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Abstract - The substrate heating method was used to grow zeolite 4A coatings on copper plates. The reaction
mixture was kept at 25°C, while the plate was heated to a higher temperature. In some of the synthesis
experiments performed, the reaction mixture was circulated in the system. The coatings prepared were
characterized by X-ray diffraction and scanning electron microscopy. It was demonstrated that crystalline and
pure zeolite 4A coatings could be formed on copper by using the substrate heating method from a highly
alkaline solution, in which dissolution and oxidation of the copper plates took place. A coating with about 310
pm mass equivalent thickness could be grown on copper after 72 h of synthesis. The thickness decreased
when circulation was applied. Compared to coatings previously prepared on stainless steel plates under
similar experimental conditions, thicker coatings were grown on copper. It is possible that the roughened
surface of copper in the highly alkaline reaction mixture provided a higher number of nucleation sites.
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INTRODUCTION

Zeolites are hydrated microporous crystalline
materials with unique properties, which enable them
to be used in diverse applications, mainly as catalysts,
ion exchangers and adsorbents. Support materials
coated by zeolites may serve as sensors (Mintova and
Bein, 2001), membranes in separation processes
(Jareman and Hedlund, 2005), structured catalysts in
reactors (Yuranov et al., 2005) and adsorbents in
adsorption heat pumps (Tatlier et al., 1999). Zeolite
coatings may be prepared by a variety of synthesis
procedures (Sterte et al, 1997; Yamazaki and
Tsutsumi, 1995; Erdem-Senatalar et al., 1999),
resulting in coatings of different characteristics that
may be favorable for use in different applications.
Variations occur in the thickness, orientation and
homogeneity of the zeolite films. Thin, uniform and
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continuous zeolite films are required for some specific
applications like membrane separations. Orientation
of the crystals on the surface may also be important,
depending on the pore structure of the zeolite. For
some other applications related to adsorption or
catalysis, thicker coatings might be required for
optimal performance, while continuous and defect-
free formation is not very important.

Zeolites are crystalline aluminosilicates that are
metastable in nature and they tend to transform into
more stable phases after a prolonged time. This may
present a serious difficulty for obtaining relatively
thick zeolite coatings. This problem might be
overcome by using the substrate heating method,
which allows a better manipulation of zeolite
synthesis by controlling the temperature of the metal
substrate, independent from that of the reaction
mixture (Erdem-Senatalar et al., 1999). In this
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method, the phase transformations of the metastable
zeolites can be delayed for long periods of time,
depending on the volume of the reaction mixture, and
the growth of zeolite coatings of various thicknesses
on metal supports may be achieved. The coatings
prepared by the substrate heating method exhibited
differences in their nature arising from their growth
under a thermal gradient (Erdem-Senatalar et al.,
1999). The inhomogeneities in the coating thickness
at earlier times of synthesis resulted finally in an
accessible sponge-like structure. By wusing this
method, zeolite coatings of up to about 150 pm and
270 um mass equivalent thickness could be prepared
on 1x1 cm’ (Erdem-Senatalar et al., 1999) and 5x5
cm’ (Tatlier et al, 2007) stainless steel plates,
respectively. The mass equivalent thickness is defined
as (mass of zeolite deposited per coated area of
substrate)/(density of zeolite).

There are numerous reports in the literature on
the preparation of =zeolite coatings on various
substrates. Coatings have been grown on metals,
silicon wafers, single crystals and ceramic surfaces
(Anderson et al., 1992; Tsay and Chiang, 2000;
Mintova and Valtchev, 1996; Valtchev et al., 1997,
Scheffler et al., 2004; Beving et al., 2008). Owing to
the remarkably stable nature of stainless steel even in
highly alkaline and corrosive environments, this
metal has generally been selected as the support
material for zeolite coatings. A passive film
consisting of chromium oxide and hydroxide covers
the stainless steel plate, which prevents surface
corrosion and blocks corrosion from spreading into
the metal's internal structure. The hydroxyl groups of
the surface passive film, which play a crucial role in
interaction with molecules, are considered to
dissociate, depending on the pH value of the
contacting solution (Suzuki, 2006). When the pH is
lower than the iep (isoelectric point, which is the pH
at which a particular molecule or surface carries no
net electrical charge) of the metal oxide surface, the
hydroxyl groups are in a state of —OH,". When the
pH is higher than the iep of the metal oxide surface,
the hydroxyl groups change to —O". It is commonly
believed that the zeolite is somehow bonded to the
oxygen on the surface of stainless steel.

The utilization of zeolite coatings directly grown
on copper may be very advantageous for some
applications, such as adsorption heat pumps that
require fast heating and cooling of the adsorbent. The
high thermal conductivity of copper may provide a
means to decrease the cycle durations of adsorption
heat pumps, thus improving their performance.
Regarding the growth of zeolite coatings on copper,
experimental conditions, especially the pH of the

reaction mixture, may be very significant in the
realization of this process. Adverse effects of alkaline
reaction mixtures on the substrate and, consequently,
unfavorable effects of the dissolution of copper on the
mixture may be possible.

The formation of zeolite Y, silicalite-1 and SAPO-5
from gel mixtures on untreated and deformed copper
was investigated (Mintova et al., 1996; Valtchev et al.,
1994). The reaction mixture used to produce zeolite Y
had the highest pH value among the three, while that
forming SAPO-5 was acidic in nature. Copper partially
dissolved and became less stable in the presence of the
higher alkalinity, but this seemed to improve the
adhesivity of the zeolite Y coating (Mintova et al.,
1996). The plastic deformation of the substrate also led
to a similar effect (Valtchev et al., 1994). SAPO-5
coatings on copper, on the other hand, adhered only
slightly to the surface (Mintova et al., 1996). In
another study, MFI-type zeolite coatings were grown
on copper wire gauzes from different reaction mixture
compositions (Brehm and Zanter, 2002). The
stabilities of the MFI coatings prepared on copper
varied with the experimental conditions used. Finally,
zeolite 4A was grown on specially prepared open-cell
copper foam by a two-step synthesis (Bonaccorsi et al.,
2006). The copper foam was first seeded by a colloidal
seed solution, after which hydrothermal synthesis was
applied. The copper foam surface could be coated with
a compact layer of zeolite 4A firmly bonded to the
substrate. A black coating of copper oxide was
reported to form on the surface of the copper foam
during the seeding treatment, which acted as an inter-
layer between the metal surface and the growing
zeolite crystals. The zeolite coating was estimated to
be about 10 pm in thickness. Although there are a few
studies in the literature involving the growth of zeolites
on copper substrates, the possible effects of zeolite
synthesis conditions on copper have not been explored
in much detail. This may be important since the
preparation of zeolite coatings on copper does not
seem to be a straightforward task to perform at all due
to the possible dissolution and oxidation of copper in
the synthesis mixture.

In this study, the formation of zeolite 4A on copper
plates was investigated by using the substrate heating
method, which may permit the preparation of
relatively thick coatings. The effects of the reaction
mixture on copper were also observed. Some of the
experiments were performed by circulating the
reaction mixture in the system. The coatings prepared
with different thicknesses were characterized by X-ray
diffraction (XRD) and scanning electron microscopy
(SEM). The results were then compared to those
obtained previously by using stainless steel plates.
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EXPERIMENTAL

Zeolite 4A coatings were prepared on electrolithic
copper plates of 1x1 cm® surface area. The copper
content of the plates was 99.9 % and their thickness
was equal to 1 mm. The synthesis experiments were
performed by using the substrate heating method
(Erdem-Senatalar et al., 1999). The substrate heating
device consisted of a polypropylene vessel (500 ml), a
heating resistance (30 W) and a stainless steel rod
covered with Teflon. The resistance inserted into the
rod was utilized to heat preferentially the side of the
metal rod where the copper plate was placed vertically.
The system was immersed into the reaction mixture in
the polypropylene vessel. The temperature was
measured by a thermocouple placed between the metal
rod and the heating resistance.

The synthesis experiments were carried out in a
water bath kept at 25°C, while a resistance
temperature of 140°C was utilized. The synthesis
duration was varied between 7 and 72 h. Under these
conditions, the surface temperature of the substrate
was estimated to be around 57°C (Erdem-Senatalar
et al., 1999). A highly alkaline clear solution
composition equivalent to 50 Na,O : ALL,O; : 5 SiO; :
1000 H,O was used in the experiments. Prior to the
synthesis of the zeolite coatings, the copper plates
were cleaned by rinsing with ethanol and then
deionized water. Granular sodium aluminate (Riedel-
de Haen), anhydrous NaOH pellets (Carlo Erba),
sodium silicate solution (Merck) and deionized water
were used in the synthesis experiments. After the
synthesis was completed, the system was cooled
immediately and the copper plates were removed
from the device and washed with deionized water.

In some of the experiments performed, the synthesis
mixture was circulated in the batch system, consisting
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Figure 1: X-ray diffractogram of the sample
obtained after 48 h of synthesis under static
conditions.

of the reactor and a polypropylene tube, by means of a
peristaltic pump. The flow rate of the reaction mixture
was equal to 130 ml/min. These experiments were
performed to obtain further variations in the coating
thickness. X-ray diffraction (Pananalytical X’Pert Pro)
was used to characterize the samples synthesized on
copper substrates. XRD was run at an incidence angle
of 1° with Cu K, 1 radiation and was applied for phase
identification and determination of the purity of the
samples. Scanning electron microscopy (JEOL 5410)
was used to investigate the quality of some of the
coatings prepared

RESULTS AND DISCUSSION

Coatings were prepared on copper plates at water
bath and heating resistance temperatures of 25°C and
140°C, respectively, by using the substrate heating
method. XRD analyses were performed to identify the
crystalline phase(s) in the coatings. The results
indicated that zeolite A coatings could be obtained
under both static and circulating conditions for all the
synthesis times investigated. Utilizing copper instead
of stainless steel plates did not seem to affect the type
of the crystalline phase formed on the metal from the
highly alkaline reaction mixture used in this study.

The X-ray diffractograms of the samples prepared
after 48 h and 72 h of syntheses under static
conditions may be seen in Figure 1 and Figure 2,
respectively. The XRD peaks corresponded to zeolite
A and no other phases were observed on copper even
after 3 days of synthesis. These results were similar
to those obtained in a previous study dealing with the
preparation of zeolite 4A coatings on stainless steel
plates by using similar experimental conditions
(Erdem-Senatalar et al., 1999).
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Figure 2: X-ray diffractogram of the sample
obtained after 72 h of synthesis under static
conditions.
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The SEM picture depicting the nature of the
coating grown after a synthesis duration of 7 h under
static conditions is given in Figure 3. There was a
structural change of the copper surface, when
compared to the uncoated plate. A visible black
coating of copper oxide appeared on the surface of the
plate. Scratches were formed and an erosion of the
surface could be observed. Small and mostly rounded
particles (with <l pum average size) covered the
surface of the copper plate. According to previous
experience (Erdem-Senatalar et al., 1999), these
particles should be at least partly amorphous. The
SEM picture of the coating grown after a synthesis
duration of 18 h is shown in Figure 4. At this stage of
synthesis, the visible particles had about 2-3 pum
average size and generally still had rounded edges. The
zeolite A crystal growth was intense and covered the
whole surface. It may be seen from the SEM pictures
that, as the synthesis time was extended, variations in
the coating thickness were magnified, resulting in a
tree-like growth, and intercrystalline voids were
formed in the coating. A similar tree-like nature had
been observed for the coatings prepared on stainless
steel, but starting at much later synthesis times, longer
than 48 h (Erdem-Senatalar et al., 1999). The SEM
picture of the coating prepared after 24 h of synthesis

do

Figure 3: SEM image of the coating obtained
after 7 h of static synthesis.

is shown in Figure 5. In this case, where the coating
was thicker, the particles on top were about 1 um in
size. The crystals were highly intergrown and not
loosely attached to the coating surface or to other
crystals. A tree-like growth was again apparent from
the picture and it should be mentioned that the
diversity in the coating thickness amplified with time,
leading to such structure. The tree-like growth of the
coatings persisted at longer durations, too.

Zeolite A generally exhibits cubic crystal
morphology. However, in some studies, rounded
particles were observed to form, especially at the
beginning of synthesis, after which their edges
became sharper (Cetin et al., 2001). This may be
related to the presence of some amorphous material
in the samples in the early periods of zeolite
formation. It is also known that the synthesis
conditions may affect the crystal habit. For example,
the initially high supersaturation of the reaction
mixture has been claimed to lead to spherical crystals
(Round et al., 1997). As mentioned above, in this
study, the particles obtained at relatively early
periods of synthesis were rounded. The crystal edges
sharpened to some extent after 24 h, though it is
difficult to observe this clearly from Figure 5, due to
the presence of highly intergrown small crystals.
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Figure 4: SEM image of the coating obtained
after 18 h of static synthesis.
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Figure 5: SEM image of the coating obtained after 24 h of static synthesis.
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In the substrate heating synthesis method, an
almost constant nucleation rate may be assumed to
exist on the substrate since the concentration of the
bulk of the reaction mixture may remain nearly
constant for a significantly long period of time. The
relatively high significance of nucleation when
compared to crystal growth in this method leads to a
tree-like growth (Tatlier, 2003). The high nucleation
rate is also responsible for the existence of quite
small particles, even at relatively long synthesis
durations, since crystal growth does not govern the
synthesis process.

When circulation was applied in the syntheses,
the phase of the zeolite coating obtained on copper
plates did not show any variation for any of the
durations investigated and pure zeolite A coatings
could still be prepared. The X-ray diffractograms of
the samples obtained after 48 h and 72 h when the
reaction mixture was circulated in the synthesis
system may be seen in Figure 6 and Figure 7,
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Figure 6: X-ray diffractogram of the sample
obtained after 48 h of synthesis under circulating
conditions.

respectively. The SEM picture of the coating grown
after a synthesis duration of 24 h under circulation is
shown in Figure 8. Similar to the coatings prepared
by static synthesis, a tree-like growth with
intercrystalline voids was oberved and the zeolite
crystals were highly intergrown. The coating mass
decreased under circulating conditions. The mass
values obtained will be presented later in this
section. A similar observation was made in another
study where circulation was used to prepare MFI
type zeolite membranes on seeded tubular alumina
supports (Culfaz et al., 2006). However, that study
involved the use of a flow system instead of a batch
one, as employed in this study. The membranes
obtained by circulation in the mentioned flow system
were reported to be thinner than those synthesized in
a static batch system (Culfaz et al., 2006). This was
considered to be related to the decrease in local
temperature gradients and composition variations
occurring near the metal plate.
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Figure 7: X-ray diffractogram of the sample
obtained after 72 h of synthesis under circulating
conditions.

Figure 8: SEM image of the coating obtained after 24 h of synthesis under circulation.
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The presence of a significant temperature
gradient is essential in the substrate heating system,
which also leads to enhanced synthesis activity
around the metal plate to be coated, resulting in
variations in the composition in this region. This
concentration gradient may promote the motion of
fresh reagents used in zeolite synthesis towards the
plate. The utilization of circulating conditions might
be expected to reduce the effects of temperature and
concentration gradients in the substrate heating
system, thus slowing down the rate of nucleation and
crystal growth. Actually, notably thinner zeolite A
coatings were obtained when the reaction mixture
was circulated in the substrate heating system and
the nucleation process started much later than that
occurring under static conditions. Decreasing the
synthesis temperature may also provide thinner
coatings, but not in every case, since different
zeolites may be formed from the same composition
when the temperature is varied. Additionally, the
preparation of a thin zeolite coating at a lower
temperature may take a considerably longer period
of time, when compared to obtaining a coating of the
same thickness by the circulation of the reaction
mixture at a higher temperature. In other words, the
use of circulation may be favorable in the substrate
heating system when it is desired to produce
relatively thin zeolite coatings.

It was observed that the mass of the copper plates
decreased to some extent in the reaction mixture used
in this study. The variation of copper mass under
different synthesis conditions was investigated. As a
first approach, zeolite coatings (discerned from copper
oxide by its white color) that were formed on the
copper plates under different synthesis conditions
were carefully scratched. The plates were then
weighed to determine the difference between the
original mass of the plate before synthesis and that
after the scratching of the zeolite synthesized on the
plate. It was determined that copper lost at most about
0.1% of its original mass during synthesis. As a
second approach, a mixture with a pH similar to the
synthesis solution used in this study was prepared. A
difference was that sodium silicate was not included
in the solution so that zeolite formation would not
take place on the copper plates. Copper was treated
with this solution at 25°C, 57°C (reaction
temperature) and 80°C. From the results depicted in
Figure 9, it can be observed that the mass of the
copper plates decreased with both increasing time and
temperature. At the reaction temperature, the mass
decrease amounted to about 0.1% of the original mass
in the most extreme case, in accordance with the first
set of investigations.
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Figure 9: Variation of the mass lost by copper plates
with time at (o) 25°C, ([7) 57°C and (A) 80°C.

When copper is immersed in the reaction mixture,
two different phenomena, namely, the dissolution of
the plate and the formation of an oxide layer on its
surface may be expected to occur. The former and
latter phenomena lead to decreases and increases in the
mass of the copper plate, respectively. The dissolution
of copper seemed to affect the copper mass more
significantly in this study, for the conditions
investigated. The dissolution of copper might be
responsible for the roughened surface of the plates,
observed in the SEM pictures. A visible black coating
of copper oxide was formed on the plates after the
syntheses carried out in the reaction mixture. This
might be copper (I) oxide (Cu,O), which forms at
relatively low temperatures, below 150°C.

In order to determine the zeolite coating mass, the
measured value of the coating was added to the
amount of decrease observed in the mass of the
copper plate when treated in the reaction mixture.
The variation of coating mass with synthesis
duration may be seen in Figure 10 for the different
cases investigated. Mass values obtained in a
previous study (Erdem-Senatalar et al., 1999) for
stainless steel plates under similar static
experimental conditions are also shown in the figure
for comparison. Zeolite A coatings of quite different
thicknesses were obtained for the different synthesis
conditions used. It may be observed from the figure
that the amount of zeolite grown on copper by using
the substrate heating method increased steadily and
almost linearly with synthesis time. The mass
equivalent thickness was estimated to be equal to
about 310 um for the sample obtained after 72 h of
static synthesis. The actual thickness is higher than
the mass equivalent thickness due to the
inhomogeneous open textures of these coatings with
intercrystalline voids. This type of inhomogeneous
coating does not allow the measurement of a single
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actual thickness and only an average value may be
determined, which does not provide much
information about the coating. Thus, reporting the
mass equivalent thickness seems to be the most
reasonable approach for the coatings prepared by
using the substrate heating method.

mass (mg/0.5 cmz)
o

0 10 20 30 40 50 60 70 80

synthesis time (h)

Figure 10: Variation of coating mass with respect to
synthesis time for: (1/) copper plates and static
conditions; (o) copper plates and circulating conditions;
and (x) stainless steel plates and static conditions
(Erdem-Senatalar et al., 1999).

When the reaction mixture was circulated,
coating formation started at a quite later point in time
and, as mentioned before, the mass of the coatings
decreased noticeably for all the cases investigated.
This decrease was equal to about 50% and 33% for
the samples prepared after 48 h and 72 h of
synthesis, respectively. The latter sample had a mass
equivalent thickness of about 210 pm.

Utilizing copper instead of stainless steel led to
significant increases in the coating mass under static
synthesis conditions. The largest difference was
observed for the synthesis carried out for 72 h, for
which a three-fold increase was obtained. It seems
that the roughened surface of the copper plate
promoted the attachment of zeolite/amorphous
particles. The copper oxide film that formed on the
plate, as mentioned before, probably facilitated the
bonding of the zeolite particles to the copper surface.
The possible increase in the number of nucleation
sites due to the roughened surface of the copper plate
might explain the increase in the coating mass
obtained for this metal.

CONCLUSIONS

Crystalline and pure zeolite 4A coatings could be
prepared on copper plates by using the susbstrate
heating method. The mass of the zeolite increased

with synthesis time. Copper did not seem to affect
adversely the formation of zeolite coatings from the
highly alkaline reaction mixture used in this study,
though the mass of the metal plate decreased by
about 0.1%. The formation of copper oxide on the
surface of the plate, as well as the roughened surface
of the support due to its dissolution, seemed to
promote the attachment of the zeolite particles by
providing more favorable and higher number of sites
for zeolite nucleation and crystallization. This
resulted in the formation of thicker zeolite A
coatings on copper when compared to those
previously grown on stainless steel. An increase of
about 3-fold was observed after 72 h of static
synthesis. When circulation was applied, pure zeolite
A coatings could still be prepared on copper. The
coating thickness decreased under circulating
conditions, which might be related to a significant
decrease in the local temperature and concentration
gradients present near the metal plate in the substrate
heating system. This type of synthesis might be
favorable when it is desired to prepare relatively thin
zeolite coatings.

The thickness of coatings grown on copper,
obtained by static synthesis, can be further increased in
the substrate heating method by varying the synthesis
time and water bath temperature since the
transformation of zeolite A to another phase should
only occur after a much longer period of time. Due to
the high thermal conductivity of copper, a zeolite-
copper integrated system may be very useful in some
applications where fast heating and cooling of the
adsorbent is required. In particular, this kind of system
is expected to increase further the performance of
adsorption heat pumps.

It should be remembered that the significant
effects observed in this study of temperature and
time on the variation of the mass of copper treated
with the reaction mixture implies that unexpected
results might be obtained in the preparation of zeolite
coatings on copper under quite different synthesis
conditions.
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