laminar jet, a stroboscopic light source was used. When the
stroboscope is flashed in phase with the vibrating nozzle, the
apparent continuous stream could be detected by the eye as
distinct droplets. The instrument parameters were optimized in
such a way that (1) droplets were observed at a stable position,
instead of oscillating in the stream, which would indicate a
labile breakup, and (2) no satellite droplets (smaller droplets
between the main droplets) were observed. The latter would
indicate that the feed pressure is too high. The influence of the
feed pressure on the breakup of the laminar jet is visualized in
Figure 4.

Optimization of the parameters highly depends on the
composition of the suspension because its characteristics
(rheology, surface tension, density, etc.) are related to this.
Moreover, the morphology of the produced microspheres will
depend on the experimental conditions. For instance, when
dripping two suspensions with the exact same composition,
higher vibration frequencies will result in smaller spheres. The
parameters used for both processes are summarized in Table
S2.
Because of the pressure at which suspensions are dripped

through the nozzle, the impact between the dripped micro-
spheres and the surface of the coagulation solution is
considerable. Nevertheless, it was not necessary to lower the
surface tension of the coagulation bath (typically with isopropyl
alcohol) in order to maintain the spherical shape. This indicates
that the coagulation mechanism was sufficiently strong. It was
also observed that a coagulation bath with a CaCl2

Figure 4. Visualization of the effect of parameter variation on the
breakup of the annular jet. Increasing feed pressure from left to right.
In part a, the pressure is too low to get a good breakup for a
suspension with this viscosity. In part b, a perfect breakup is shown
because the right settings were applied here. In part c, the presence of
satellite droplets between the main droplets can be observed as a
consequence of too high pressure.
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concentration of 2.5% (w/v) resulted in more spherical
microspheres compared to a concentration of 5.0% (w/v).
This has to do with the speed at which coagulation occurs
because a lower salt concentration results in a slower
coagulation mechanism. This allows a settling period for the
microspheres to regain their initial spherical shape from the
oval shape that resulted after the high impact against the
coagulation surface. Moreover, a slower coagulation mechanism
helps to avoid the enclosure of tiny air bubbles within the
microspheres, which would otherwise cause microspheres to
float on the surface, therefore hindering and deforming
incoming spheres. With a CaCl2 concentration of 2.5% (w/
v), spheres immediately sank to the bottom.
The water content was determined for pure alginate,

alginate−TMOS, and alginate−silica M600 microspheres
(Table 1). The water content is a measure for the porosity of

the microspheres. In all microspheres, the major part (>90%)
consists of pores, which impact the permeability of the
microspheres required to ensure a smooth flow when they
are applied in a column chromatography setup. In the wet state,
the total pore (water) volume is the highest in the pure alginate
microspheres. Incorporation of silica increases the amount of
solid material and occupation of free pores. The total share of
solid material is higher in the alginate−TMOS microspheres, in
which silica polymerization reactions were induced in situ,
compared to the alginate−silica M600 beads, in which
commercial silica powder was dispersed.
FTIR Spectroscopy Analysis. FTIR absorption spectra

confirmed the presence of alginate and silica material in both
batches (Supporting Information). Characteristic wavenumbers
in the pure calcium alginate spheres were localized at 3000−
3600 cm−1 (broad band, −OH), 1587 cm−1 (primary peak
carboxylate, shifted from 1595 cm−1 compared to the original
sodium alginate powder), 1415 cm−1 (secondary peak,
carboxylate, shifted from 1407 cm−1 compared to the original
sodium alginate powder), and 1021 cm−1 (C−O stretch).
These bands also appeared in the hybrid alginate−silica
microspheres, except for the band at 1021 cm−1, because of
the presence of a more significant intense band at 1063 cm−1

(Si−O−Si in alginate−TMOS) or 1034 cm−1 (Si−O−Si in
alginate−silica M600). Also the broad band between 3000 and
3600 cm−1 was less pronounced in the alginate−TMOS
particles, just like the band at 1587 cm−1 disappeared in the
alginate−TMOS spheres. The latter two observations were
quite unexpected. It seems that the vibrations of both hydroxyl
and carboxylate groups in pure alginate disappeared by reaction
with the silanol entities in the formation of an IPN structure.
Next, an extra silica peak appeared at 798 cm−1 (in alginate−
TMOS) and 794 cm−1 (in alginate−silica M600), arising from
Si−OH vibrations. In the IR spectrum of the alginate−TMOS
particles, an additional peak at 958 cm−1 (silicate ion) was
observed.

Morphology Analysis. The microspheres were inves-
tigated by optical microscopy to qualitatively confirm the
spherical shape, monomodal size distribution, and micrometer
size (Figure 5).

Quantification of the particle-size distribution was done on a
minimum count of 100 microspheres. Results for the wet
alginate−TMOS and alginate−silica M600 microspheres are
summarized in Table 2. On the one hand, the d90/d10 ratio is a

measure for the homogeneity of the different particle sizes in
the population. The closer this ratio approaches 1, the more
uniform the particle-size distribution is. On the other hand, the
Feret ratio is a measure for the degree of circularity:

= d DFeret ratio / (4)

with d the minimum Feret diameter and D the maximum Feret
diameter. A Feret diameter is defined as the distance between
two parallel tangential lines of a sphere. A Feret ratio of 1
indicates a perfectly spherical microsphere.
Particle-size measurements revealed smaller microspheres for

the batch of alginate−TMOS compared to that for alginate−
silica M600. This can be explained by the different
compositions of the corresponding suspensions and with
experimental conditions, like the vibrational frequency at
which the microspheres were dripped: the pure alginate−
TMOS microspheres, dripped at a frequency of 750 Hz, are
almost 30% smaller than the alginate−silica M600 micro-
spheres, which were dripped at a frequency of 350 Hz. Results
also show a tight particle-size distribution for both batches
(d90/d10 value close to 1) and confirm that the particles can be
considered spherical (Feret ratio ≥0.90). However, it is also
clear that a higher degree of uniformity and circularity was
obtained for the alginate−silica M600 microspheres. Besides
more deformations, higher standard deviations are observed for
the diameters of the alginate−TMOS microspheres. Plausible
explanations for this are (1) smaller spheres have less weight
and are deformed more upon impact against the surface of the
coagulation bath, (2) the faster coagulation of the smaller
spheres did not allow for sufficient relaxation, and (3) these

Table 1. Values for the Water Content of the Synthesized
Microspheresa

water content (%) solid material (%)

pure alginate 96.6 3.4
alginate−TMOS 91.5 8.5
alginate−silica M600 94.0 6.0

aPercentages of the solid material were calculated from the water
content.

Figure 5. Optical microscopy picture of alginate−silica M600
microspheres. Amplification: 8×.

Table 2. Particle-Size Values (Mean Diameter and d90/d10
and Mean Feret Ratios) for Wet Alginate−Silica
Microspheres

diameter (μm) d90/d10 Feret ratio

alginate−TMOS 781 ± 37 1.12 0.90 ± 0.04
alginate−silica M600 1100 ± 17 1.04 0.95 ± 0.02
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microspheres have endured more physical handling during their
synthesis. A combination of these effects is also likely.
A SEM analysis was performed on supercritical CO2 dried

microspheres in order to investigate the surfaces of the
microspheres (Figure 6). The microsphere surfaces are well-

defined. A smoother surface is observed for the alginate−
TMOS microspheres. The alginate−silica M600 microspheres
are characterized by a coarser surface with small local
elevations.
Specific Surface Area. A BET analysis was performed on

freeze-dried microspheres to measure the specific surface area
of the materials. For the alginate−TMOS microspheres, the
specific surface area corresponded to 216.1 m2/g, a significantly
higher value than the one obtained for the alginate−silica M600
microspheres with a specific surface area of 4.6 m2/g. The
latter, low value was predicted from the specifications of the
added silica powder. Sikron M600 has a specific surface area of
4.2 m2/g as determined by the producer. The alginate material
did not contribute to an increase of the total specific surface
area. A composite alginate−silica material with a higher total
specific surface area could be obtained by using a silica powder
that is characterized by an intrinsically higher specific surface
area. However, this could cause problems in the process
because it will also lead to higher viscosity values for the
suspensions to be dripped. On the other side, the pure alginate
microspheres that were soaked in a TMOS solution afterward
showed a high specific surface area. This can be attributed to
the in situ polymerization of silica networks. A high specific
surface area guarantees a good availability of the functional
groups.
Comparison of Different Drying Methods. Storage of

microspheres is easier when they are dried. However, drying
causes damage to the raw porous structure of the alginate−silica
microspheres. This has to do with capillary forces that result
from the surface tension of water when going from the liquid to
the gaseous phase. Special drying procedures, like freeze-drying
and supercritical CO2 drying, avoid crossing the liquid−gas
phase boundary and therefore prevent collapse of the raw
structure. With freeze-drying, microspheres are frozen with
liquid nitrogen and then put under a vacuum, so that frozen

water can be sublimated. With supercritical CO2 drying, the
pressure and temperature are increased in a chamber containing
wet microspheres soaked in liquid CO2. In this way, it is
possible to pass the critical point of CO2 (73.8 bar and 31 °C)
at which the fluid becomes neither liquid nor gas. Supercritical
CO2 can then be released, leaving behind the dried sample.
By means of optical microscopy, a particle-size analysis was

performed for the differently dried microspheres. The amount
of shrinkage was compared. The shrink percentage is defined as

=
−

×
D D

D
shrink percentage 100%wet dry

wet (5)

with Dwet the mean diameter of the wet microspheres (before
drying) and Ddry the mean diameter of the dry microspheres
(after drying). The closer the shrink percentage approaches 0%,
the less shrinkage has occurred. The shrinkage data for both
materials dried to the air, by freeze-drying and by supercritical
CO2 drying, are summarized in Table S3.
The most pronounced shrinkage (size and shape) was

observed for the microspheres that were dried to the air, which
was expected because no care was taken to control the drying
process. Moreover, a remarkable difference was observed
between both batches. The air-dried alginate−TMOS spheres
shrunk only half as much as the alginate−silica M600 spheres.
Apparently, the original porous structure of alginate−TMOS
microspheres remains much more intact after drying by the
formation of a hybrid material with IPNs instead of creating a
composite material. With the freeze-drying technique, we
seemingly face the limits of the alginate structure to resist
shrinkage. In both alginate−silica batches, the microspheres
shrank about 23−24%. Moreover, cracks occurred in the freeze-
dried microspheres as a consequence of the liquid-nitrogen
freezing step. As a result, part of the particles lost their original
spherical shape, which explains the lower Feret ratios that
resulted from the freeze-drying technique, even lower than
those for microspheres that were dried to the air. With
supercritical CO2 drying, crack formation can be avoided
because there is no freezing step. There is also no need for
extremely high temperatures or vacuum conditions, so that the
technique is generally considered more controlled and also
more energy-efficient than conventional drying techniques. A
shrink percentage of 24% was again observed for the alginate−
silica M600 particles that were dried by supercritical CO2, but a
better value was obtained for the alginate−TMOS micro-
spheres. Here, the effect of creating IPNs by soaking with
TMOS clearly appears. The latter leads to a more rigid,
supporting matrix structure, which, in combination with the
supercritical CO2 drying technique, leads to the best preserved
structure in the dry state. Depending on the final application, it
is more interesting to add dispersed silica powder rather than to
induce silica polymerization afterward. In the alginate−TMOS
spheres, the porous structure is better stabilized and a material
with a significantly higher specific surface area is obtained. In
the alginate−silica M600 composite materials, the silica powder
merely serves as a filling material. In the hydrometallurgical
applications that are the target of this work, the spheres are
used in a wet state. The shrinkage induced by drying is
therefore less relevant compared to the different sources of
silica, which impact the adsorption and column performance.
The ease of adding dispersible silica powder with known and
proper characteristics to an alginate suspension could be a more
decisive factor, unless one wants to incorporate specific

Figure 6. SEM images of the surfaces of alginate−TMOS (1) and
alginate−silica M600 (2) microspheres. Images were made at an
acceleration voltage of 5.00 kV, a working distance of 6.5 mm, and
magnifications of 100× (a) and 1000× (b).
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functional groups. Then it would be interesting to induce the
silica polymerization reactions starting from, for instance,
functionalized siloxanes.
It is further important to mention that the shrinkage by

drying seemed to be irreversible. The swelling behavior was
investigated for both batches that were dried either way. It
appeared that the particles did not reswell significantly (>1%)
by soaking the microspheres in water for 24 h. This indicates
that the collapse of the raw porous structure during drying is
not reversible.
Composition. The organic and inorganic share in the

alginate−silica hybrid microspheres was determined by
combining information derived from both CHN elemental
analysis and TGA (Table 3). Air-dried spheres were used for
both analyses.

Although calcium(II) (CaII) is built in the alginate structure,
it is considered here as part of the organic share in the hybrid
microspheres. In this way, it is possible to estimate the organic
content in the hybrid alginate−silica microspheres by a
comparison of the carbon percentages in the hybrid alginate−
silica microspheres with the percentages in pure (calcium)
alginate microspheres.
TGA was used as a supplementary technique to confirm the

results obtained by CHN analysis (Figure S3). Residual masses
arise from the silica content intrinsically present in the
microspheres and from CaCO3 formed during heating by the
reaction of coagulated calcium ions with O2 in the air.55 The
amount of coagulated CaII ions in the microspherical alginate
structures could be calculated from the TGA trace of pure
(calcium) alginate and the organic share in the hybrid
microspheres, derived from CHN analysis.
From the results obtained by CHN analysis and TGA, it can

be concluded that the amount of inorganic silica material is
significantly higher in the alginate−TMOS microspheres,
compared to the alginate−silica M600 microspheres. This is a
consequence of the less controllable procedure that was
followed to incorporate silica in the alginate−TMOS micro-
spheres. When in situ silica polymerization reactions were
induced, higher amounts of inorganic silica were obtained in
these hybrid materials. Because the amount of organic
(functional) material is lower in the alginate−TMOS micro-
spheres, it can be expected that the adsorption capacity will also
be lower for these microspheres (vide infra).
Stability as a Function of the pH.Wet microspheres were

stirred in solutions with increasing concentrations of HCl. In
none of the particles was loss of silicon detected by TXRF. The
release of Ca2+ ions is presented in Figure S4. For pure alginate

microspheres, the calcium release appeared to gradually
increase with higher HCl concentrations. In the hybrid
microspheres (both alginate−TMOS and alginate−silica
M600), the release of calcium ions was lower at low HCl
concentrations and also increased less significantly with higher
HCl concentrations. The slightly higher release of CaII from the
alginate−TMOS microspheres, compared to the alginate−silica
M600 microspheres, can be attributed to the fact that the
absolute concentration of sodium alginate was slightly higher in
the original suspension of sodium alginate [3.0 wt % vs 3.0%
(w/v), respectively]. The way in which silica was incorporated
did not seem to have an influence on the retention of
coagulated CaII ions.

Adsorption Performance. Because these functional micro-
spheres are intended for hydrometallurgical applications, they
must meet some specific requirements. It was already
mentioned that the droplet coagulation technology should be
feasible to produce high-performance microspheres on a large
industrial scale. The convenient microspheres can be used as
ion-exchange resin materials in large column setups.
Furthermore, it is important that the microspheres have a
high adsorption capacity, with affinity for the metal ions of
interest. They should also be reusable during consecutive
adsorption/desorption cycles without loss of efficiency.
Adsorption was studied for NdIII as a model element for the

rare-earth ions. It was reported before that alginate is able to
coordinate rare-earth ions thanks to the presence of carboxylic
acid functional groups on the alginate moieties.40 The uptake of
NdIII was investigated as a function of the equilibrium pH for
alginate−TMOS and alginate−silica M600 microspheres
(Figure 7). Also, the influence of drying on the adsorption
amount was investigated.

The curves showing the adsorption amount as a function of
increasing pH values (Figure 7) have a typical sigmoidal shape
because of deprotonation of the functional carboxylic acid
groups upon going to higher pH values. At pH = 1, there is
hardly any affinity for the NdIII ions present in solution. At a
pH of approximately 5−6, maximum adsorption is obtained.
Note that, at this concentration, precipitation of NdIII only
occurs at pH > 6. The wet alginate−silica M600 microspheres
showed the highest absolute adsorption amount for NdIII. The

Table 3. CHN Analysis and TGA Results for Different
Materials and Corresponding Calculated Values for the
Organic Content

C/H/N (wt
%)

organic content
calculated from
CHN (wt %)

residual
mass
(TGA)
(wt %)

organic
content

calculated from
TGA (wt %)

pure
(calcium)
alginate

32.5/4.7/0.0 100.0 14.0 100.0

alginate−
TMOS

8.1/1.9/0.0 26.0 72.5 31.1

alginate−
silica
M600

13.6/3.2/0.0 43.7 60.9 45.2

Figure 7. Adsorption of NdIII ions from an aqueous solution by
alginate−silica microspheres as a function of the pH. c(Nd3+) = 2.00 ±
0.02 mM; volume = 10.0 mL; contact time = 4 h; mass adsorbent =
500 ± 5 mg. The adsorption values for the wet spheres were corrected
to dry functional mass.
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most probable explanation for this is that the share of organic
(functional) material is higher in these microspheres, compared
to the alginate−TMOS microspheres. In the alginate−TMOS
microspheres, a higher mass ratio consists of a silica matrix
material. However, taking into account the share of functional
alginate material, the relative adsorption amount for NdIII is
higher for the alginate−TMOS microspheres. This is probably
attributed to the higher specific surface area of these
microspheres: 216.1 m2/g for alginate−TMOS, compared to
4.6 m2/g for alginate−silica M600 (vide supra). A higher
specific surface area results in an improved accessibility of the
available functional groups. It is interesting to observe how the
incorporation of silica can alter the adsorption performance of
the hybrid microspheres. It is also observed that the (air-)dried
alginate−silica M600 microspheres showed a lower adsorption
amount for NdIII compared to the microspheres that were kept
in the wet state. Because the microspheres shrank during the
drying process, the porosity also lowered. It can therefore be
concluded that, besides resulting in an improved eluent flow
through a column, the high porosity in the wet microspheres
also results in an improved adsorption capacity by a higher
availability of the functional groups in these particles, thus
facilitating the chelation mechanism. It is also important to
mention that the adsorption capacities obtained with these
alginate−silica microspheres were higher than the ones
obtained in earlier work on ethylenediaminetetraacetic acid
(EDTA)- and diethylenetriaminepentaacetic acid (DTPA)-
functionalized chitosan−silica powder.44 Chitosan is a bio-
polymer with very similar characteristics compared to alginate.
However, while chitosan powder had to be functionalized with
the metal-chelating ligands EDTA and DTPA to improve its
adsorption capacity, we now observe even higher adsorption
capacities with the alginate−silica microspheres, which intrinsi-
cally bear carboxylic acid functional groups in their structure:
0.4−0.5 vs 0.2 mmol of NdIII per gram of adsorbent,
respectively, under similar experimental conditions and a
comparable share of functional organic material in the total
hybrid sorbents. Next to that, Wang et al. (2013) reported
separation coefficients between NdIII and other metal ions for
similar alginate adsorbents, following the order FeIII > NdIII >
AlIII > CrIII > CuII > VV > NiII > CoII > MnII ≫ CrVI.40 On the
basis of all of these results, we strongly believe in the
application potential of these kinds of microspheres to recover
minor amounts of valuable metals (like the rare earths) from
waste streams and to separate them from other metal ions with
a lower affinity.
Stripping and Reusability. After adsorption of metal ions

from solution, stripping of immobilized ions is required for
further processing and regeneration of the adsorbent. This was
done by bringing the loaded particles in contact with acidified
solutions. The microspheres were first loaded by adsorption
from an aqueous NdIII solution. The effect of the HCl
concentration on the amount of stripping is shown for
alginate−TMOS and alginate−silica M600 microspheres in
Figure S5. The stripping proceeded easily. No concentrated
acid or complex chelating solutions were necessary to desorb
the loaded metal ions from the sorbents. Full stripping of
immobilized NdIII ions was already observed with a HCl
concentration of 0.25 M. This was expected because this
concentration equals a pH of about 0.56, which is lower than
1.00 (at which pH, the affinity for NdIII was negligible).
However, it was beneficial that full stripping was obtained with
mildly acidic solutions because harsh conditions would

probably have an influence on the adsorption performance of
the particles.
The reusability was investigated for the alginate−silica M600

microspheres. A certain amount was subjected to seven
consecutive adsorption/desorption cycles, and the resulting
adsorption value was compared with the original adsorption
amount to determine the adsorption efficiency (Figure 8).

The adsorption efficiency decreased by almost 20% in the
second adsorption cycle. This is probably due to conforma-
tional changes by the acidic attack during the first stripping
step. Because the overall coagulation structure of the
microspheres remained intact during consecutive stripping
steps, the calcium ions tightly held by egg-box interactions
between alginate G blocks did apparently not experience any
damage from the stripping. However, we believe that the weak
junctions in MG blocks were destroyed by replacing the CaII

ions with protons.52 As a consequence, the “preorientation” of
certain functional groups, induced by the coordination of CaII

from the coagulation bath, is lost, and as a result, coordination
of NdIII becomes less favorable. The residual capacity remained
quite constant. In none of the subsequent cycles was further
significant loss in the adsorption efficiency observed, which can
be explained by the fact that all weakly stabilized conformations
were already destroyed in the first stripping step. These findings
were supported by the observation of CaII release during the
first stripping step but no longer during consequent stripping
steps. After the seventh adsorption cycle, the adsorption
efficiency is still higher than 80%. Moreover, the observed
(minimal) decrease after the second cycle could more likely be
attributed to physical losses because of the manual handlings
during consecutive adsorption/desorption cycles rather than to
physical or chemical damage to the particles because of the
stripping treatment. It is therefore suggested to include an
acidic treatment of the microspheres as a last step in the
synthesis procedure, in order to wash out CaII ions that were
adsorbed from the coagulation solution. In this way, the
occurrence of specific conformations that could prefer
coordination of certain metal ions only in the first cycle will
be avoided, and as a consequence, the adsorption efficiency will
hardly be affected over time. Hence, the functional micro-
spheres can be considered to be sustainable materials.

Figure 8. Evolution of the adsorption efficiency of alginate−silica
M600 microspheres for consecutive adsorption/desorption cycles of
NdIII. All parameters were the same in each cycle. c(Nd3+) = 1.00 ±
0.01 mM; volume = 10.0 mL; pHin = 4.0; contact time = 4 h; mass
adsorbent = 500 ± 5 mg; stripping solution = 0.5 M HCl (10.0 mL);
stripping time = 1 h.
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■ CONCLUSIONS

By making use of vibrating-nozzle technology, high-perform-
ance microspheres were made by droplet coagulation of a
sodium alginate suspension in a solution of CaCl2. The
synthesis is straightforward and easily convertible to industrial
scale thanks to the design of the Microspherisator device. Silica
was incorporated (1) by soaking pure alginate microspheres in
a TMOS solution to induce in situ silica polymerization
reactions and (2) by adding silica powder to the alginate
suspension prior to coagulation. The addition of a silica powder
to the alginate suspension benefits from its easy, one-step
synthesis and the fact that the characteristics of the resulting
material are highly predictable, arising from the characteristics
of the added silica source. On the other hand, the formation of
an IPN material results in a material with a good resistance to
shrinkage during drying, a high stability in an acidic
environment and a high specific surface area. The latter leads
to a better availability of the functional groups. Moreover, by
using functionalized siloxanes, any functional group could be
built in the microspheres in this way, depending on the metal of
interest. The carboxylic acid functional groups intrinsically
present on the alginate chains show a high affinity for hard ions
like the REEs, of which neodymium was considered in this
work. However, other metals, like the platinum group metals,
would benefit from an organic ligand with a soft character. The
microspheres of alginate−silica M600 composite and alginate−
TMOS IPN materials were fully characterized regarding their
morphology and composition. Regarding their use in hydro-
metallurgical applications, the microspheres were proven to be
stable in a very broad acidity range. The adsorption amount of
NdIII reached 0.43 mmol/g for alginate−TMOS microspheres
and 0.46 mmol/g for alginate−silica M600 microspheres.
Stripping of loaded microspheres could be achieved with a
simple inorganic acid, like hydrochloric acid. A concentration of
0.25 M was already sufficient to get 100% stripping. The
microspheres are considered to be sustainable materials because
the adsorption efficiency remained constant during consecutive
adsorption/desorption cycles, apart from a drop after the first
desorption cycle.
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