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For the first time, a fluidized bed reactor was used for encapsulating nanoparticles
by the polymerization compounding approach using Ziegler—Natta catalysts. The poly-
merization reaction was carried out using a solvent-free process in a gas-phase reac-
tor. This direct gas—solid reaction greatly simplified collecting the particles of interest
after polymerization because none of the extra steps often found in encapsulation proc-
esses, such as filtering and drying, were performed in this work. The grafting of the
catalyst to the original surface of particles was confirmed by X-ray photoelectron spec-
troscopy. Micrographs obtained by transmission electron microscopy confirmed the
presence of a thin layer of polymer, in the order of a few nanometers, around the par-
ticles. The thickness of this coating was affected by the operating conditions of the
process. The characterization of the modified particles with electron microscopy also
revealed that zirconia nanoparticles tend to be coated in an agglomerated state,
whereas aluminum particles were mostly individually encapsulated by the polymer. In
addition, the effects of temperature and pressure were studied on the encapsulation
process and a kinetic analysis was presented based on the available models in the lit-
erature. © 2009 American Institute of Chemical Engineers AIChE J, 55: 2271-2278, 2009
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Introduction

Coating or encapsulating nanoparticles with polymers is
desired in many applications to improve their chemical sta-
bility, reduce their toxicity, and facilitate their storage, trans-
port, and processing. As two particular applications of nano-
particle coating, we specify the encapsulation of zirconia and
aluminum nanoparticles. These nanoparticles are very prom-
ising materials in industrial applications. Over the last few
years, the introduction of zirconium oxide-based ceramics
into the field of dentistry has been greatly appreciated. In
fact, dentures made from these materials have the required
hardness and aesthetic qualities. Their production, however,
poses serious cost-effectiveness problems mainly because of
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their ultra hard mechanical property. One solution to elimi-
nate this difficulty is to coat the nanoparticles with a poly-
mer using polymerization compounding (PC), followed by
manufacturing the coping in composite form to make den-
tures. Manufacturing must take into account the shrinkage
that occurs during densification. Finally, the composite den-
ture is densified to sublime the polymer and obtain it in ce-
ramic form. Figure 1 shows the compounds corresponding to
the different steps mentioned earlier.

On the other hand, ultra fine aluminum powder is being
recognized as a good candidate for diverse combustion appli-
cations, such as additives in solid rocket propellants and me-
tallic fuel in explosive formulations. The aluminum nanopar-
ticles have been reported to show burning rates 5-10 times
greater than microsized ones and when used in gas generator
fuels, they achieve a more complete combustion. These
enhanced properties are due to their large specific surface
per unit mass. However, the large specific surface area,

September 2009 Vol. 55, No. 9 2271



Figure 1. From left to right starting from the top: com-
posite ingot, composite coping, densified
coping, and three false teeth ready to be
implanted into the mouth.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

which provides these powders with a high reactivity, makes
them particularly difficult to maintain in an unoxidized state.
Consequently, coating these powders with a polymer would
be a solution to protect them from a nondesirable reaction,
such as oxidation. As mentioned earlier, the application of
this process is not limited to the applications mentioned for
zirconia and aluminum. It can be applied to different types
of nanoparticles to protect their surface, reduce their toxicity
and facilitate their processing.

PC'™ is a technique that provides the modified particles
or fibers with the properties required to obtain high-perform-
ance composite and nanocomposite materials. In this
approach, the particle surface becomes involved in the poly-
merization reaction so that a very intimate contact between
the particle surface and polymer can be established bringing
improved interfacial properties and, consequently, enhanced
properties of the nanocomposite.s_7 In the last two decades,
PC has been successfully applied to encapsulate different
types of nanoparticles such as aluminum,® aluminum oxide,’
zirconium oxide,'”!!" fumed silica,'? silicon carbide," and
iron oxide'* and nearly all reported experimental investiga-
tions were performed in the liquid phase. The ubiquity of
the slurry-based process is easily explained. First, most of
the monomers of interest are either readily available in a lig-
uid state at room temperature or very soluble in common or-
ganic solvents. Therefore, a liquid phase process is intrinsi-
cally compatible with the nature of the reagents. Second, the
liquid medium provides the appropriate conditions to dis-
perse agglomerates and clusters in finer particles to have
them individually coated. However, the results showed that
this is not completely successful and the coating of agglom-
erates has always occurred together with the encapsulation
of individual particles.'" Third, the success of the coating
process requires that a very small quantity of catalyst or ini-
tiator be deposited on a relatively large surface of particles.
For example, in the case of ethylene polymerization, a small
amount of Ziegler—Natta catalyst, around 1 pl, must be
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placed on a square meter of particle surface to be coated.
Therefore, by dissolving that small amount of catalyst in an
organic solvent, where particles have already been dispersed,
it is easier to achieve a uniform activation of the particle
surface before the polymerization reaction.

Some drawbacks, however, arise when the process is car-
ried out in liquid phase, as the polymerization reaction must
be followed by additional steps to isolate the coated par-
ticles.® After encapsulation, the reaction slurry must be fil-
tered to separate the coated particles from the solvent. This
step is usually accompanied by washing the encapsulated
powders to eliminate solvent impurities, catalyst and the
nonreacted monomers. Then, the coated particles must be
completely dried in an oven overnight. Subsequently, the
dried particles form a hard bulk material, which needs to be
grinded to obtain finely coated particles. To accomplish all
of the aforementioned additional processes requires more
than the polymerization reaction time itself, which usually
extends only over a few minutes. Accordingly, the encapsu-
lation process costs for a liquid—solid reaction, particularly
when dealing with large amounts of particles, are significant.
In addition, under these conditions, it is difficult to ensure a
complete removal of the impurities in the solvent and to
obtain the desired particle size by grinding the bulk material
recovered from the process.

An evident alternative to eliminate all the aforementioned
negative aspects is to perform the nanoparticle encapsulation
as a gas—solid reaction, where the gaseous phase contains
the monomer of interest. The polymerization of ethylene via
Ziegler—Natta catalyst for nanoparticle encapsulation and
composite preparation has been reported by several research-
ers,*'>1° using a liquid suspension where the ethylene gas is
dissolved. We also have successfully used this procedure to
encapsulate zirconia nanoparticles in hexane.'' The work
reported in this article was aimed at extending the previously
described slurry-based process to a gas phase reaction using
a fluidized bed reactor. For this purpose, two different types
of nanoparticles, zirconia and aluminum, were considered
for encapsulation studies by polyethylene via the Ziegler—
Natta polymerization scheme. This simplified process is per-
formed free from solvent impurities (particularly water) and
no extra separation steps, such as filtering, washing, drying,
and grinding, are required to collect the coated nanoparticles
after the polymerization reaction. To the best of our knowl-
edge, this original work by our group is being accomplished
for the first time. It should be mentioned that although this
system, in some aspects, is similar to the processes dealing
with ethylene homopolymerization using the Ziegler—Natta
catalyst, there are some major differences in these two proc-
esses. In our case, the polymerization occurs on the surface
of nanoparticles, whereas in the homopolymerization of eth-
ylene, the substrate that supports the polymerization catalyst
has a characteristic length in the micrometer range. In addi-
tion, the amount of catalyst, when performing nanoparticle
encapsulation, is limited by the active sites on the surface of
nanoparticles. Besides, the pressure in the ethylene homopo-
lymerization process may rise very high, whereas the pres-
sure used in the nanoparticle encapsulation studies was mod-
erate, and in some instances, close to the ambient pressure.

The major difficulty associated with taking this reaction
from a liquid to a gas phase process was to attach the
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Table 1. Physical Properties of Zirconia and
Aluminum Particles

Table 2. Catalyst and Cocatalyst Calculated Based
on OH Concentration

Al (TEKNA) 7Zr0O, (Aldrich) Aluminum Zirconia
Average diameter (nm) 120 250 Pressure rise 142.5 mm Hg/g 50.7 mm Hg/g
Specific surface area (m*/g) 16.5 5.5 OH concentration on 5.4 x 10~* mol/g 1.9 x 10~* mol/g
Solid density (kg/m®) 2700 5900 particles
Bulk density (kg/m?) 350 1200 TiCly (pure catalyst) 0.06 ml/g 0.02 ml/g
AlEt3 (1 M solution in 0.54 ml/g 0.19 ml/g

Ziegler—Natta catalyst to the surface of the particle. The
approach investigated consisted of evaporating the Ziegler—
Natta catalyst before it entered the fluidized bed reactor, and
then condensing the resulting vapor on the particle surface
in the reactor. As there is no thermal gradient in the reactor,
all particles having the same temperature due to the mixing
action of the fluidization process,'” the catalyst vapors uni-
formly deposit on the particle surface. Therefore, it would
be anticipated that the polymerization reaction is uniformly
applied on the particles.

Experimental
Materials

Zirconia powder purchased from Sigma-Aldrich and alu-
minum powder manufactured by TEKNA were used for the
polymer coatings experiments. Table 1 reports some of the
physical properties of these particulate materials.

Ethylene gas with a purity of 99.5%, supplied by Cana-
dian liquid air was used as monomer for the polymerization
reaction. The Ziegler—Natta catalyst system, consisting of ti-
tanium tetrachloride (TiCl,), manufactured by Acros, as the
catalyst, and triethylaluminum (AIEt;) obtained from Sigma-
Aldrich, as cocatalyst, was stored and handled in a glove
box to protect them from moisture and oxygen. Methylalu-
minoxane (MAO) also purchased from Sigma-Aldrich was
used to determine the hydroxyl groups density on particles
surface.

Quantification of hydroxyl chemical
groups on nanoparticles

The polymerization process used in this work necessitates
the anchoring of the catalyst to the particles using the OH
sites on their outer surface. Accordingly, appropriate
amounts of the catalyst and cocatalyst need to be estimated
from the OH group density on the nanoparticles surface. To
carry out this quantification,'® a small amount of nanopar-
ticles, about 0.5 g, is agitated and heated in 5 ml of dry tolu-
ene in a laboratory test tube where a flow of dry nitrogen
and vacuum conditions are first applied to remove oxygen
and humidity from the system. After 1 h, the laboratory test
tube is cooled to ambient temperature, and subsequently,
1 ml of MAO is injected into the closed tube through a sep-
tum. As a result of the reaction between each mole of MAO
and hydroxyl groups of the surface, one mole of methane is
released. Consequently, the hydroxyl group density is calcu-
lated by determining the methane gas evolved in the process
using a pressure monitoring setup. An example of the use of
the observed pressure rise to determine the minimum amount
of catalyst and cocatalyst is given in Table 2. It should be
mentioned that the amount of catalyst and cocatalyst used in
all the reactions were in excess of 100%.
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hexane)

By converting the values for OH concentration on alumi-
num and zirconia particles to OH molecules per square
nanometer using the specific surface area given in Table 1,
around 20 OH/nm? are evaluated on the nanoparticles surfa-
ces. On the otoher hand, by considering the OH molecule di-
ameter of 5 A and OH concentration on alumina nanopar-
ticles reported in the literature,'® it is concluded that the OH
molecules on particle surface should not exceed five over
square nanometer. We do not have a good explanation for
this over prediction. It might be because of the possible reac-
tions between MAO and other groups in toluene and/or on
particles. However, as mentioned earlier, the catalyst was
injected in excess for encapsulation experiments and there-
fore, there is no impact on the work by introducing more
excess of catalyst because nonreacted catalyst exit the reac-
tor via carrying gas.

Synthesis

Figure 2 illustrates the encapsulation process of nanopar-
ticles in a fluidized bed reactor. The reactor itself used for
this work was a simple cylinder made of stainless steel 2 cm
in diameter and 3 cm in height. Gas was introduced into the
bed through a porous plate with a 5 um pore size to provide
a homogenous fluidization of particles. The reaction pro-
ceeds as follows: First, nitrogen gas, passed through an elec-
trical heater, provides sufficient energy to heat the entire sys-
tem so that the injection point attains a higher temperature
than the boiling temperature of the catalyst. A second elec-
trical heater was also located around the fluidized bed to
adjust the reactor temperature at the desired reaction temper-
ature. Then, the catalyst and, after a few minutes, the cocata-
lyst are injected into the system. As the temperature at the
injection point is higher than the boiling temperature of
TiCly and AlEts, the catalyst and cocatalyst evaporate and
enter the reactor in the gas phase. Subsequently, the catalyst

Thermometer
Fluidized bed | Vent
Reactor
-
[ g Catalyst and co-catalyst
E‘ g injection -
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flowrmeter heater

Figure 2. Schematic of the encapsulation of nanopar-
ticles in fluidized bed reactor.
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Figure 3. TGA graph of zirconia coated nanoparticles
(reaction conditions: T = 65°C, P = 210 kPa).

and cocatalyst vapors uniformly condense on nanoparticles
in the reactor, where temperature is lower than catalyst and
cocatalyst boiling points. After the catalyst grafting step on
the particles, the polymerization reaction was started by
switching from nitrogen to ethylene as the fluidizing gas. Af-
ter the desired reaction time, ethylene flow was stopped and
the system was flushed with nitrogen. The gas velocity in
the reactor for aluminum and zirconia was 5 and 10 cm/s,
respectively, which are much higher than minimum fluidiza-
tion velocity of these powders.'” The temperature and the
pressure in the reactor were kept constant for a given reac-
tion, and varied within range of 65-75°C and 140-280 kPa,
respectively, during the series of runs in this study.

Characterization

The amount of polymer on the zirconia particles was
determined by thermogravimetry analysis (TGA) using a TA
instruments 500 apparatus operated in a 25-800°C tempera-
ture range at a 10°C/min heating rate under a flow of nitro-
gen. The thickness of the polymer layer on the surface of
nanoparticles was observed using Jeol JEM-2100F transmis-
sion electron microscope (TEM). X-ray photoelectron spec-
troscopy (XPS) was used to study the interface of the grafted
polymer and the original surface of particles.

Results and Discussion

A typical TGA of coated zirconia and aluminum nanopar-
ticles is presented in Figures 3 and 4. One can see that a
sharp weight loss appears at 450-500°C corresponding to the
pyrolysis of high-molecular weight polyethylene (HMWPE).
This confirms the presence of HMWPE on the surface of
nanoparticles.

It can be seen that in the TGA graph of aluminum, a
weight increase occurs after polyethylene degradation at
around 500°C. It could be because of adsorption of nitrogen
on aluminum surface, and also, the oxidation reaction. After
polymer degradation, the surface of nanoparticles becomes
reactive, and therefore, it can react with the traces of oxygen
found in the nitrogen gas leading to a weight increase in the
TGA plot.
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Figure 4. TGA graph of aluminum coated nanoparticles
(reaction conditions: T = 72°C, P = 140 kPa).

The characterization of the coated particles was continued
by the verification of catalyst grafting on the nanoparticles
surface using XPS, as reported in Figure 5. It should be
noted that to show the results of the original and coated par-
ticles in the same graph, the spectrum corresponding to
coated particles is shifted by 50,000 counts/s. However, the
original data obtained from the software are reported in
Table 3. As shown in Figure 5, titanium and chlorine peaks
can be clearly observed at a binding energy of 458 and
199 eV, respectively, corresponding to Ziegler—Natta catalyst
in coated aluminum.

In addition, as we previously mentioned,'! by comparing
XPS results of the coated particles with different polymer
contents, it is confirmed that the catalyst is only found at the
polymer-substrate interface, indicating that polymerization
reaction can be initiated only from the original surface of
particles. It was proposed that Ziegler—Natta catalyst, TiCly,
reacts with hydroxyl groups on particles surface as shown in
following equation,

—OH + TiCly — —O—TiCl; + HCI )

Therefore, there is a covalent bond established between

the catalyst and the particles, and as a result, the
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Figure 5. XPS graphs of original and coated aluminum
nanoparticles.
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Table 3. Elemental ID and Quantification for Original and Coated Aluminum Nanoparticles

Height Area (p) Height Area (p)
(Original) (Original) (Coated) (Coated) Atom % Atom %
Name Peak BE (cps) (cps eV) (cps) (cps eV) (Original) (Coated)
Al 1s 74 22804.00 110210.15 15132.88 65809.97 26.59 3.46
O Is 532 139198.88 657310.45 99992.92 428450.91 55.82 42.82
Cls 285 17081.89 90798.42 59493.24 235550.63 17.59 53.72

polymerization starts from the surface of the particles, which
favors their encapsulation. Although the chain transfer termi-
nation usually occurs in Ziegler—Natta polymerization sys-
tems, a favorable interaction is established between the poly-
mer and substrate. As the polymerization reaction starts from
the substrate and monomers are consecutively added to poly-
mer chains, the diffusional limitations and steric hindrance
effects are significantly lower than in the case where poly-
mer chains are simply brought to the surface by the substrate
nucleating action. Therefore, appropriate wetting of the solid
surface by the polymer, and consequently, high-interfacial
interactions are achieved. As shown in Table 3, the relative
intensity of aluminum and oxygen peaks, representing the
original surface of particles, is significantly reduced after po-
lymerization. In addition, the relative intensity of carbon
peak, associated with the presence of a hydrocarbon based
polymer coating, increased considerably after the polymer-
ization in comparison with original particles. It can be seen
that the weight percentage of aluminum and oxygen ele-
ments was reduced from 26.59 and 55.82% for noncoated
particles to 3.46 and 42.82% for coated particles. In contrast,
carbon content increases from 17.59% for noncoated par-
ticles to 53.72% for coated particles. The initial amount of
carbon for noncoated particles, detected by XPS, is due to
the sample contamination by atmospheric carbon (CO,).
Similar results were obtained for zirconia nanoparticles.

It should be mentioned that the surface of pure aluminum
particles is very reactive and very sensitive to oxygen; there-
fore, it is oxidized rapidly when exposing to air. As a result,
a thin layer of aluminum oxide around 2 nm has been
already formed around aluminum nanoparticles before coat-
ing. As XPS apparatus applied in this work was able to
detect and analyze the depth of about 6 nm from the free
surface of particles and, by considering the thickness of
polymer layer which is about 4 nm as shown in next para-

graph, the XPS apparatus detected mostly the polymer coat
and aluminum oxide layer, which leads to evaluate relatively
high-oxygen content for encapsulated particles.

TEM observations carried out on original and coated alu-
minum and zirconia nanoparticles are presented in Figures 6
and 7, respectively. As shown in Figure 6a and 7a, the sur-
face of noncoated particles possesses a sharp edge and no
other phase is distinguished. On the other hand, as shown in
Figure 6b for a coated aluminum particle, an image contrast
is found that corresponds to a polyethylene layer of about 4
nm thick uniformly applied around the particles. One can
see in Figure 7b that zirconia particle was covered by a
polymer layer around 5 nm; however, it is observed that the
polymer layer on zirconia particles is not uniform in compar-
ison with that on aluminum. In addition, zirconia particles
tend to be coated in a more agglomerated state as observed
in Figure 8, whereas, aluminum powders were individually
encapsulated.

These results are consistent with the results obtained in our
previous work.'” It was mentioned that the fluidization of zir-
conia and aluminum occurs in agglomerate state as shown in
Figure 9. It was also observed that the minimum fluidization
velocities of zirconia and aluminum are 2.3 and 0.25 cm/s,
respectively. These values are much higher than minimum flu-
idization velocity of individual nanoparticles calculated by
available correlations.?® It means that zirconia and aluminum
nanoparticles fluidize as clusters of particles. In addition, we
observed that the agglomerates in the bed of zirconia are
larger compared with those found in the bed of aluminum.
Therefore, the agglomerate coating is inevitable when encap-
sulating nanoparticles, particularly zirconia nanoparticles.

According to the experiments,'” it was understood that by
increasing the gas velocity, large agglomerates are broken to
smaller ones due to higher drag force in higher gas veloc-
ities. Therefore, in the range of gas velocity where we did

Figure 6. TEM images of (a) original and (b) coated aluminum nanoparticles.
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Figure 7. TEM images of (a) original and (b) coated zirconia nanoparticles.

the fluidization experiments, the agglomerate size are smaller
for higher gas velocity for a given particle type.

The effects of polymerization conditions

The encapsulation of zirconia nanoparticles was carried
out under different process conditions as listed in Table 4.
The encapsulation time was around 12 min for all runs
except for trial number 4, in which the flow of monomer
was stopped after 6 min. It can be seen that the temperature
and pressure have considerable effects on polymerization
process. From Run No. 1 and 2, it is observed that by
increasing the pressure from 140 to 210 kPa, the polymer
content increases by 5%. At 75°C, the polymer quantity
increases by 5.5% by increasing the pressure from 140 kPa
in Run 3 to 280 kPa in Run 4, where the reaction time was
only half that used in the low pressure reaction. By compar-
ing Run No.l and No.3, a 5.5% increase in polymer content
is realized by increasing the temperature from 65 to 75°C.
The corresponding TGA graphs are presented in Figure 10.

Kissin et al. studied the kinetic of ethylene homopolymeri-
zation with the heterogeneous Ti-based Ziegler—Natta cata-
lyst.21 They found that the overall rate of ethylene homopo-

S0 raemy
—

Figure 8. TEM image of coated agglomerate of zirconia
nanoparticles.
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lymerization has the reaction order n with respect to the eth-
ylene concentration, Cg,

Rpol = keffC% (2)

The order of reaction, n, was evaluated as 1.77 where the
polymerization reaction is carried out in the gas phase. The
effective rate constant, ke, is the product of the propagation
rate constant, kp, and the concentration of active centers, C*.
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Figure 9. Minimum fluidization velocities for (a) zirconia
and (b) aluminum nanoparticles.
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Table 4. Different Process Conditions for Zirconia
Nanoparticles Encapsulation

Polymer
Temperature Pressure Content
Operation No. “C) (kPa) (%)
1 65 140 2
2 65 210 7
3 75 140 7.5
4 75 280 13

If the propagation rate is assumed to be temperature depend-
ant according to the Arrhenius equation, then the overall po-
lymerization rate can be written as the following equation:

—E
Rpol = C*kp() exp (ﬁ) CE (3)

where E is the activation energy for the propagation.

In an investigation on ethylene polymerization Kkinetic
with a heterogeneous metallocene catalyst, Bergstra and
Weickert evaluated C¥k,o and E as 2.49 x 10'" m*/(h gcat)
and 74.9 kJ/mol.** By applying these values in the reaction
rate proposed by Kissin, the amount of polymer was signifi-
cantly overestimated in comparison with our experimental
data. Therefore, we used the same reaction kinetic and acti-
vation energy constant, and by using the experimental results
provided in Table 4, the C*k,, was modified to 3.3 X 107
m?/(h gcat). The results are given in Table 5.

The experimental polymer mass is presented based on 1 g
of zirconia nanoparticles. As shown in the table, the values
obtained by the kinetic model using the modified C*k, are
in agreement with the experimental results. Therefore, the
model presented by Kissin for ethylene homopolymerization
is valid for nanoparticle encapsulation by polyethylene using
PC. On the other hand, there is a great difference between
C*kyo presented in the work of Bergstra and Weickert and
the one modified in this work. There would be two explana-
tions for this difference. First, C*kp in the work of Bergstra
and Weickert has been obtained for the ethylene polymeriza-
tion using metallocene catalyst, which is more reactive than
Ziegler—Natta catalyst. The second reason is related to the
concentration of active centers on the supports. Although in
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Figure 10. TGA graphs of zirconia encapsulation in dif-
ferent operations.
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Table 5. Comparison Between Experimental
Data and Calculated Polymer Amount Using
the Kinetic in the Literature

Polymer Polymer
Quantity Quantity
Operation Temperature Pressure (Experimental) (Calculated)
No. °0) (kPa) (g) ()
1 65 140 0.020 0.033
2 65 210 0.070 0.067
3 75 140 0.075 0.067
4 75 280 0.130 0.115

this research, the catalyst injected into the reactor corre-
sponds to the hydroxyl group on nanoparticles, it is expected
that a part of the injected catalyst was not deposited on the
nanoparticles due to particle agglomeration, as shown in Fig-
ure 8. Therefore, it seems that the concentrations of active
centers available for polymerization reaction are much lower
than those in the ethylene homopolymerization process.

A comparison between nanoparticle encapsulation in
slurry and fluidized bed reactors

The TEM images of coated agglomerates of zirconia pro-
duced by the slurry'' and the gas/solid fluidized bed reactor
processes are presented in Figure 11. As the images show,
the agglomerate in the slurry phase reactor is smaller than
those in the fluidized bed reactor. As in the slurry phase re-
actor, the particles are dispersed in the solvent by agitation
and ultrasound, the large agglomerates are broken into
smaller ones and even individual particles, whereas in the
fluidized bed reactor used in this work, no external force
was applied. The agglomerates in the fluidized bed reactor
are therefore larger than those in the slurry phase reactor. If
an external force, such as vibration, were applied to the flu-
idized bed reactor, the agglomerate sizes and the risk of ag-
glomerate coating could be reduced. However, the encapsu-
lation process in the slurry phase must be followed by addi-
tional steps, such as filtering, drying, and grinding to isolate
the coated particles. Accomplishing all of the aforemen-
tioned additional processes requires much more than the po-
lymerization reaction time itself. Accordingly, the encapsula-
tion process cost more for a liquid—solid reaction, particu-
larly when dealing with large amounts of particles. In
addition, under these conditions, it is difficult to ensure a
complete removal of the impurities in the solvent.

Conclusions

It was shown that a fluidized bed reactor could be used
for encapsulating nanoparticles via the PC approach. In this
work, a Ziegler—Natta catalyst was used to polymerize ethyl-
ene to encapsulate aluminum and zirconia nanoparticles in
the gas phase. Thermogravimetry results showed that par-
ticles were coated by a high-molecular weight polyethylene.
The grafting of polyethylene on the particle surface was fur-
ther confirmed by XPS results verifying that the polymeriza-
tion reaction started only from the substrate, which leads to
a uniform polymer layer applied around the nanoparticles.
As observed from electron microscopy images, the process
is capable of coating individual particles with a polymer film
a few nanometers in thickness. However, in the case of
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(a)

40 nm

Figure 11. Coated agglomerates of zirconia in (a) the slurry phase and (b) in the fluidized bed reactors.

zirconia, it was also revealed that some agglomerates were
encapsulated by the polymer, which is obviously not desira-
ble. It was found that even under the mild process conditions
used, the temperature and pressure have a considerable effect
on the polymerization reaction and, hence, on polymer con-
tent on the coated particles. Therefore, the process of nano-
particle encapsulation can easily be controlled by adjusting
the operating conditions. By comparing the encapsulation
process in the slurry phase and fluidized bed reactor, it is
understood that the size of agglomerates in the fluidized bed
reactor are larger than those in the slurry phase, which leads
to larger coated agglomerates in the former. On the other
hand, there is no solvent used in the fluidized bed reactor.
Therefore, coated particles are easily collected immediately
after encapsulation without performing any additional pro-
cess, such as filtering or drying, which are required when
performing the process in a slurry phase reactor.
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