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ABSTRACT: The synthesis of a reusable, magnetically switchable nanocomposite micro-
particle, which can be modified to selectively extract and recover Hg" or Cu" from water, is
reported. Superparamagnetic iron oxide (magnetite) nanoparticles act as the magnetic
component in this system, and these nanoparticles were synthesized in a continuous way,
allowing their large-scale production. A new process was used to create a silica matrix, confining
the magnetite nanoparticles using a cheap silica source [sodium silicate (water glass)]. This
results in a well-defined, filigree micrometer-sized nanocomposite via a fast, simple, inexpensive,
and upscalable process. Hence, because of the ideal size of the resulting microparticles and their
comparably large magnetization, particle extraction from fluids by low-cost magnets is achieved.
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1. INTRODUCTION

The separation of substances that are dissolved or dispersed in
fluids is of great interest in many applications. Such substances
may be biological in origin such as proteins' or cells in
physiological solutions,” hazardous heavy-metal ions in drinking
water,* or precious ions in process wastewater.® In the field of
catalysis, recycling of valuable organic/inorganic catalysts®” or
enzymes in bioreactors® '? is desirable.®”'* Ideally, one would
like to extract the target substance and remove it from the fluid.

A smart answer to all of this is the application of magnetically
separable particles, which act as carriers for the substance of
interest.' 6712 Although magnetic separation has been a well-
known process for a long time, nanotechnology introduced a
new aspect to this technique. If magnetic particles are small
(typically below 20 nm), they can become superparamag-
netic."”® These particles behave like strong magnets in the
presence of an external magnetic field (like their bulk
counterparts) but lose their magnetization instantly as soon
as the external field is removed; ie., they have no remanent
magnetization (unlike their bulk counterparts) and therefore
can be used as switchable magnets. These particles can be well
dispersed in a fluid because they do not agglomerate
magnetically. Therefore, if their surface is functionalized
properly, they can adsorb target substances selectively and be
removed by the gradient of an external magnetic field.>'* The
exceptionally high surface-to-volume ratio of nanoparticles is
clearly a further advantage.

Magnetic separation can, in principle, be simply achieved by
a hand-held magnet. The magnetic force, directing the particles
toward the magnet, is proportional to the magnetic field
gradient, to the magnetization of the particles, and to their
volume.>'* However, for nanodisperse particles, the randomly
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directed forces of Brownian motion are stronger than the
magnetic forces. Thus, individual nanoparticles are usually not
separable in this simple way. This is different from what is very
often claimed in literature, a point recently discussed by Mandel
and Hutter.'> An increase in the particle size without a loss of
superparamagnetism would greatly enhance separability
because the magnetic force is proportional to the volume of
the particle and the Brownian forces are negligible for larger
particles. This may be achieved by assembling nanoparticles
into a matrix of diamagnetic materials, forming a composite
microparticle (nanocomposite).’® All nanoparticles in the
composite contribute to the magnetic attraction toward an
applied field gradient, and the whole particle will be separated.
However, the high specific surface area of the individual
nanoparticles may be lost in that way.

Much research has been done on coating magnetic
nanoparticles with a diamagnetic material, mainly silica, forming
core—shell particles."”">* Magnetic multicore composites with
a silica®** or polymer™™** matrix, as well as hybrid
combinations of polymeric and silica matrixes,” > have been
reported. Typically, the sizes of the composite particles
reported are below 200 nm,"”7>%**73? and their application is
mainly intended for biotechnology on a laboratory
scale 207222426,27,29,31,32 Commercially available products,
mostly below 1 pm, are also mainly dedicated for the
biotechnology market.”**** Often the particles are dense
spheres,”***>*%3%3% requlting in a small specific surface area,
produced totally in very small quantities (milligrams to grams),
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they come with a price of a few hundred dollars per gram.
Although all composites developed so far are said to be
magnetically separable, their magnetization is surprisingly low
(often below S emu/g), which is massively lower than the
expected value for magnetite (60—80 emu/
g).17’20’22‘23’25’27’29_32 At sizes below 1 pm, these particles
separate from solutions very slowly because of the proportion-
ality of the magnetic forces to their small volume and low
magnetization.z’14 This is far from ideal because, in large-scale
technical applications, a fast magnetic separation is necessary
for a high throughput. Higher magnetization (>100 emu/g) has
been reported for iron®® or cobalt nanoparticles® and iron
carbide composites.*® Unfortunately, these particles show a
remanent magnetization, which might lead to magnetic
agglomeration, possibly hindering a proper redispersion in
water after magnetic separation.

Modified magnetic particles have previously been used as
scavengers for heavy-metal ions (e.g, lead, mercury, chromium,
cadmium, arsenic, copper, and zinc) in water.>’ > Apart from
being toxic, heavy metals are precious resources in many
industrial applications, and hence their recovery from process
wastewater is highly desirable. It is often claimed that the
magnetic nanoparticles used as scavengers were dispersed in
water and magnetically separated by a hand-held magnet. For
particles of several 100 nm in size, magnetic separation is
possible but slow. Particles smaller than 100 nm show poor
magnetic separability unless they are agglomerated in water;
naturally enough the degree of agglomeration can vary
significantly depending on the prevailing pH of the water,” a
subject rarely investigated.'> For Hg" removal,>”~* thiol-
modified nanoparticles have proven to be good adsorbers.*~*
However, adsorbing Hg" selectively has proven to be more
difficult. Using dimercaptosuccinic acid, no selectivity for Hg"
was observed.” Poly(3,4-ethylenedioxythiophene)-modified
magnetic particles showed uptake of Ag', Pb", and Hg".*!
MPTS modification is suggested to be higly selective for Hg";
however, it is suggested that this is not due to silane but due to
the pore effects of the adsorber material.** Cu" removal using
magnetic particles has also been reported,* ' based on
amine** ™ or chitosan modification*’ ™ or imprinting
methods,* among others.>>>! Selectivity is usually not
considered™**3%*! and is only reported for an imprinted
material;** however, particles were not superparamagnetic in
that case.

Cu" extraction for large-scale mining applications is often
done via liquid—liquid extraction.””*® Cu'-selective binding
molecules, such as ketoximes in a hydrophobic solvent [e.g., 2-
hydroxy-S-nonylacetophenone ketoxime (LIX84, BASF) in
kerosene] are mixed with water containing Cu" ions. Oil—
water separation allows selective extraction of Cu" from the
aqueous phase.’”*® However, this method has several
disadvantages including the need for large amounts of
hydrophobic solvent and intense mixing, as well as cross-
contamination.””*® Impregnations of silica gels and membranes
with LIX84 have been demonstrated via the anchoring of CH
groups from aminosilanes™ or chlorosilanes®® ™ on a silica
surface, which created a hydrophobic interaction between
LIX84 and the CH-modified surface. Modifying magnetic
particles with a selective Cu" binding agent designed for solvent
extraction could result in a material that is applicable for a
process overcoming the disadvantages of conventional solvent
extraction.
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For all applications and, in particular, for water treatment
utilization, magnetic composite particles have to be produced in
a fast, simple, inexpensive, upscalable way and be chemically
(over a wide pH range) and mechanically stable.**** The
magnetic component needs to exhibit superparamagnetism, and
the final composite needs tohave sufficient size (micrometer
scale) to be magnetically separable, along with a large surface
area. With the focus on fulfilling these demands, nano-
composite microparticles were developed in this work. Their
envisaged application is recycling of heavy metals from process
water.

2. EXPERIMENTAL SECTION

Materials. Iron(III) chloride hexahydrate (FeCly;-6H,0O, 99%+),
iron(II) chloride tetrahydrate (FeCl,-4H,0, 99%+), hydrochloric acid
(HCl, 36 wt %), sodium hydroxide (NaOH pellets), (3-aminopropyl)-
triethoxysilane, (3-mercaptopropyl)trimethoxysilane (MPTS, 95%),
and propyltrimethoxysilane (PTMS, 97%) were purchased from
Sigma-Aldrich and used without further purification. An ammonium
hydroxide solution (NH,OH, 25 wt %) in water, nitric acid (HNO;, 1
M, diluted from a 53 wt % solution), and a sodium silicate (water
glass) solution (Na,Si;O, 36 wt %, molar ratio of Si0,:Na,O = 3:1)
were obtained from Fischar.de Technical Chemicals and used without
further purification. 2-Hydroxy-5-nonylacetophenone ketoxime
(LIX84, 10% in kerosene), a selective Cu™ ion exchanger was obtained
from BASF, UK. For heavy-metal adsorption tests, arsenic(V)
(H;As0,), nitrates of cadmium(Il) [Cd"(NO,),-4H,0], zinc(II)
[Zn"(NO,),-6H,0], copper(I) [Cu"(NO,),-3H,0], mercury(II)
[Hg"(NO;),-H,0], and lead(1l) [Pb™(NO,),] as well as chlorides
of chromium(III) (CrCly-6H,0), magnesium(II) (MgCl,-6H,0), and
calcium(II) (CaCly), were purchased from Sigma-Aldrich in high-
purity grade.

Continuous Precipitation of Superparamagnetic Nano-
particles. A total of 8.64 g (32 mmol) of FeCl;-6H,0 and 3.18 g
(16 mmol) of FeCl,-4H,0 were dissolved in 100 mL of deionized
water at 20 °C. A total of 20 mL of an aqueous ammonium hydroxide
solution (25 wt %) was diluted with 100 mL of water. The two
solutions were mixed by pumping through S-mm-diameter silicon
tubes using a peristaltic pump (Istatec BV-GES) into a Y-shaped gas
tube connection (total length 31 mm) acting as a simple continuous-
flow reactor. Each arm (inner diameters of 3 mm) of the connector
had a length of 18 mm; the two supporting arms met at an angle of
55°. The flow rate in each supporting channel was 100 mL/min. A
black suspension formed in the outlet, from which the precipitate was
separated using a hand-held permanent magnet (Supermagnet
Q404020N, energy product = 42 kJ/m®, supermagnete.de).

Stabilization of Magnetite Nanoparticles in a Sol. The
precipitate (approximately 3.9 g) was washed once (dispersing it in
water and magnetically separating again) and suspended in 120 mL of
deionized water. The suspension was pumped through the reactor
once again and thereby mixed (same conditions as before) with 120
mL of HNO; (0.66 M). A peptized ferrofluid was obtained at the
outlet. The sol was further stabilized by carboxylic acid. The resulting
sol had a pH between 1 and 2.

Formation of Composite Microparticles. SiO, Precipitation.
To precipitate silica, 20 mL of a 0.5 M HNO; solution was mixed by
stirring with 20 mL of a 25 wt % ammonium hydroxide solution. A
sodium silicate solution was slowly added under stirring (molar ratio
NH,OH:HNO;:Na,5i,0, = 27:1:0.4). The precipitate was filtered and
washed three times. Precipitations were performed at room temper-
ature and at 70 °C.

Matrix Formation. A total of 88 mL of 25 wt % ammonium
hydroxide diluted in 80 mL of deionized water was added to the
stabilized nanoparticle sol. The mixture was heated to 70 °C in air with
stirring. A sodium silicate solution (molar ratio
NH,OH:HNO;:Na,Si;O; as before) was added slowly through a
syringe needle. The reaction mixture was stirred for S min at 70 °C,
whereupon the product was magnetically removed and washed.
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Figure 1. Continuous process for magnetite nanoparticle synthesis (a). Magnetization curve of the precipitated product (b).

Surface Modification of Composite Microparticles. (a) Thiol
functionalization was achieved by the addition of 2 mL of MPTS S min
after water glass was added to the reaction solution, forming
microparticles (see before). The mixture was stirred for 1 h before
magnetic separation and washing in ethanol and water.

(b) Particle modification with a Cu" ion exchanger was carried out
as follows: 2 g of magnetic microparticles were dispersed in 100 mL of
ethanol. A total of 8 mL of aqueous ammonia (28%) was added,
together with 0.5 mL of PTMS. After 1 h with stirring, the particles
were magnetically separated and washed with acetone. Wet particles
were immersed in LIX84 (10 wt % LIX84 in kerosine) and shaken for
1 h. Subsequently, particles were magnetically separated, washed with
acetone, dried for 6 h at 130 °C, and then redispersed in water by
heavy shaking.

Metal-lon Separation and Recovery Tests. Salts of As’, Cd",
Cr'™, Za", Pb", Cu", Hg", Mg", and Ca" were dissolved in 1 L of
deionized water to give a concentration of approximately 10 mg/L,
respectively, 100 mg/L for each element. Exact concentrations were
analyzed via inductively coupled plasma optical emission spectroscopy
(ICP-OES). A defined amount of composite microparticles was added
to 100 mL of a solution and stirred for a given time at room
temperature. The particles were separated with a hand-held magnet,
and the remaining solution was reanalyzed.

Analyses. Scanning electron microscopy (SEM) of the composite
particles was carried out with a Zeiss Supra2S scanning electron
microscope at 3 keV. Energy-dispersive X-ray analyses (EDX) of the
particle composition were also done with the Supra 25 microscope at
15 keV at a working distance of 8 mm. Samples for transmission
electron microscopy (TEM) were obtained by embedding composite
particles in an epoxy resin, generating a flat surface by cross-sectional
polishing (JEOL SM-09010 cross section polisher), and cutting a
lamella with a focused Ga-ion beam (FEI Co. 200 3D focused ion
beam quanta). TEM, high-resolution TEM (HRTEM), and scanning
TEM (STEM) with EDX (STEM-EDX) were carried out using a
JEOL JEM2010 microscope. The sizes of the nanoparticles were
analyzed with small-angle X-ray scattering [ SAXS; Saxsess from Anton
Paar (Graz, Austria) with a copper anode X-ray tube]. Fourier
transform infrared spectroscopy (FTIR) was carried out on KBr
pellets, and diffuse-reflectance FTIR (DRIFT) spectroscopy on
powder samples with a Nicolet MagnalR760 spectrometer. X-ray
diffraction (XRD) was performed on vacuum-dried powder samples
(Phillips PW 1730/10). Peak assignments were carried out by relying
on the International Center for Diffraction Data PDF-4 database.
Dynamic light scattering (DLS) of particle dispersions was carried out
with a Malvern Instruments Zeta Sizer Nano. Before and after
ultrasonic treatment, Fraunhofer diffraction was done with a Malvern
Mastersizer S. Solid-state 2°Si magic-angle-spinning nuclear magnetic
resonance (MAS NMR) spectra were recorded at 22 °C on 100 mg
samples with a Bruker DSX-400 NMR spectrometer using bottom-
layer rotors (diameter 4 mm) of ZrO, (spinning rate 13 kHz; pulse
length 2.0 us; repetition time 180 s; external standard TMS, 79.5
MHz, § = 0). The specific surface area was measured by N, adsorption
using Brunauer—Emmett—Teller (BET) analyses following DIN66131
with a Quantachrome Instruments Autosorb 3B. The chemical
composition of the particles was analyzed via ICP-OES using a Varian

5635

Vista-Pro CCD Simultaneous ICP-OES after dissolution of the
samples in hot hydrofluoric acid. Differential thermogravimetric
analyses (DTA-TG) were carried out from room temperature to
600 °C with a Netzsch STA 449 C Jupiter DTA-TG analyzer coupled
with a Netzsch Aeolos QMS403C mass spectrometer. The magnetic
properties of vacuum-dried particles were studied with a vibrating
sample magnetometer (VSM; VersaLabTM 3T cryogen-free VSM),
cycling the applied field from —30 to +30 kOe two times with a step
rate of 100 Oe/s. Detailed analyses were carried out by cycling the
applied field from —S5 to +5 kOe with 5 Oe/s. The temperature was set
to 293 K (20 °C, room temperature).

The chemical stability of the particles was evaluated by stirring the
particles for 24 h at pH 2 and 12, adjusted via HCl and NaOH,
respectively, and analyzing (ICP-OES) the supernatant after magnetic
separation of the particles. The particles were stirred for 2 h in
concentrated HCI (36 wt %), and the change of the particle size was
measured with Fraunhofer diffraction. The mechanical stability of the
particles was tested by suspending the composite particles in water
with a Bandelin Sonorex Super RK103 ultrasonic bath (180 W, 35
kHz) for 60 min and measuring their particle sizes with Fraunhofer
diffraction. The { potential of the nanocomposites was measured on a
Malvern Instruments Zeta Sizer Nano. The heavy-metal content in
water was analyzed using a Varian Vista-Pro CCD Simultaneous ICP-
OES.

3. RESULTS AND DISCUSSION

Continuous Precipitation of Superparamagnetic Mag-
netite Nanoparticles. Nanoparticles of magnetite (Fe;O,)
are known as nontoxic materials with high magnetization. The
synthesis of superparamagnetic magnetite nanoparticles from
coprecipitation of iron(Il) and iron(Ill) salts is a well-
established one-pot process.”” However, a continuous process
is highly desirable for synthesis on a larger scale. Here, we
report an easy continuous synthesis procedure without
advanced equipment (such as oxygen-free inert chambers)
using a Y-connection reactor (Figure la). Separation of the
particles from the resulting suspension (approximately pH 11)
and purification (redispersion in water and separation) could be
done using a magnetic drum separator.

XRD of the magnetically separated, unpurified product
confirms that either magnetite or y-maghemite was obtained
(Figure Sla in the Supporting Information). The primary
particles are in the range of 10 + 2 nm in size (counting 100
particles from TEM images and SAXS measurements; not
shown). From reflex broadening (using the Scherrer
formula),®® a crystallite size of approximately 11 nm was
calculated. The size of the crystallites fits well to the particles
size; thus, it can be assumed that the particles are single crystals,
which also fits well to TEM observations.

The magnetization curve for the dried particles shows
superparamagnetism and a saturation magnetization of 67
emu/g (Figure 1b). BET measurements reveal a specific surface
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area of 107 m?/ g, which is in good agreement with the
theoretical value of 105 m?/g for 10 nm spherical magnetite
particles. However, the nanoparticles are severely agglomerated
to sizes between 1 and 200 um (Figure S1b in the Supporting
Information).

Dispersion and Stabilization of Superparamagnetic
Nanoparticles in a Sol. Although the agglomerated nano-
particles can be easily separated by a hand-held magnet, they
cannot be used directly as magnetic carriers. The agglomerates
are neither mechanically nor chemically stable and break into
lumps of several hundred nanometers in size by ultrasonication
or other mechanical shearing. At pH 3 or less, the particles
redisperse completely.*® To form magnetic carriers stable over
a broad pH range, a homogeneous incorporation of the
nanoparticles into a protective matrix is required and, therefore,
the magnetite particles have to be homogenously dispersed and
stabilized as a first step. The agglomerates are dispersed with
diluted HNO; (continuous process). The resulting ferrofluidic
magnetite sol (pH 1-2) is stabilized electrostatically (¢
potential of 22 mV)*® and agglomerates either by a change of
the pH of the sol or by the addition of other reactants. A more
permanent stabilization (steric or electrosteric) can be achieved
by either a comblike carboxylic polycarboxylate ether polymer*®
or carboxylic acids. In the stabilized sol, particles with
hydrodynamic radii of 10—20 nm are present, as measured
by DLS. The isoelectric point shifts from pH 6.8 for
unstabilized nanoparticles to pH 8 for stabilized nanoparticles
(Figure S4a in the Supporting Information). Superparamag-
netism is preserved, and the saturation magnetization does not
drop for the functionalized particles (VSM measurements; not
shown).

Development of a Silica Matrix Formation Process for
Composite Microparticles. If silica is chosen as the matrix
material, tetraethoxysilane (TEOS) is normally used as the
silica precursor in a sol—gel process. Reacting agglomerates of
as-precipitated nanoparticles with TEOS to form a silica coating
can be done in principle; however, this resulted in the
formation of undefined particle agglomerates of sizes between 1
and 200 pm (Figure S2b in the Supporting Information).
Herein, we incorporated stabilized and well-dispersed nano-
particles from a sol into a silica matrix (Figure 2) rather than
nanoparticle agglomerates in order to obtain more well-defined
composite particles.

matrix growth

. condensation
- 'seeds (nanoparticles)

composite

matrix homogenous :
precursor nanoparticle particles
dispersion

Figure 2. Processing scheme for more well-defined composite
microparticles formed from a magnetite sol.

TEOS is a relatively expensive precursor for silica and led to
uncontrolled gelation of the products. Using ion exchangers
and careful pH adjustment, SiO, formation from a sodium
silicate solution can be achieved for the coating of magnetic
nanoparticles.”” "% However, this process is sophisticated, slow,
and hard to control. Further investigations showed that a solid
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silica can be obtained from simply precipitating water glass in
acid.”®~7 Indeed, a precipitate is formed if water glass is added
to dilute HNO;. However, it seems that no proper silica
network is obtained in that case. Solid-state *?Si NMR (Figure
3a) reveals that 47% of Si atoms have a Q3 configuration (three
—0-Si bonds), 29% are Q2 (two —O-Si bonds), and only
24% are Q4 (all four bonds are —O—Si). The ratio Q4/Q3 is
0.5.

The precipitate contains a remarkable amount of sodium
[EDX (Figure 3b)] and dissolves immediately above pH 9. This
suggests that a dense SiO, tetrahedral network has not been
formed but that only sodium silicate is agglomerated. The
specific surface area (BET) is rather small (1 m’/g). In the
presence of stabilized and dispersed magnetite nanoparticles,
magnetic composite microparticles can be obtained in this way
(Figure 3c,d, left). However, as expected, these composite
particles are destroyed at pH values above 9 by dissolution of
the matrix. The loosened magnetite nanoparticles can no longer
be separated in the magnetic field gradient (Figure 3d).
Furthermore, nanoparticles seem to be released from the
composite during storage in water at pH 7 because after a few
days the water is strongly colored and the particles are no
longer magnetically well-separable. Therefore, the process is
inadequate to obtain proper magnetic nanocomposite micro-
particles.

Stable nanocomposite microparticles were formed using a
novel process.

If an aqueous ammonia solution (pH 11.5) is added to a
water glass solution (pH 12), a slurry forms and quickly
redissolves if diluted or stirred. Silicate anions are neutralized
by NH," ions and can coagulate temporarily, but no stable Si—
O-Si bonds are formed. Surprisingly, however, reasonably
stable and alkali-resistant silica is precipitated if the same
reaction is performed in the presence of NO;~ ions at room
temperature. At a molar ratio of NH,OH:HNO;:Na,Si;O; =
27:1:0.4, a white, honeycomb-like porous solid forms (SEM;
Figure 4a). Its specific surface area is 72 m?*/g (BET). The
sodium content is greatly reduced (EDX analysis; Figure 4b) in
comparison to that in the acidic precipitation. The FTIR
spectrum (Figure 4c) shows no absorbance for NO;~ or NH,*
ions (ie, no ammonium nitrate is formed). Only negligible
amounts of nitrogen (0.43 wt %) and sodium (<3 wt %) could
be detected by ICP-OES. Solid-state *’Si NMR (Figure 4d)
analysis results in a Q4:Q3:Q2 ratio of 33:10:1. The silica is
fairly stable against dissolution even above pH 9. Even denser,
and therefore more chemically stable, silica is precipitated at 80
°C. It is composed of many granular-like structures (SEM;
Figure 4e). The Q4:Q3 ratio increases to 4, and no Q2 groups
are present (**Si NMR; Figure 4f). The specific surface area is
110 m*/g. The temperature increase apparently promotes the
formation of siloxane (Si—O—Si) bonds, strengthening the
SiO, tetrahedral network. Some assumptions about the reaction
mechanisms building up this solid silica network from a water
glass solution can be found in Figure S3 in the Supporting
Information.

Formation of Stable Superparamagnetic Composite
Microparticles. This process of precipitating a solid silica
network can be exploited to synthesize stable superparamag-
netic composite microparticles in a simple, fast, and inexpensive
way.

The magnetite sol prepared with the dispersing agent HNO,
and stabilizer is mixed with aqueous ammonia. Thereby, the
solution pH rises from 1 to 11.5. Agglomerates up to 1—2 yum
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diffraction on an aqueous suspension; f, VSM measurements).

Figure 6. Magnetic separation of superparamagnetic nanocomposite microparticles (a—c). Individual nanoparticles cannot be magnetically separated
from a fluid (d). Larger particles of magnetite bear remanent magnetization and immediately agglomerate if tried to redisperse in water (e).
Redispersion of superparamagnetic nanocomposite microparticles does not face the problem of magnetic agglomeration (f).

(DLS) form if the dispersion is left without stirring for 1 h. stays stable and homogeneous. After heating 70 °C, a water
However, as long as the mixture is in motion, i.e. stirred, the sol glass solution is added under stirring. By precipitation of SiO,,

5638 dx.doi.org/10.1021/am301910m | ACS Appl. Mater. Interfaces 2012, 4, 5633—5642



ACS Applied Materials & Interfaces

Research Article

composite microparticles are formed. The product is separated
magnetically after S min and washed with water. Up to 100 g of
product has been synthesized in one batch. In a tube reactor
and with a magnetic drum separator, the process may be
continuous and upscalable.

The composite microparticles show a filigree structure (SEM
micrographs: Figure Sab). As shown by TEM (see Figure
Sc,d), a dense covering of SiO, surrounds and protects the
magnetite nanoparticles thoroughly. STEM-EDX analysis
confirms a mixture of silica and iron oxide inside the
microparticle and solely SiO, at the surface region. That the
surface of the microparticle consists only of silica can also be
demonstrated by measurements of the ¢ potential in depend-
ence of the pH. The results are the same as those for pure silica
[isoelectric point (IEP) at pH 2]”* and quite different from
those of stabilized magnetite nanoparticles (IEP at pH 8; Figure
S4a in the Supporting Information). The composition of the
microparticle is also confirmed by XRD, FTIR, and EDX
analyses (Figure S4b—d in the Supporting Information) and by
chemical analysis (ICP-OES: 45 wt % Fe;O,, 50 wt % SiO,, S
wt % water and organic components). Upon heating of the
particles to 600 °C, only water molecules are released, and no
indication of chemical reactions was found (DTA-TG-MS, see
Figure S4ef in the Supporting Information). The particle-size
distribution is 1—50 gm with a mean of 20 ym, which was
measured by Fraunhofer diffraction for an aqueous suspension
(Figure Se). The intrinsic superparamagnetism of the magnetite
nanoparticles was maintained in the microparticles (Figure Sf).
Saturation magnetization of the composite particles drops to 30
emu/g from 66 emu/g of as-precipitated nanoparticles. This fits
very well with the analytical composition obtained by ICP
analyses. A magnetization of 30 emu/g for a micrometer-sized
particle is higher than that for most composite particle systems
published'”~*7**7 and allows a fast and facile magnetic
separation, an inherent precondition for industrial applications.

The superparamagnetic composite microparticles are easily
separated from an aqueous suspension with a permanent
magnet within 10 s (Figure 6a—c). The necessity for
engineering micrometer-sized composite particles in order to
obtain a magnetically separable particle system becomes evident
by comparison to dispersed magnetite nanoparticles that
behave like a ferrofluid and cannot be separated from the
liquid (Figure 6d)."* The advantage of the present system over
larger magnetite particles is demonstrated in Figure 6e, where
severe magnetic agglomeration of 500-nm-sized magnetite
particles, which do not possess the nanoeffect of super-
paramagnetism, i.e., have a remanent magnetization, renders it
impossible to properly redisperse the particles once they have
been magnetized. The superparamagnetic composite particles,
however, can easily be redispersed with just a gentle shake to a
fairly stable suspension (Figure 6f).

The chemical stability of the composite microparticles was
tested by stirring in an aqueous suspension (1.2 wt %) at pH 2
and 12 for 24 h at room temperature. After magnetic separation
of the particles, the iron and silicon contents were analyzed by
ICP-OES of the resulting clear, colorless solution. Almost no
release of iron was detected in relation to the pH. A total of
0.16 wt % at pH 2 and 0.04 wt % at pH 12 of iron were found
with respect to the total particle mass and 0.14 wt % at pH 2
and 15 wt % at pH 12 of silica, respectively. Stability against
dissolution is slightly better than that for silica synthesized from
TEOS (18 wt % silica dissolved at pH 12 under the same
conditions). It is well-known that silica dissolution increases
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above pH 10.”* Despite this partial dissolution magnetic
separation of the microparticles was possible. The excellent acid
resistance of the microparticles ensures that the magnetite
nanoparticles are well protected at low pH. Even when particles
were stirred for 2 h in concentrated HCI (36 wt %), no changes
of the particle sizes were detected by Fraunhofer diffraction
(not shown). The mechanical stability of the microparticles was
tested by a 1 h ultrasound treatment of a 2 wt % suspension.
Despite their filigree structures, the mean particle sizes
increased only slightly, possibly by particles hooking together,
and no breakage of the particles was observed by Fraunhofer
diffraction (not shown).

A further advantage of the microparticles for any adsorption
application is their large specific surface area of around 75 m*/g
(BET). Hence, because of the filigree structure of the
nanocomposite, the particle's specific surface area comes close
to the surface area of the 10 nm nanoparticles (100 m*/g). The
large surface area of the microparticles makes them very
promising candidates for modifications, necessary for specific
adsorption applications. Table 1 summarizes the characteristics
of the nanocomposite microparticle system.

Table 1. Characteristics of the Nanocomposite Microparticle
System

magnetic material superparamagnetic magnetite nanoparticles 8—10 nm;

continuous synthesis

matrix confining
nanoparticles

amorphous SiO,

matrix synthesis precipitation at 70 °C from a water glass solution with

ammonia in the presence of NO;~ ions

content of magnetic 45 wt %
nanoparticles
average 20 um
microparticle size
magnetization 30 emu/g
specific surface area 75 m?/ g
(BET)
stability thermal, up to 600 °C (max tested); mechanical,

ultrasound stable; chemical, pH 0—12

modifications various silanizations, impregnation

Surface Modifications of Composite Microparticles
and Recovery of Hg" and Cu" from Aqueous Solutions.
Unmodified composite microparticles adsorb metal ions from
an aqueous solution unselectively to some extent, but recovery
of the metals in acid is not possible. For selectivity for specific
metal ions in solution and their subsequent recovery, the
particle’s surface was modified. To demonstrate the potential of
modified particles in this respect, Hg" and Cu" ions were
chosen as target substances, respectively.

For Hg" recovery, the particle surface was modified with
thiol groups using a simple reaction with a mercaptosilane. The
DRIFT spectrum of the modified particles (Figure 7a) shows
C—H and S—H vibrations.*” Saturation magnetization drops
from 30 to 22 emu/g indicating a 27 wt % thiosilane
modification. For selective Cu' extraction, the particles were
impregnated (after silanization with propylsilane) with LIX84, a
molecule developed as a highly selective Cu"" chelating agent.
The DRIFT spectrum of modified particles (Figure 7b) shows
absorptions between 3200 and 3600 cm™" (p- and m-hydroxyl
groups), at 1400—1500 cm™" (substituted benzene), and at
1600 cm™' (C—N bond).** Magnetization drops to 16 emu/g,
indicating a 47 wt % loading of the particles with LIX84
(probably including some residual kerosene). LIX84-modified
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Figure 7. DRIFT spectra of thiol-modified (a) and LIX84-modified (b) magnetic particles (assignment of the peaks for unmodified microparticles

can be found in Figure S4c in the Supporting Information).

composite microparticles are rather hydrophobic but disperse
fairly well in water if vigorously shaken. Subsequent
redispersion steps (e.g, after magnetic extraction) are easily
achieved by gentle shaking.

Each particle system was dispersed at a concentration of 1 g/
L in water, which contained approximately 10 mg/L of As",
cdy, 't HgH, Cull, Znl, PbY, Cal, and MgH ions. The initial
pH of the heavy-metal solution was set to 4 to avoid
uncontrolled metal hydroxide precipitations. Particles were
magnetically separated after a few seconds with a hand-held
magnet after they were stirred for 10 min in water. Recovery
(desorption) of the metal ions was carried out in 10 mL of 0.1
M HCI within 10 min before the particles were again
magnetically separated, washed, and used for adsorption. The
adsorption/desorption cycles were repeated three times.
Concentrations of the metal ions in the adsorption/desorption
solutions were determined by ICP. Data are given as
percentages of the ideal (maximum possible) result (10 mg
of the respective ion is adsorbed or desorbed; Figure 8).

65% Cu" was adsorbed in each cycle and recovered by 66%
(first cycle) to 90% (third cycle). Recovery of Hg" was not
possible by acid treatment alone. The addition of 2% thiourea,
as suggested for modified silica,”> seems to be the key step in
the recovery of Hg'. Removal of Hg" of >99% was achieved for
each adsorption cycle and recovered by 33%, which could not
be increased by a prolonged desorption time (30 min).

As can be seen from Figure 8, adsorptions and desorptions
for all other metal ions are much lower, especially in the case of
Cu'-adsorbing particles, which are nearly 100% selective over
all other heavy metals studied. The performance of the particles
does not drop within three cycles.

Cu" adsorption can be increased by a longer adsorption time
(30 min) to 88%. The maximum Cu" capacity of the particle
system is 30 mg/g (adsorption saturation reached after 1 h in a
100 mg/L aqueous heavy-metal solution). Hg" adsorption was
found to be >99% even after only 1 min of adsorption time.
The Hg" adsorption capacity of the thiol-modified particles was
74 mg/g (after 10 min of adsorption in a 100 mg/L aqueous
heavy-metal solution). Only when particles are in great excess
to the HgH concentration (>2 g/L per 1 mg/L HgH) are Cd",
Cu", and Pb" ions adsorbed as well. Hg" adsorption therefore
has to be considered as very fast and very much preferred.

4. CONCLUSIONS

A novel superparamagnetic nanocomposite microparticle is
reported. The mechanically and chemically stable particles
consist of superparamagnetic magnetite nanoparticles confined
in a silica matrix. The microparticles have an ideal size for easy
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Figure 8. Results of adsorption/desorption cycles of metal ions on (a)
thiol-modified and (b) LIX84-modified magnetic microparticles. 100%
corresponds to the ideal (maximum possible) result.

dispersion and magnetic separation. The synthesis process is
simple and fast using only inexpensive precursors and thus has
great potential for upscaling. The particle's large specific surface
area can be functionalized by conventional silanization, e.g.,
with thiol or propyl groups. Thiol-modified particles showed
good adsorption selectivity for Hg" over several other heavy
metals in an aqueous solution. After magnetic separation,
particles can be regenerated by Hg" desorption in a solution of
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HCl and thiourea. Cu" was highly selectively extracted by and
desorbed from magnetic particles impregnated with LIX84. The
combination of a highly selective ion exchanger with magnetic
separability provides a promising approach for processes to
remove low-concentration ions in wastewater and recover and
enrich them in solutions, which can be further processed to
recycle the substance into a manufacturing process.
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