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Abstract: The zinc- Zeolite Socony Mobil-Five nano-particles (Zn-ZSM-5 NPs) composite was prepared and applied
successfully as a new coating material to improve the corrosion resistance of steel. The corrosion type and quality of both
pure zinc and our new coating material, Zn-ZSM-5 NPs, were studied using mass loss, impedance and electro-chemical
polarization techniques in a sodium chloride solution. Obtained results affirm that Zn-ZSM-5 NPs are non-permeable and
their corrosion resistance is higher than the pure zinc. The surface morphology of our newly synthesized coating material,
Zn-ZSM-5 NPs, was investigated using SEM and X-ray diffraction and the smaller grain size was observed in comparison

with the pure zinc coating.
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1. INTRODUCTION

Nowadays, application of steel in product manufacturing
has gained much interest because of its unique properties
such as low cost, recyclability and excellent mechanical
characteristics. However, low corrosion resistance of this
material is the most important problem [1]. One of the most
common approaches to overcome this problem is the
application of protective coatings to enhance the life span of
this material. In this regard various materials have been used
as coating such as zinc, cadmium, synthetic and/or extracted
organic compounds, modified polymers, resins and alloys
[2]. Though cadmium is a good coating material and its
corrosion resistance in marine and aerospace conditions is
better than steel, but its application is limited due to its
toxicity and environmental hazards [2]. Zinc is another metal
coating that has a reasonable cost protection and exhibits
sufficient air resistance. These properties make zinc a proper
coating material but its corrosion in smaller extent is
unsuitable. There are many reported procedures in order to
avoid the corrosion of zinc coatings such as surface
modifications and generation of zinc composites [3]. Though
the surface modifications provide better stability and exhibit
good mechanical properties but the application of these
methods are limited because of their toxicity [4]. Another
process is generating zinc composite materials. The aim of
research works in this field is to generate new zinc
composites that have better corrosion and wear resistance
and self-lubricating characteristics [5-9].
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Besides these, nanotechnology is of growing importance
in many branches of research because of the opportunity for
miniaturization and the interesting properties associated with
small particle size [10]. In recent decades, nano-structured
materials have attracted much attention for their novel
electronic, magnetic, optical, chemical, and mechanical
properties due to their unique properties which are different
from bulkmaterials [11-13].

Considering these facts the co-deposition of the nano-
particles (NPs) is in growing interest because of its increased
applicability to make the composite coatings more corrosion
resistance, tribological and self-lubricant with improved
metallurgical and mechanical properties [14]. Between the
wide range of nano-structured materials, carbon nano tubes and
nano-sized carbon paste [15], nano-particles of TiO, and Fe,O;
[2,16], silica and silicon carbide [17] and ceramic powders are
in great demand for the generation of Still composite coatings
and have been co-deposited with zinc metal successfully.

Zeolite Socony Mobil-Five (ZSM-5) NPs have some
unique characteristics such as unique hape and structure, low
dielectric constant (low-k), low cost, facile accessibility,
good hardness, high thermal, mechanical and chemical
stability makes it an excellent material for reinforcement of
metallic coatings. ZSM-5 NPs also improves wear
resistance, hardness andother properties such as corrosion
resistance. Considering the above facts we now introduce the
Zn-ZSM-5 NPs composite as a new, efficient and wear
resistance coating material for inhibition of still corrosion.

2. EXPERIMENTAL SECTION
2.1. Apparatus and Analysis

The chemicals used were of analytical grade. They were
purchased from Mreck and Aldrich and used without further
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purification. Deionized water was used for the preparation
of solutions. The pH of the bath solution was adjusted
with 10% hydrochloric acid or sodium carbonate solution.
Zinc plate of 99-99% purity was used as anode. The anode
was activated each time by immersing in 10% HCI
followed by water wash. Mild steel plates (AISI-1079) were
mechanically polished to obtain a smooth surface and
degreased by trichloroethylene to be used as cathode. The
scales and dust on the steel plates were removed by dipping
in 10% HCI and were subjected to electrocleaning process.
These steel plates were washed with water and used for the
experiments as such. ZSM-5 NPs zeolite samples were
synthesized from kaolin clay as alumina source having a
large amount of quartz (39%) and silicic acid as silica source
by hydrothermal treatment with NaOH in the presence of
tetra propyl ammonium hydroxide as a template, according
to procedure reported elsewhere [18]. The prepared sample
was characterized using XRD and SEM technique. X-ray
diffraction (XRD) patterns were measured on a D 500
Siemens X-ray diffractometer using monochromatic Cu Ka
radiation (A=0.154 nm), operated at 30-40 kV and 40-50 mA.
The assignment of the crystalline phases was carried out
using PCPDFWIN software (version 2.2) for ICDD database
and the relative crystallinity of ZSM-5 was calculated based
on the intensity of the peaks of 26 = 22-25. Average crystal
size measured by Scherer's equation from XRD peak was
between 26 = 7-10. The morphology and crystalline size of
the sample was examined under a scanning electron
microscope (SEM, LEO 440i) using samples coated with an
Au film. Elemental analysis was carried out using link, ISIS-
300, Oxford EDS (energy dispersion spectroscopy) detector.
The scanning electron micrograph of zeolite having 5 x 107
(Kaolin/silicic acid %wt) is shown in Fig. (1) which shows
that this zeolite crystallize in spherical shape crystal
and Si/Al ratio of the synthesized zeolite was determined
about 58-60. The particle size of sample is in the range of
20-50 nm and confirmed by scanning electron micrograph
(SEM).

Pure zinc and nano-sized zeolite coating were
electrolytically deposited on steel from sulphate bath. The
constituents of the bath were zinc sulfate 200g/L, sodium
sulfate 65g/L, sodium chloride 40gL™, H;BO; 8 gL’
cetyltrimethylammonium bromide 1.75 gL and ZSM-5 NPs
6 gL ™. The mean diameter of zeolite particles were in the
range of 20-40nm. The SEM image and XRD spectra of
zeolite are given in Figs. (1 and 2) respectively.

The bath solution (267 ml) was subjected to magnetic
stirring at 200 rpm for 4h before plating. After plating
experiment, the plates were activated by dipping in 1% nitric
acid for 2 s followed by water wash. The nature and
appearance of zinc and the composite were carefully studied.

The same surface area of anode and cathode was used for
electro-deposition process. All the experiments were
conducted at 298 +1 K and pH 3.5. The deposits obtained at
a constant current density for plating were 3.5 Adm?. The
electro-deposition process under galvanostatic condition
using a regulated DC power source was carried out.

The composite coating of Zn-zeolite NPs on steel
specimens was electro deposited from different electrolytes
containing known amount of constituents.
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Fig. (2). XRD Spectrum of nano-sized ZSM-5 Zeolite.

The corrosion behavior of zinc coated samples with and
without zeolite NPs were studied by weight-loss
measurements at 298 K. The exposed area of the specimen
was 2x2 cm? The corrosive medium was 3.5% NaCl
solution. The coated samples were immersed in NaCl
solution and the plates were weighed periodically for every
24 hin 15 days. The loss in weight so obtained was used to
determine the corrosion rate.

Polarization studies were carried out by using a three-
compartment cell. The steel sample coated, with pure zinc or
Zn-zeolite NPs was used as working electrode with an
exposed area of 1 cm® Also, platinum wire was used as
counter electrode. The cathode potential was recorded
galvanostatically with respect to standard calomel electrode
as reference electrode at different current densities. The
electrolyte was 3.5% NaCl solution.

The electrochemical measurements were performed using
Electro analyzer from Metrohm made Switzerland. The
recorded results were polarization curves at a sweep rate of
0.1 mVs™. The frequency range that the electrochemical
impedance recorded was measured from 100 MHz to 10
mHz with £5 mV AC amplitude. This was done without any
wave generated by a frequency response analyzer. In the
same cell with mild steel as cathode cyclic voltammetry
studies were carried out. Then the mild steel was
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successfully polished. Once this process was done, then it
was cleaned ultrasonically with doubly distilled, deionized
water. In this study electrolyte sulphate bath with or without
nano zeolite was employed.

An adopting porosity test was performed to estimate the
porous natures of the coated specimens. The steel of pure
zinc and Zn-zeolite NPs coated samples of 5x5 cm’® area
were employed for this work. The coating thickness was in
the range of 15-20 um. The specimens after plating were
subjected to bright dip in 1% nitric acid, then it was water
wash. A Ferroxyl test was done to assess the porosity of the
deposit [19, 20]. This test indicated porous free nature of the
deposit. Further, the salt spray test as per ASTM B 117 was
carried out in a salt spray chamber [21]. The coated articles
were hanged freely in a salt spray chamber, then the test was
conducted by continuous spraying of 5% sodium chloride
solution vapors. The corrosion process was facilitated by the
drops from the fog of NaCl that got accumulated on the
surface of the articles. It resulted in the formation of zinc
salts which is known as white rust. The time required for the
formation of white rust was used to indicate the corrosion
resistance. The composite coating delays the formation of
white rust due to the high corrosion resistance property. The
final result is an increase in the durability of articles. The
specimens’ surfaces were observed carefully and the
duration of time for the formation of white rust was noted.

The Vickers micro-hardness of the deposit was
determined by an indentation technique with a weight of 50g
for 10s using Newage micro-hardness NI-HV30 testing
systems, made in USA. This test replicated five times and
the average values were recorded. The morphology study of
the surface of coated samples, before and after corrosion
tests, was done by scanning electron microscopy (SEM).

3. RESULTS AND DISCUSSIONS
3.1. Gravity Loss Measurements

The weight loss profiles of sole zinc and Zn-ZSM-5 NPs
coated samples which were due to forced corrosion process
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in NaCl medium were studied and the obtained results are
summarized in Fig. (3). The weight loss in Zn-ZSM-5 NPs
coated sample were about half lower than pure zinc coated
sample. This observation shows a good reinforcing action of
ZSM-5 NPs that was easily merged in zinc matrix [22].
ZSM-5 NPs postponed the easy dissolution of the zinc and
consequently the corrosion rate was reduced in composite
coating. As can be seen from the Fig. (3), the presence of
ZSM-5 NPs in the coating decreased the dissolution of zinc
and hence decreased the corrosion rate. In both cases the
corrosion rate differences were almost the same throughout
the 360 hour.

A plausible mechanism for the weight loss reaction in the
presence of ZSM-5 NPs is depicted in Schemes 1 and 2.
Since the crystallization of ZSM-5 is associated with near
concomitant appearance and a sudden increase in electrical
conductivity [23] the majority of the conductivity measured
should be attributed to the free and associated small ions
such as Na" and OH". During crystallization, condensation
reactions occur and release the bonded hydroxyl groups
along with the associated cations as free Na' and OH or
TPA" and OH, resulting in an increase in electrical
conductivity. The reverse of condensation reaction (de-
polymerization) as NaOH or NaCl attack destroy the
colloidal silica(zeolite structure)and accelerate the rate of
corrosion depending on the crystal structure of zeolite
and the amount of silica content in zeolite constituents
as shown in Scheme 1 for low-silica zeolite systems in
which Si-O-Al bonds are dissociated. The bond cleavage
reaction in which Si-O-Si bonds are dissociated, as in
high-silica zeolite systems such as ZSM-5 occurs is shown in
Scheme 2.

The often-practiced process of gel aging has been
monitored with electrical conductivity measurement. The
electrical conductivity of the ZSM-5 synthetic gel during
aging at room temperature is shown in ref. [23]. The
electrical conductivity declines monotonically, reaching an
asymptote after several hours. The decrease in electrical
conductivity confirmed the above theory.

48]| —=—zinc coated

46| —e— composite coated

443
42
4.0
38 -:
3.6 -—
3.4-: "

324
3.0
2.8
2.6
2.4

Corrosive velocity (10 %kg/m%h)

2.0 .
18
16

22~ .‘/..__”_./"“M

e

e e

v —
0 50 100

180 200 250
Time (h)

| S
300 350 400

Fig. (3). Corrosion rate with immersion time for pure zinc coating and Zn-ZSM-5 NPs composite coating samples in 3.5% sodium chloride

solution.
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Scheme 1. Low-silica zeolite systems in which Si-O-Al bonds are dissociated.
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Scheme 2. High-silica zeolite systems in which Si-O-Si bonds are dissociated.

Finally after several days, when the corrosion process led
to a perforation of the zinc layer and the cathodic protection
mechanism of the zinc for the steel substrate started, Zn as
Zn #* left the substrate and weight loss began.

3.2. Test of Salt Spraying

The industrial method of appraising the corrosion
treatment for prediction of the durability of zinc-plated parts
was salt spraying test. The test was conducted by spraying
5% NacCl solution vapors on coated articles hanged freely in
a closed chamber. The drops from the fog of NaCl get
accumulated on the surface of the particles and facilitate the
corrosion resulting in the formation of zinc salts called white
rust. The number of hours required for the formation of white
rust was the indicator of the corrosion resistance. The higher
corrosion resistance of the coating delays the production of
white rust. In this study the white rust was seen after 22
hours on pure zinc coating and the Zn-ZSM-5 NPs
composite indicated the white rust after 48 hours. This test
also confirms the enhancement of corrosion resistance
property of zinc in the presence of nano-sized zeolite. An
interesting question is what underlying chemical reactions
has taken place on the surface of sample and what are the
factors causing corrosion on the surface. Hashimoto et al.,
[24] studied the microstructure of electrodeposited Zn-SiO,
composites before and after corrosion tests. They described
after a wet and dry cyclic corrosion test, including NaCl
solution spray, zinc hydroxide, zinc oxide and zinc hydroxyl-
chloride as white corrosion products were formed on the
surface of the Zn-SiO, composites. The high corrosion
resistance of the composites is attributed to the formation of
protective corrosion products in the composite layer
supported by SiO,. They showed the diffraction intensity of
the corrosion products, detected in the zinc deposit, is higher
than the Zn-SiO, composite. Therefore, the result implies
that the corrosion rate of the Zn-SiO, composite is lower
than that of the zinc deposit.

Azizi et al., [25] co-deposited different particles of silica
flakes and mica (phyllosilicate minerals) with zinc on the
steel. They tested the corrosion resistance composite layers
and compared the results with sole zinc coating. Therefore,
the pure zinc with three different concentrations of silica was
compared. The test was made by keeping the samples in a
4% NaCl solution at 25°C and by measuring the free
corrosion potential as a function of time. At the beginning
the measured potentials were similar to the free corrosion

potential of the pure zinc. After a while, white corrosion
products were observed for all samples. After several days,
when the corrosion process led to a perforation of the zinc
layer and the cathodic protection mechanism of the zinc for
the steel substrate started, a shift of the free corrosion
potential towards the free corrosion potential of the steel was
observed. The shift began in the composite layers. The layers
with the highest particle concentration showed the slowest
shift. They believed that the disc shaped particles act as
diffusion barrier for H,O and O, and a similar barrier
protection mechanism acts in the zinc composite coatings
in connection with the cathodic protection mechanism
by the zinc matrix. There have been similar reports
about aluminumoxide [25]. Since ZSM-5 also is an
aluminosilicate, therefore the high corrosion resistance of the
Zn-ZSM-5 composite coating as mentioned above is
attributed to the chemical and physical properties of
composite. Due to the usage of nano-sized zeolite the
composite coating was compacted and acted as diffusion
barrier for H,O and O,. On chemical aspect the corrosion
resistance of the Zn film including zeolite nanoparticles
increased because zeolites as charged exchange have low
electrical conductivity in comparison with Zn films. Specific
crystal structure of ZSM-5 [26] also has influenced the
corrosion resistivity of nano-composite film.

3.3. Electrochemical Scales

The potential was measured under galvanostatic
conditions, at different current densities with respect to
saturated calomel electrode using the bath solution with and
without ZSM-5 NPs. Anodic polarization curves show that
the potential of composite coated sample was more positive
in the entire current density region when compared to pure
zinc coated sample except in the beginning. The anodic
polarization curves of pure zinc and composite coated
samples are shown in Fig. (4). The open circuit potential for
Zn-ZSM-5 coated sample (-1.035 V) was almost the same as
that of pure zinc coated sample (-1.032 V). In zinc coated
sample the current density values increase sharply at the
potential region -0.99 V. For composite coated sample there
was no sharp increment in current density values but it was
slow. It shows that metal dissolution happens continually at
lower potential values in zinc coated sample while in
composite coated sample dissolution of metal takes place at
higher anode potential. Moreover, there was continuous rise
in current density resulting in the steady state increase in
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Fig. (4). Anodic polarization diagrams for pure zinc coating and ZSM-5 composite coating sample in 3.5% sodium chloride solution.

dissolution rate of metal. It could be concluded that
intermixing of ZSM-5 NPs provides higher resistance for
dissolution of zinc.

Impedance spectra were recorded for pure zinc coated
and composite coated and is shown in Fig. (5). It shows that
Nyquist plot was observed for the pure zinc and composite
samples. Zn-ZSM-5 NPs comp05|te coated samples
indicated higher R, (8.5 Q cm? against 7.1 Q cm?) values and
hence the ZSM-5 incorporation offered hlgher polarization
resistance. The Cd| values 3.12x10° uF cm’ 2 for composﬂe
against 4.96x10° pF cm™ for pure zinc, were also found in
accordance with these observations.

The cyclic voltagrams of pure electrolyte and electrolyte
containing ZSM-5 NPs are shown in Fig. (6). The presence
of ZSM-5 NPs indicates the lesser cathodic current and
provides obvious reason that it get adsorbed onto the active
sites of the coating. Also, a small amount of zinc deposited
at lower potentials raises the overpotential for hydrogen

dissolution was somehow difficult in the presence of ZSM-5
NPs in its coating.

3.4. Micro-Hardness Scales

The micro-hardness values were also studied. Based on
Hall-Petch Law there is inverse relationship between the
amounts of micro-hardness properties with particle size. In
this case also due to the presence of ZSM-5 NPs the grain
size of the coating was decreased, therefore micro-hardness
values increased. A micro-hardness value of composite
coated sample was 112 against 72 of zinc coating. In
addition to the above, existence of higher percentage of Si
atom or silicone oxide in ZSM-5 structure causes the
increase in microhardness of composite coating over pure
zinc.

3.5. Superficies Morphology
Fig. (7) shows the XRD patterns of the electrodeposited

evolution, resulting in lower cathodic current. Also, in pure zinc and Zn-ZSM-5 NPs composite coating. The
anodic region current is reduced. This shows that the zinc average size of crystals of the Zn-ZSM-5 NPs composite
g O
204 —m— Zinc coated
—e— Composite coated
154
£
o 104 —0—0
= _05— % 0
& ‘4’. = \'\l\
" : J
00
0-
|
1 . I Ld ' ¥ I ¥ 1 v 1 * | i 1 i 1 bl I .
6 7 8 9 10 11 12 13 14 15 16
Z'(ohm)

Fig. (5). Impedance diagrams for pure zinc coating and Zn—-ZSM-5 coating samples in 3.5% sodium chloride solution.
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Fig. (8). SEM images of pure zinc coating (a) and Zn-ZSM-5 coating sample (b).
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coating was 27 nm against 36 nm for pure zinc coating. This
is due to the decrease in the grain size of the Zn-ZSM-5 NPs
composite deposit. This was also seen in SEM images. The
SEM images of pure zinc coated and Zn-ZSM-5 NPs coated
samples are shown in Fig. (8). The grain size of the pure zinc
coated sample was larger when compared with the composite
coating. The presence of ZSM-5 provides more nucleation
sites and slows the crystal growth and therefore composite
coated surface possess smaller grain size. During electro-
deposition the crystal size was monitored by the rate of fresh
nuclei formation or rate of growth of crystal. Fine grained
deposit was obtained at higher rate of formation of nuclei.
The addition of zeolite particles might provide a large
number of cathodic sites and eventually more number of
fresh nuclei formed on metal surface.

Fig. (9a and b) shows the SEM images of pure zinc
coated and composite coated samples after corrosion
experiments. The coated specimens were immersed in 3.5%
NaCl for 360 h. The SEM image of zinc coated sample
showed the corrosion products (white rust) on the whole
surface, but composite coated sample exhibited lesser
amount of corrosion products. The metal surface possesses
defects, cracks, gaps, crevices and micro-holes which were
generally larger than micron. It was obvious that the NPs
easily enter and fill these defects. In the present case also the
zeolite NPs enters and fills these gaps of the surface of zinc.
Moreover, this micro-hole behaves as active sites for
dissolution of metal during corrosion. Thus, these holes were
covered in Zn-ZSM-5 NPs composites by ZSM-5 NPs
thereby bringing down the corrosion rate. Therefore, as it can
be seen in Fig. (9a and b) in the presence of ZSM-5 NPs, the
localized corrosion was inhibited and mainly homogenous
corrosion occurred. These results indicated that the
composite coated sample did not offer any retroversion even
after 15 days of immersion in NaCl and retained higher
corrosion resistance property.

CONCLUSIONS

Electrochemical studies indicated that Zn-ZSM-5 NPs
composite coating exhibited much lower activity than pure
zinc coating. Therefore, they retain better stability in the
external environment. The incorporation of ZSM-5 NPs in
the coating led to improvement in the crystal size and

enhances corrosion resistance and micro-hardness of the
composite coating as compared to the pure zinc coatings. By
contrast to the conventional Zn and Zn/Alloy coating this
fine-grained nano-scaled zeolite with rich firm constituents
like Si atom improve coating and show high performance
chemical and electrochemical corrosion resistance properties.
The SEM images indicated ZSM-5 NPs uniformly distributed
in the zinc coating and also in Zn-ZSM-5 NPs composite
coating corrosion rate was smaller than conventional coating.
This excellent corrosion resistance and micro-hardness
of Zn-ZSM-5 NPs composite coating provides wide
applications in modern industry.
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