
MATERIALS AND INTERFACES

Coating of Metal Powders with Polymers in Supercritical Carbon
Dioxide

Evgeni M. Glebov, Li Yuan, Larisa G. Krishtopa, Oleg M. Usov, and
Lev N. Krasnoperov*

Department of Chemical Engineering, Chemistry and Environmental Science, New Jersey Institute of
Technology, Newark, New Jersey 07102

Supercritical carbon dioxide was used as a solvent to produce polymeric films on fused silica
plates and metal (Al, Mg) powders. Two polymers, poly(vinylidene fluoride) and poly(4-
vinylbiphenyl) (PVB), were used. Polymer-coated particles of metal powders exhibit enhanced
resistance to the dissolution in aqueous basic and acidic solutions. The protective properties of
the films were quantified based on the dissolution rate. The average thickness of the PVB films
(that contain aromatic rings) was evaluated using UV absorption spectroscopy. A technique to
measure the solubilities of poorly soluble polymers in supercritical carbon dioxide was developed.
The effect of the coating conditions on the protective properties of the produced polymeric films
was evaluated.

I. Introduction

Supercritical fluids exhibit a number of properties
that make them attractive substitutes of organic sol-
vents in a variety of chemical technological processes.
Because of the strong dependence of the solubilities,
transport, and other properties on pressure near the
critical conditions, both temperature and pressure could
be used as efficient process control parameters.1,2 Among
supercritical fluids, supercritical carbon dioxide (SC
CO2) is of particular interest. Supercritical carbon
dioxide is an “environmentally benign” solvent.1,2 It has
a low critical temperature (Tc ) 304.2 K) and a moderate
critical pressure (pc ) 72.8 atm). SC CO2 represents a
prospective medium for a number of chemical engineer-
ing processes, such as extraction,3 precise cleaning,4 and
chemical reactions1,5 (including polymer synthesis6,7).
Carbon dioxide is not an ozone-depleting compound and
can be recycled by simple compression-decompression
steps. Because of these properties, carbon dioxide is a
very attractive potential solvent for the technological
processes with a near-zero waste production. In addi-
tion, carbon dioxide is nontoxic, nonflammable, and
inexpensive and does not represent a volatile organic
compound (VOC) as defined by the U.S. Environmental
Protection Agency.

One of the prospective applications of supercritical
fluids is in the coating of solid powders with thin
films.8-11 Metal powders are common components of the
pyrotechnic and the solid propellant compositions.12

Coating of metal powders reduces their deterioration
through corrosion and aggregation caused by moisture
or other aggressive surroundings.13 Coating of metal
nanoparticles with polymers also reduces their flam-
mability and makes them safe to handle.14 The tech-

nologies currently used in the industry for coating of
solid substrates, such as the Wurster coating process15

or fluidized-bed coating,16 employ common organic
solvents. Replacement of organic solvents with SC CO2
could result in an alternative, environmentally friendly
approach.

The application of supercritical fluids for coating of
solid substrates is based on the strong effects of pressure
and temperature on the solubilities of the low-volatile
compounds in supercritical fluids. Formation of solid
particles upon decompression of supercritical fluid solu-
tions was observed more than a century ago.17 More
recently, formation of fine particles during the expan-
sion of solutions in SC CO2 through a valve was
observed for a number of different solutes.18-21 Further
development of this approach is the rapid expansion of
supercritical solution (RESS) technique,3,22-29 in which
a supercritical solution (or suspension30) is expanded
across a fine throttling device, such as a capillary or a
nozzle.

While the majority of the research was focused on the
production of fine particles of pure compounds using
supercritical solution expansion, there have been a few
studies that have addressed coating of small particles
from supercritical fluid solutions.8-11 These studies were
focused on the coating of solid particles of pharmaceuti-
cal interest. The objective of the current study was to
explore supercritical fluids for production of protective
polymeric coating on small metal powder particles.

II. Experimental Section

Materials. Aluminum powders (spherical particles of
ca. 20 µm in diameter, 99+%, Aldrich) and magnesium
powders (325 mesh, 99.5%, Aldrich) were used as
substrates. Additional experiments were performed
using flat 1 mm thick fused silica substrates to perform
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atomic force microscopy (AFM) and UV characterization
of the deposited films.

Two polymers were used to produce protective films:
poly(vinylidene fluoride) (PVDF), average Mw ≈ 534 000
(Aldrich), and poly(4-vinylbiphenyl) (PVB), average
Mw ≈ 115 000 (Aldrich).

Common organic solvents were used without ad-
ditional purification: acetone, 99.5+%, ASC spectro-
photometric grade (Aldrich), dichloromethane, 99+%,
and N,N-dimethylformamide, 99.8%, ASC spectropho-
tometric grade (Aldrich).

Supercritical-grade carbon dioxide (purity 99.99%
min, Matheson Co.) was used from cylinders pressurized
by helium to 1500 psig. The mole fraction of helium
dissolved in CO2 determined by mass spectrometry was
about 2%. The amount of carbon dioxide in the reactor
was calculated based on the reactor volume, tempera-
ture, and pressure using eq 1:

The compression factors for carbon dioxide, Z, were
taken from standard tables (IUPAC).31 For comparison,
a number of polymer coatings were produced using
common organic solvents (acetone, dichloromethane,
and N,N-dimethylformamide).

Experimental Setup and Procedures. The experi-
mental setup is shown in Figure 1. Solutions of polymers
in SC CO2 were prepared in a batch stirred high-
pressure temperature-controlled reactor (Autoclave En-
gineering, BC 0030 SS 05AH, 300 cm3 volume). Weighed
amounts of polymers or aliquots of polymer solutions
in dichloromethane of known concentrations were loaded
into the reactor. The solvent was removed by flushing
the reactor with air. The reactor was sealed and flushed
with carbon dioxide to remove air. Then the reactor was
filled with carbon dioxide. To obtain the target final
pressure at the target temperature of the reactor, carbon
dioxide was loaded from the pressurized (85-100 atm)
carbon dioxide cylinder at a precalculated initial tem-
perature of the reactor. After the loading, the reactor
was heated to the required temperature (in the range
40-300 °C). Temperature was stabilized using a Watlow
Parr 4842 temperature controller. To avoid temperature
overshot, the heating was performed slowly with a
heating rate of ca. 1 °C/min. The reactor was stirred
using a magnetic drive stirrer.

Samples of metal powders (usually 200 mg) and/or of
fused silica substrates were placed in an auxiliary
volume (ca. 5 cm3) connected to the reactor through a
sampling valve. Plane fused silica substrates were used
alone or together with the metal powder to produce films
for the UV and AFM characterization. The sampling
volume was flushed with carbon dioxide to remove air.
After flushing, the sampling volume was disconnected
from the reactor. The temperature of the sampling
volume was controlled independently of the reactor
temperature. After the desirable reactor temperature
was achieved, the content of the reactor was stirred for
ca. 2 h. Then the stirring was stopped, and the mixture
in the reactor was allowed to relax (about 10 min; the
reactor pressure was recorded at this point).

To perform the film deposition, the sampling valve
was opened and the auxiliary volume was connected to
the reactor (the pressure change due to the filling the
sampling volume when opening the sampling valve was
ca. -2%). After ca. 10 min the sampling valve was
closed, and the reactor was discharged to the atmo-
sphere. The sampling volume was allowed to cool to 40-
70 °C and then discharged.

During the temperature change and the subsequent
depressurization, the dissolved polymer precipitates on
the internal surface of the auxiliary volume and the
sample substrates. It was observed that after the
coating procedure the sample powder uniformly covers
all of the surface of the sampling volume. This observa-
tion suggests the fluidization of the metal powder
sample in the auxiliary volume during the filling and
the discharge. Such fluidization provides the conditions
for the unobstructed particle coating from all sides. The
total surface area of the sample particles is ca. 50 times
larger than the wall surface area of the sampling
volume. Therefore, ca. 98% of the dissolved polymer is
expected to precipitate on the surface of the sample
powder particles. This was confirmed by direct mea-
surements (see the Results and Discussion section).

In the experiments aimed at the quantitative film
thickness characterization, samples of powders coated
using polymer solutions with controlled concentrations
were prepared using polymer solutions in common
solvents. For this purpose, weighed amounts of metal
powders were coated with known amounts of polymers
dissolved in organic solvents (acetone or dichloromethane)
by evaporation of the solvent.

Scanning Electron Microscopy (SEM) and AFM.
Images of blank and PVDF-coated aluminum powders
were obtained using the Electro Scan 2020 environmen-
tal scanning electron microscope (ESEM). The AFM
images and profiles of PVDF-coated fused silica plates
were obtained using a Digital Instruments Nanoscope
IIIa. The AFM was operated in the tapping mode.

Analysis of Samples by UV Spectroscopy. One of
the polymers studied, PVB, contains aromatic groups,
which have strong absorption bands in the near-UV
spectral region. The thicknesses of the PVB films
deposited on metal powders were determined using UV
absorption spectroscopy. Weighed amounts of coated
powders were washed by measured amounts of dichlo-
romethane. The concentrations of the polymers in the
solutions obtained were determined using UV absorp-
tion spectroscopy. A Varian DMS 300 UV-vis spectro-
photometer was used to record the UV absorption
spectra.

Figure 1. High-pressure temperature-controlled stirred batch
reactor with an auxiliary sampling volume.

n ) pV/ZRT (1)
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Measurements of Polymer Solubility in SC CO2.
The solubility of a polymer in SC CO2 is one of the major
properties critical to the process of the film deposition.
The majority of the literature data on the polymer
solubilities in SC CO2 were obtained by the cloud-point
measurements using mixtures containing relatively
large (typically several weight percents32) amounts of
dissolved polymers. There are only a few data obtained
using other techniques.33 The cloud-point technique is
not directly applicable to the moderate and low soluble
polymers used in the current study.

Solubilities of low soluble polymers could be deter-
mined by measuring a property that reflects the con-
centration of the polymer in the fluid phase as a function
of the reactor load. Before the solubility is reached, the
entire loaded amount of the polymer is dissolved, and
the concentration in the fluid is proportional to the
reactor load. When the solubility is reached, the further
increase of the reactor load does not lead to an increase
of the polymer concentration in the fluid phase. A
property which is sensitive to the concentration of the
polymer in the fluid phase (e.g., the deposited film
thickness) can serve as an indirect measure of the
polymer concentration in the fluid. Before the solubility
is reached, the deposited film thickness is expected to
increase with the amount of the polymer loaded. After
the solubility is reached, no further change in the
deposited film thickness with the reactor load is antici-
pated.

This approach was used to measure the solubility of
PVB in SC CO2. Measured amounts of polymer were
loaded in the reactor. Fixed amounts of aluminum
powder were loaded in the sampling volume. The PVB
film deposition was performed according to the proce-
dure described in the Experimental Setup and Proce-
dures section. The UV absorbance of the organic solu-
tions obtained by washing the samples was measured
as a function of the amount of the polymer loaded in
the reactor. The absorbance of the solution (proportional
to the amount of the washed polymer and, therefore,
proportional to the average film thickness) is plotted vs
the reactor load. The “break” in the dissolution curve
obtained in this way is used to determine the polymer
solubility (see the Results and Discussion section).

Dissolution of Metal Powders Coated with Poly-
mers in Alkali and Acids. The evaluation of the
protective properties of the deposited polymeric films
was performed based on the measurements of the
dissolution rates of the powders in basic and acidic
solutions.

Aluminum reacts with alkali solutions, forming mo-
lecular hydrogen:34

Polymer films deposited on the surface of aluminum
powder particles decelerate the rate of aluminum dis-
solution [reaction (2)]. The dissolution reaction (2) was
monitored via the mass loss of the powder samples. The
reduction of the dissolution “rate constant” of Al pow-
ders in the stoichiometric quantities of 0.01 M NaOH
solutions upon the film deposition was used as a
quantitative measure of the protective properties of the
films. In the mass loss monitoring, proper precautions
were made to avoid interference from the products of
the subsequent transformations of the aluminate ion,
AlO2

-. In aqueous solutions aluminate ion is trans-
formed to the Al(OH)4

- complex, which is further hy-

drolyzed, forming insoluble aluminum hydroxide, Al-
(OH)3.34 Aluminum hydroxide forms a colloid suspension
in the bulk of the solution. To avoid possible errors in
the measurements of the mass of the residual alumi-
num, aluminum hydroxide remained after removal of
the major fraction of the original solution was removed
through a series of additional washings.

In the dissolution kinetic measurements, four to five
identical samples of 10.8 mg (4.00 × 10-4 mole of Al) of
Al powder were placed in beakers, each containing 40
mL of a 0.01 M NaOH solution (4.00 × 10-4 mol of
NaOH). The powders were allowed to dissolve for
different periods of time, after which the process of
dissolution was terminated by discharging the alkali
solutions from the beakers. The powders were washed
with water to remove aluminum hydroxide and the
residual alkali solutions. For washing, ca. 20 cm3 of
water was added and then removed by a pipet and a
syringe from the bulk of the liquid. This procedure was
repeated twice. Then the beakers with the residual
powder were dried and weighed with and without the
residual dry powder to determine the mass of the
residual aluminum. The residual mass of the samples
was plotted vs the dissolution time.

It was observed, however, that this procedure results
in lower masses of aluminum than the loaded amounts
even at the zero dissolution time due to the sample loss
in the washing procedure. The sample losses are caused
both by the removal of a fraction of the aluminum
powder with the wash water and by the slow dissolution
of aluminum in pure water. The loss in the sample mass
is proportional to the loaded amount and was ca. 15%
for uncoated and ca. 7% for coated aluminum samples
per wash. After discharging the initial solution (which
leads to comparable sample losses), the washing pro-
cedure was applied two times. To account for the sample
losses, correction was introduced into the dissolution
experiments by measuring the sample loss with zero
dissolution time. The correction curve for the dissolution
of the uncoated aluminum powder is shown in Figure
2. The mass of the extracted powder is proportional to
the mass of the loaded powder. In the processing of the
experimental kinetic curves, the mass of the residual
aluminum was multiplied by an empirical correction
factor to account for the sample losses. The correction
factor for the dissolution of uncoated aluminum powder
was 1.47 (Figure 2); the correction factor for the coated
powders was 1.21. A smaller correction factor for the

2Al + 2NaOH + 2H2O f 2NaAlO2 + 3H2 (2)

Figure 2. Correction curve for the dissolution kinetics measure-
ments. The mass of extracted aluminum powder (from 40 mL of
water, pH 7.0) is plotted vs the mass of the loaded sample. Water
was added and removed three times (see text). The dotted line is
a linear regression through the experimental points.
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coated powders is due to the flotation of the coated
powders on the liquid surface (see below), which leads
to the smaller sample losses during the washing pro-
cedure.

Dissolution of magnesium in aqueous NaOH solutions
is too slow for the characterization of the film protective
properties. For dissolution of magnesium powders,
acidic aqueous solutions were used. In sulfuric acid the
dissolution of magnesium occurs according to reaction
(3):34

The product of this reaction, magnesium sulfate, is
soluble in water. Therefore, no problem of an insoluble
precipitate, such as the one encountered in the dissolu-
tion of aluminum powders in alkali solutions, occurs.

III. Results and Discussion

Solubility of PVB in SC CO2. Determination of the
solubility of PVB in SC CO2 at 170 °C and 314 atm using
the approach described in the Experimental Section is
shown in Figure 3a (semilog coordinates to incorporate
the wide range of the reactor loading used) and Figure

3b (the initial part of the dependence, linear scale). The
amount of the polymer transferred and deposited on the
sample particles linearly increases with the reactor load
until the load of 0.4 mg is reached. Further increase of
the reactor load has no effect on the amount of the
polymer transferred (the plateau in Figure 3a). The
error bars shown in Figure 3 are (1 standard deviation
of the points on the plateau. As follows from the data
plotted in Figure 3, at these experimental conditions the
solubility of PVB in SC CO2 is (1.5 ( 0.3) mg/L. This
solubility corresponds to the mole fraction of the mono-
mer units of the polymer in SC CO2 of (7.5 ( 1.5) ×
10-7. The measured low value of the solubility of PVB
is in accord with the literature data on the low solubility
(or almost insolubility) of the lipophilic polymers (such
as PVB or polystyrene) in SC CO2.35 Nevertheless, even
this low solubility of the polymer is sufficient to produce
protective films that alter the properties of metal
powders.

In addition, the amount of the polymer deposited on
the surface of the powder was compared with the
amount of the polymer transferred to the sampling
volume. The latter was calculated based on the mass of
the polymer loaded to the reactor (below the solubility
limit) and the ratio of the sampling and reactor volumes.
The relative fraction of the polymer deposited on the
surface of particles was measured as 0.96 ( 0.03 in
excellent agreement with that expected from the surface
areas (0.98).

Experiments on Coating of Fused Silica Plates
with PVDF. To assess the feasibility of the polymer
film deposition from SC CO2, the initial experiments
were performed using flat fused silica plates as sub-
strates. These experiments provided visible evidence of
the polymer presence on the substrate surface. An AFM
three-dimensional topographic image of a fused silica
plate coated with PVDF from SC CO2 is shown in Figure
4. The imaged area of the film contains a scratch made
by a copper needle. Two substructures are apparent.
The first has the characteristic thickness of a few
nanometers and varies on the scale of ca. 1 µm. On the
top of this structure, there are much thicker islands

Figure 3. Determination of the solubility of PVB in SC CO2 at
170 °C and 314 atm. (a) UV absorbance of PVB washed by CH2-
Cl2 from the surface of coated Al powder at 255 nm vs the amount
of the polymer loaded in the reactor (logarithmic scale). (b) Initial
part of the curve (linear scale). Error bars are (1 standard
deviation of the six points on the plateau.

Mg + H2SO4 f MgSO4 + H2 (3)

Figure 4. Three-dimensional AFM surface profile of a fused silica
plate coated with PVDF at 414 atm and 190 °C from SC CO2. The
scratch (visible in the right-hand side of the picture) was made
by a copper needle.
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with a thickness of more than 20 nm and a spatial scale
of ca. 3-5 µm. Although the polymer film is not uniform,
it still covers the surface of the substrate, providing
protection of the substrate.

Samples of PVDF-coated fused silica substrates were
analyzed using UV light attenuation spectra. Figure 5
demonstrates the UV light attenuation spectra by the
PVDF films deposited on fused silica plates from both
acetone solutions and SC CO2. In the figure, curve 1 is
the light attenuation by an uncoated substrate, curve
2 is the light attenuation by a substrate coated with
PVDF from acetone, and curve 3 is the light attenuation
by a substrate coated with PVDF using SC CO2.

Because PVDF has only a weak absorption in the UV
region, the observed UV light attenuation is mainly due
to the light scattering rather than the light absorption.
Under the visual observation of the plates, the light
scattering due to the films’ unevenness was apparent.
The light attenuation spectra (curves 2 and 3 in Figure
5) were interpreted as being due to the light scattering
because the curves are structureless (for reference,
Figure 6 shows an example of a “structured” UV
spectrum formed by a UV absorption band). The light
scattering only weakly depends on the wavelength,
which indicates the “grain size” to be larger than the
wavelengths. This is consistent with the AFM film
profile (Figure 4) and the white color of the films.

Films deposited from organic solvents (acetone and
N,N-dimethylformamide) also exhibit a similar light
scattering. For these films, the dependence of the light
attenuation (monitored at the wavelength of 270 nm)
on the average polymer film thickness is shown in
Figure 7. Assuming that a similar dependence exists
for the films deposited from SC CO2, the measured films’
opacities allow some tentative conclusions on the film
thickness dependence on the deposition conditions (such
as in Figures 8 and 9). It should be noted, however, that

the conclusions derived from Figures 8 and 9 based on
the assumption of the monotonic relationship of the film
opacity on the film thickness (although confirmed for
films prepared using organic solvents) should be con-
sidered tentative at best.

The deposition of the polymeric films on fused silica
plates located in the sampling volume unambiguously
infers the polymer transfer by SC CO2, because the
sampling volume in the experiments was separated from
the reactor during heating and stirring and was opened
only after the stirring is stopped and the system is
allowed some time for relaxation. Polymer transport to

Figure 5. UV light attenuation spectra of PVDF films deposited
on fused silica plates. (a) 1: uncoated plate. 2: film prepared by
wetting of the surface with a solution of the polymer in acetone
and subsequent solvent evaporation. 3: PVDF film deposited from
SC CO2. (b) Light attenuation spectra of the films obtained by
subtraction of the light absorption by the fused silica plates (curve
1) from the total light attenuation (curves 2 and 3). Curves 5 and
4 correspond to curves 3 and 2, respectively.

Figure 6. UV absorption spectra of PVB solutions in CH2Cl2. The
cell length is 1 cm. 1: polymer solution in dichloromethane with
the molar concentration of the monomer units of 1.5 × 10-4 M. 2:
sample prepared by washing of 124.9 mg of Al powder coated with
PVB from SC CO2 at 220 °C and 372 atm with 2.8 mL of CH2Cl2.

Figure 7. Correlation of the average PVDF film thickness and
the UV light attenuation. Films were prepared by wetting of the
surface of flat fused silica substrates with a solution of the polymer
in acetone (solid triangles) and N,N-dimethylformamide (open
triangles) with the subsequent solvent evaporation. The straight
line is a linear regression through the experimental points.
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the substrate surface may occur either via polymer
dissolution in SC CO2 or through formation of small
aerosol-like particles. There is no sharp boundary
between these two mechanisms. For example, a single
PVDF molecule with a molecular weight of ca. 500 000
would have ca. 45 nm in diameter if a near-spherical
particle forms. For the “true dissolution” mechanism,
the dissolution curves with sharp “saturation” and no
further increase in the amount of the dissolved material
after the solubility is reached are anticipated. Such a
dissolution curve is shown in Figure 3. For the polymer
transfer mechanism via relatively large aerosol-like
particles, no sharp change in the amount of the trans-
ferred polymer with the reactor load is expected. The
observed dissolution curve (Figure 3) indicates the
transfer mechanism via the true polymer dissolution (for
the specific experimental conditions). It should be noted
that the experimental procedure of the current study
guarantees precipitation of the polymer particles larger
than 3 µm in diameter during the relaxation time. The
estimated sedimentation time of these particles is less
than 10 min. The sedimentation time of smaller par-
ticles (ca. 3 days for 150 nm) is much longer. The
contribution of such particles to the polymer transfer
could be not ruled out based on the results of the current
work.

The experiments with the polymer deposition on fused
silica plates were subsequently used to outline the
optimal conditions for the film deposition. This study
was performed with PVDF. The dependence of the
deposited PVDF film opacity at 270 nm on the deposi-
tion temperature at a constant pressure of 200 atm is
shown in Figure 8. This dependence is nonmonotonic.
Initially, the film opacity decreases with the deposition
temperature. A sharp increase of the film opacity occurs
at ca. 175 °C, which is slightly above the melting point
of the polymer. The melting temperature of PVDF is
168 °C; the depression of the melting temperature of
the polymer due to SC CO2 estimated using the results

of Dinoia et al.36 is less than 3 °C at 200 atm of CO2.
The reason for the “jump” of the film opacity near the
melting temperature is not established with certainty.
One of the possible explanations is in the additional
polymer transfer mechanism due to the formation of fine
liquid “aerosol” polymeric particles with a long sedi-
mentation time.

Below the melting point of the polymer the decrease
in the film opacity with temperature from 66 to 112 °C
is observed. This could be due to the temperature
dependence of the solubility of the polymer. The effect
of temperature on the solubility of solids in supercritical
fluids could be both positive and negative.1,37 The sign
of the temperature dependence is controlled by the
competition between the two main factors affecting the
solubility, the vapor pressure of the solute (which
increases with temperature), and the density of the
solvent (which decreases with temperature at constant
pressure). The sign of the temperature dependence can
change with pressure. For the low molecular weight
solutes, the change in the sign of the temperature
dependence of the solubility with pressure (the “cross-
over” effect) is known.32,38-42 For the solutions of
polymers in supercritical fluids, both negative and
positive effects of temperature on the solubility at

Figure 8. Opacity of the PVDF films deposited on fused silica
plates from SC CO2 at different deposition temperatures. The films
opacity was determined via the UV light attenuation at 270 nm.
The films were prepared by filling the sampling volume with the
polymer solution in SC CO2 at 200 atm and variable reactor
temperature and subsequently cooling the sampling volume to 60
°C and discharging.

Figure 9. Opacity of PVDF films deposited on fused silica plates
from SC CO2 vs the reactor pressure at constant temperature. The
film opacity was determined via the UV light attenuation at 270
nm. (a) Reactor temperature 200 °C. (b) Reactor temperature 66
°C. The sample volume was discharged at 40 °C.
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constant pressure were observed.33,43,44 The results of
the experiments shown in Figure 8 can be interpreted
as being due to the negative effect of temperature on
the solubility of PVDF in SC CO2 at a pressure of 200
atm. However, for the second polymer used in this
study, PVB, the effect of temperature on the solubility
at a pressure of 345 atm is positive (see below).

The films deposited at temperatures below the melt-
ing point exhibit considerable scattering in the opacity
(Figure 8). This could be due to the gas-phase polymer
nucleation and cluster formation during the process of
the gas discharge from the sampling volume. The films
are presumably produced by subsequent agglomeration
and precipitation of these clusters leading to the forma-
tion of loose and nonuniform films. The films produced
at higher temperatures (above the melting point of the
polymer) are smoother and more uniform.

The dependencies of the films optical density on the
deposition pressure at two temperatures (200 and 66
°C) are shown in Figure 9. The films obtained at 200
°C (above the melting point of the polymer) have better
uniformity, as established by visual investigation. At a
temperature of 200 °C (Figure 9a), the optical density
of PVDF films increases with pressure. At the lower
temperature (66 °C, Figure 9b), no certain conclusion
on the pressure dependence could be derived because
of the large scatter of the experimental points.

It is stated in the literature that under the experi-
mental conditions used in this work PVDF is “insoluble”
in SC CO2

35,36 in apparent contradiction with the
current experimental results. The sensitivity of the
method used in the cited works35,36 is limited to rela-
tively high solubilities. The method used35,36 is based
on the measurements of the cloud formation point in
polymeric solutions in SC CO2 using a view cell.45 The
loaded amounts of polymers were large (0.2-0.7 g of
polymer/8-16 g of CO2). The technique is limited to
relatively high solubilities and cannot detect lower
solubilities typical for the polymers used and the
experimental conditions in the current work. In this
work, the estimated weight fraction of PVB dissolved
in SC CO2 at 200 bar and 250 °C is 0.02%, which is only
about 2% of the weight fractions of polymers used in
the cited works.35,36 In other words, the cloud-point
technique45 was not sensitive enough to measure the
lower solubilities of the polymers used in the current
work. The solubility of PVDF in SC CO2 being much
smaller compared to the other polymers studied by the
cloud-point technique35 [polyacrylates, poly(vinyl ac-
etate), and some fluorinated copolymers] is still suf-
ficient to produce protective polymeric films on the
surfaces of solid substrates.

Determination of the Average Film Thickness
on Powders Using UV Spectroscopy. For PVB
(which exhibits strong absorption in the near-UV spec-
tral region) UV spectroscopy was used to estimate the
total amount of polymer deposited on the surface of the
particles. The total amount of the deposited polymer was
used to calculate the average film thickness. The aver-
age film thickness was correlated with the protective
properties of the polymeric films (see below).

UV absorption spectra of PVB obtained as outlined
in the Experimental Section are shown in Figure 6. The
spectrum of PVB washed from Al powder coated in SC
CO2 is shown together with the reference spectrum of
the polymer dissolved in CH2Cl2. The two spectra are
similar (a small, ca. 1 nm, shift of the absorption

maximum and a small deformation of the absorption
band shape are, probably, due to the partial polymer
modification in the reactor). The absorption parameters
of PVB solutions in dichloromethane (the wavelength
of the maximum absorption 255 nm and the maximum
molar absorption per monomer 15 600 M-1 cm-1) were
used to determine the average film thickness. Weighed
samples of coated powders were washed with measured
volumes of dichloromethane. The average thickness of
the polymer film, d, was calculated using eq 4:

In this equation, Mmono is the molar mass of the
monomer unit of the polymer, D is the absorbance of
the polymer solution (base 10), Vsolv is the solvent
volume used to wash the sample, εmono is the molar
absorbance of the polymer per monomer unit (base 10),
l is the length of the absorption cell, mS is the mass of
the sample of the coated substrate, Sm is the surface of
substrate particles per unit mass of the powder, and Fpoly
is the polymer density. For spherical, 20 µm in diameter,
Al particles, Sm ) 1110 cm2/g.

To evaluate the impact of the nonspherical shape and
the dispersion of particle size on the calculated average
film thickness, the SEM image of the powder was
analyzed. A typical SEM picture of the aluminum
powder is shown in Figure 10. The sizes of 100 particles
were measured. The powder particles are approximately
prolate ellipsoids with axes of 20.2 ( 8.2 and 26.8 (
11.8 µm. The surface per unit of mass is Sm ) 1170 (
470 cm2/g. The uncertainty in the film thickness caused
by neglecting the nonspherical shape and the dispersion
of the particle size in eq 4 is estimated as (40%.

An example of a SEM picture of PVDF-coated alumi-
num powder is shown in Figure 11b. Typical average
thicknesses of the films deposited on metal powders
from SC CO2 in the current study were in the range of
1-30 nm. The average film thickness of the sample

Figure 10. ESEM image of the blank aluminum powder used in
the current work.

d )
MmonoDVsolv

εmonolmSSmFpoly
(4)
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shown in Figure 11b is ca. 70 nm. Still, the film is too
thin to make noticeable differences in the SEM images
of the blank (Figure 11a) and coated (Figure 11b)
particles. Better results were obtained using AFM
profilometry (Figure 4).

Flotation of Coated Al Powder on the Water
Surface. Metal particles coated with polymeric films
both from SC CO2 and organic solvents float on the
surface of water. This can be used as a simple test on
the presence of a polymeric film. Coated powders float
on the surface of water, while blank (uncoated) powders
sink. To evaluate this effect quantitatively, additional
experiments were performed with powders coated with
PVDF using acetone solutions with controlled concen-
trations of the polymers. Figure 12 illustrates the
dependence of the mass fraction of floating Al powder
particles coated with PVDF on the average polymer film
thickness. Approximately 50% of the powder particles
float when the average polymer thickness is ca. 1.3 nm,
which corresponds to the average coverage of 2.8 mono-

layers of the monomer. The thickness of the monolayer
was estimated as the diameter of a spherical-shape
monomer unit of the polymer. Calculations using both
the molar volume of the monomer units of the polymer
and the summation of the van der Waals group incre-
ments46 result in close values of the monomer diameter
(0.48 and 0.43 nm, respectively).

Protective Properties of Polymer Films. One of
the practically important properties of the coated metal
powders is the increase of their resistance to aggressive
media. The coating decelerates the rate of the dissolu-
tion of metal powders in basic or acidic aqueous solution
up to an order of magnitude. The effects of the PVDF
coatings produced from acetone as well as from SC CO2
on the dissolution rate of aluminum powder in an alkali
solution are shown in Figure 13. Films produced using
both SC CO2 and the organic solvent show comparable
protection. Figure 14 demonstrates the protective action
of the PVDF coatings on magnesium powders monitored
by the dissolution in sulfuric acid.

The experimental dissolution curves are satisfactorily
fitted by the “second-order” kinetic law (eq 5; Figures
13 and 14):

where m(t) is the mass of the powder at time t, m0 is
the initial mass, and k2 is the apparent rate constant-
.There is no fundamental justification for eq 5. It was
empirically found that the experimental data could be
satisfactory fitted by eq 5.

Dissolution of uncoated magnesium powder in sulfuric
acid (reaction 3) is about 2 orders of magnitude faster
than the dissolution of aluminum powders in alkali
solutions. This is not convenient for quantitative mea-
surements. For this reason, only a few experiments were
performed with magnesium powders. In the majority
of the experiments, aluminum was used as a substrate
material to characterize the protective properties of the
produced films via dissolution in alkali.

The measurements of the dissolution rates were
performed both with and without the forced stirring of
the reacting mixture. When no additional stirring was

Figure 11. ESEM images of blank (a) and PVDF-coated (b) (SC CO2, reactor conditions 190 °C, 414 atm) aluminum particles. The film
is too thin (the estimated average thickness is ca. 70 nm) to make noticeable differences in the SEM images.

Figure 12. Flotation of Al powder coated with PVDF on the water
surface. The mass fraction of the floating powder is plotted vs the
average film thickness. 0: all powder sinks. 1: all powder floats.

m(t) ) m0/(1 + k2t) (5)
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applied, there still was some mixing of the “reaction
mixture” caused by the convection induced by the
evolving molecular hydrogen. The impact of the forced
stirring on the apparent dissolution rate constant is
shown in Figure 15. Forced stirring accelerates dissolu-
tion of uncoated aluminum powders by a factor of ca.
1.5. For coated powders, which float on the surface of
the solution, the increase in the dissolution rate under
forced stirring can reach a factor of 3.

The ratio of the dissolution rate constants for the
coated and uncoated (blank) powders was used as a

quantitative measure of the polymer film protective
properties. For example, Figure 13 illustrates ca. 10
times slower dissolution of the coated powder compared
with the uncoated sample. Similar protection properties
were observed for both polymers studied in this work.

Two mechanisms could be partially responsible for the
observed deceleration of the dissolution of coated metal
powders in acidic and basic solutions. First, polymer
films prevent direct contact between the metal and the
liquid phase. Second, because of the flotation of coated
particles on the surface, the efficiency of the reactant
mixing induced by evolving hydrogen is diminished,
which could have an effect on the dissolution rate. The
impacts of both mechanisms on the total protection
effect were verified experimentally. A sample of alumi-
num powder coated with PVDF in SC CO2 was forced
into the bulk in a completely closed vessel filled with
an aqueous NaOH solution; all of the powder particles
sank. The dissolution of aluminum in this experiment
was ca. 40% faster than the dissolution of a floating
sample, but still ca. 2 times slower than that of blank
aluminum powder (all experiments without stirring).
Therefore, the observed deceleration of the powder
dissolution is only partially due to the powder flotation.
There is an “intrinsic” protection provided by the films
similar to that provided by the native metal oxide film
on the particle surface.

Figure 16 shows the dependence of the dissolution
rate of Al powders coated by PVDF on the pH of the
solution. The dissolution rate has a minimum in neutral
solutions (pH ) 7.0). The rate of dissolution increases
in both acidic and basic solutions. The dependence of
the dissolution rate on pH is almost symmetric relative
to the neutral pH (7.0). A similar behavior is observed
in corrosion of aluminum.47

The protective properties of the polymer films depos-
ited from SC CO2 depend on the coating conditions.
Figure 17 shows the correlation between the deposition
temperature, the average film thickness, and the pro-
tective properties of PVB films deposited on aluminum

Figure 13. Dissolution of Al powders in NaOH aqueous solutions.
1: uncoated powder. 2: powder coated with PVDF from SC CO2
(250 °C, 200 atm). 3: powder coated with PVDF from a solution
in acetone. The initial mass of the powder was 10.8 mg. 40 mL of
0.01 M NaOH solution (stoichiometric quantities, no magnetic bar
stirring). Symbols: experiment. Solid lines: “second-order” fits (see
text). The dissolution “rate constants” are (7.6 ( 2.4) × 10-2,
(7.0 ( 0.3) × 10-3, and (6.2 ( 1.4) × 10-3 min-1 for curves 1-3,
respectively.

Figure 14. Dissolution of Mg powders in a H2SO4 aqueous
solution. 1: uncoated powder. 2: powder coated with PMMA from
SC CO2 (170 °C, 303 atm). The initial mass of the powders was
9.7 mg. 40 mL of 0.01 M H2SO4 (stoichiometric quantities). No
magnetic bar stirring. Symbols: experiment. Solid lines: “second-
order” fits (see text). The “rate constants” are 2.2 ( 0.4 and
0.028 ( 0.001 min-1 for curves 1 and 2, respectively.

Figure 15. Effect of the solution stirring with a magnetic bar on
the rate of dissolution of blank aluminum powder in a NaOH
aqueous solution. A sample of 10.8 mg of uncoated aluminum
powder in 40 mL of 0.01 M NaOH. Points: experiment. Lines:
“second-order” fit (see text). 1: no stirring. 2: stirring with a
magnetic bar. The dissolution “rate constants” are (4.5 ( 0.7) ×
10-2 and (6.7 ( 0.6) × 10-2 min-1 for curves 1 and 2, respectively.
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powder at 345 atm. The dependence of the PVB film
thickness on the deposition temperature is shown in
Figure 17a. The thickness of the films deposited at 170
°C is ca. 0.4 nm, which is close to the thickness of a
monolayer. Increasing the temperature to 250 °C results
in a 16-fold increase in the film thickness. The depen-
dence of the film protective properties on the film
thickness (varied by changing the deposition tempera-

ture) is shown in Figure 17b. The dissolution rate
decreases with an increase of the mean film thickness.
Hence, for the PVB deposition at 345 atm, the higher
deposition temperatures result in thicker polymeric
films with better protective properties.

IV. Conclusions

Thin polymeric films were deposited on flat fused
silica substrates as well as metal powders using SC CO2
as a solvent. The average film thickness was determined
using UV absorption of the solution produced by dis-
solution of the deposited polymers with an organic
solvent. The protection properties of the films were
quantified via the monitoring of the powder dissolution
kinetics in basic and acidic aqueous solutions. Polymeric
films deposited from SC CO2 exhibit substantial protec-
tive properties even for polymers with very low solubil-
ity.

A method to measure the solubilities of the low soluble
polymers in SC CO2 was developed. The solubility of
PVB in SC CO2 was determined. The solubility (defined
as the mole fraction of the monomer units of the
polymer) is (7.5 ( 1.5) × 10-7 at a temperature of 170
°C and a pressure of 314 atm. Evaluation of the
properties of the films prepared by deposition of 11
different polymers from SC CO2 as well as common
organic solvents is in progress.
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