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The incorporation of a synthetic zeolite containing biocide cations in epoxy formulations to prevent biofilm
formation and the biodegradation processes derived from its presence was studied. Biocidal action of Ag/Zn-
exchanged A type zeolite against Pseudomonas aeruginosa, bacteria usually found in fluid containers from the
oil refining industry, was determined by microbiological evaluation using molecular biology and traditional
cultivation techniques. The minimum inhibitory concentration method (MIC) was adopted to assess the effect
of Ag+1 and Zn+2 impregnated zeolites on microorganism growth. Cell quantification on biofilms detached
from epoxy coated steel coupons indicate that P. aeruginosa cells contained in the biofilm significantly decreased
as the zeolite percentage in the epoxy formulation was increased. An inhibitory effect of up to seven orders of
magnitude was obtained when Ag/Zn-exchanged A zeolite having MIC value about 200 mg·L−1 was used as
additive in epoxy coatings formulations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Microbiologically influenced corrosion and biofouling processes are
mediated bymicroorganisms adhered tometal surfaces when embedded
in a gelatinousmatrix called biofilm.Microbial adhesion processes lead to
an important modification of the metal/solution interface, generally in-
creasing the aggressiveness of the medium against the substratum [1].
Microbiologically influenced corrosion and biofouling that affect industri-
al systems range from heavy microbiological contamination with conse-
quent energy and efficiency losses to structural failures owing to
corrosion [2].

With regard to corrosion in the oil industry, the implementation of
control and treatment systems, and failure mitigation plans in each pro-
cess stage (exploitation, transportation, production and storage) involves
high costs. It iswell known that the exploitation stage is critical, especially
when the water/oil ratio is high. In these cases, corrosive water condi-
tions, high temperatures and pressures, salinity, suspended solid concen-
tration and bacteria present in the well provide sufficiently aggressive
conditions to generate corrosion.

In the storage step, themost common problem is related to the prolif-
eration ofmicroorganisms. This process is promoted by the availability of
several nutrients (water, moisture, oxygen, mineral additives). Thus, the
growthof aerobic organismswith surfactant properties generates product
ICET, Universidad Nacional de
contamination, which may lead to decreased quality, sludge formation,
and deterioration of pipes, filters, valves, etc. [3].

Currently, the use of protective coatings is a methodology usually
employed to provide effective control of microbiologically influenced
corrosion. In the case of storage tanks, the protective interior topcoat
is based on epoxy resin, which is generally improved with cathodic
protection. Epoxy systems act as insulating barriers between steel and
aggressivemedia. They arewidely used due to an excellent combination
of mechanical properties, chemical stability, corrosion and wear resis-
tance as well as adhesiveness to most metals and alloys [4,5].

Furthermore, zeolites are crystalline aluminosilicate compounds that
are classified according to common features of the framework structures.
Particularly, NaA zeolite is a specific arrangement in which the unit cell
contains 24 tetrahedra, 12 AlO4 and 12 SiO4. When fully hydrated, there
are 27 water molecules per unit cell, and there is also one sodium cation
for each framework aluminum. These sodium ions are rather loosely held,
so one of the main uses of this material is based on its cation exchange
properties. Thus, sodium ions are exchangeable by silver, copper or zinc
ions to functionalize zeolites as antibacterial agents.

In the last years, efficacy in the uses of these materials in several
technological and biomedical applications has been reported [6–13] and
it has been observed that the use of metal-functionalized microporous
materials as antimicrobial agents shows promising results.

In this paper, samples of NaA containing different quantities of Ag+1

and Zn+2 were prepared by cation exchange in order to evaluate their
antibacterial properties. The biocide cations Ag+1 and Zn+2 were hosted
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in the cavities of the ordered aluminosiliceous framework. Minimum in-
hibitory concentration values corresponding to the exchanged zeolites
and the antibacterial activity of these products against Pseudomonas
aeruginosa after incorporation in an epoxy coating formulation used for
steel protection were determined.

2. Experimental

2.1. Preparation of cation-exchanged zeolites

2.1.1. Materials
NaA, synthetized in our laboratory, with a theoretical ion exchange

capacity of 7.04 mEq·g−1 (unhydrated base) and of 5.48 mEq·g−1

(hydrated base) was used. Zeolite crystals were prepared by batch
hydrothermal crystallization. The batch experiment was carried out in
a closed polypropylene container, at 365 K, without stirring. The raw
materials used were NaOH (Carlo Erba, analytical reagent), commercial
sodium aluminate (36.5 wt.% Al2O3, 29.6 wt.% Na2O, 33.9 wt.% H2O)
commercial water glass (9.2 wt.% Na2O, 26.8 wt.% SiO2, 64% wt% H2O),
and distilled water.

2.1.2. Ion-exchange experiments
The solution for the cation exchange was prepared with AgNO3

(Carlo Erba, analytical reagent), Zn(NO3)2 (Carlo Erba, analytical
reagent) and NH4NO3 (Carlo Erba, analytical reagent), using non-
mineralized water as solvent. Ion exchange was carried out contacting
1 g of NaA with 1 L of the exchange solution under stirring. After a
contact time of 3 h at 25 °C, the solid was separated from the liquid by
filtration. The solid phase was dried in an oven at 60 °C and stabilized
at room temperature and 35% relative humidity.

The liquid phase was analyzed by atomic absorption spectrometry
(AAS) with a Varian AA220 model double beam spectrophotometer.
The chemical composition of the zeolite products obtained, Ag/Zn-
exchanged NaA (AgZnA), and the corresponding solution used for the
exchange run are detailed in Table 1.

To evaluate any possible structural change, the synthesized zeolite
NaA and the product after the cation exchange test were characterized
by X-ray diffraction (XRD). The diffraction patterns were obtained with
a Philips PW 1732/10 using Cu Kα radiation and a Ni filter at a rate of
2°/min. The diffraction diagram of the zeolite sample was identified by
comparison with those detailed in the literature [14].

2.2. Minimum inhibitory concentration (MIC)

To evaluate the performance of AgZnA against P. aeruginosa, the
minimum inhibitory concentration method was used. MIC is defined
as the minimum concentration at which the agent takes the bacteria
multiplication rate to zero. The P. aeruginosa used for these studies
was isolated from the oil refining industry. The P. aeruginosa strain
belongs to the Laboratório de Biocorrosão e Biodegradação — LABIO
(Instituto Nacional de Tecnologia INT — MCTI), Rio de Janeiro, Brazil.
Bacterial identification was performed by molecular biology-based
methods/techniques. DNA from the pure strain was extracted using a
commercial DNA isolation kit. After extraction, the bacterial 16S rRNA
gene was amplified by PCR (technique of polymerase chain reaction)
using the universal primer set SAdir (5′-AGAGTTTGATCATGGCTCAGA-
3′, forward) and S17 Rev (5′GTTACCTTGTTACGACTT-3′, reverse). Se-
quencing of the 16S RNA genewas performed, followed by identification
Table 1
Ag+1 and Zn+2 concentrations in the prepared material and composition of the corre-
sponding aqueous solution used for cation exchange.

Sample [Ag+1] (%w/w) Zn+2 (%w/w) Exchange solution (mol·L−1)

[Ag+1] [Zn+2] [NH4
+1]

AgZnA 5.4 6.0 0.127 0.309 0.787
of phylogenetic strains using gene sequences obtained with those avail-
able in GenBank.

To evaluate the minimum inhibitory concentration of the biocidal
cations supported on the zeolite, different metal concentrations were
obtained by adding different weights of AgZnA to agar medium.
Concentrations of 50 to 500 mg·L−1 were evaluated in Petri dishes.
The starting NaA and a control sample without zeolite were also tested.

To ensure sterilization, zeolite powders were exposed to UV irradia-
tion in a laminar flow chamber (Trox Mod. FLUCLII A1).

The agar medium supplemented with zeolite powder at the afore-
mentioned concentrations was inoculated with 1 mL of the freshly pre-
pared P. aeruginosa suspension (106 CFU·mL−1). The microorganisms
were seeded over the entire surface of the agar plate and then incubated
for 48 h at 30 °C. Subsequently, bacterial growth was measured. All the
experiments were carried out in triplicate. The results of these assays
allowed obtaining the Ag+1–Zn+2 concentrations supported on zeolite
matrices required to inhibit microbiological growth.

2.3. Epoxy coating formulation and manufacture

Epoxy resin (specific weight, 1.280 kg·L−1) was used as the epoxy
matrix. The epoxy curing agent was a polyamide (specific weight,
0.980 kg·L−1). Both products are from Steelcote, Argentina. AgZnA
was added to the epoxy resin using a high-speed dispersion device
(Alumcraft, Argentina, Model: AL 101). To prevent zeolite crystal
agglomeration, a dispersant agent based on soya lecithinwas employed.
Subsequently, the curing agent was added to the resin (1/4 in/by
volume) and dispersed for 60 min at 2800 rpm, ensuring laminar
flow. Five epoxy coatings were prepared by varying the zeolite weight
added. Coatings containing 0, 1, 4, 5 and 8 (%w/w) of AgZnA were pre-
pared (coatings A, B, C, D and E, respectively). The coatingswere applied
by airless spray over metallic substrates (SAE 1010 steel coupons,
1 × 1 cm, grade A). The coupons were previously degreased with sol-
vent in the vapor phase and then sanded to Sa 2 1/2° (SIS specification
05 59 00/67; maximum roughness Rm, 35 μm). Two coats of paints
were applied on the thoroughly cleaned steel surfaces by means of
an airless spray. The coated samples were left in the laboratory at
25 ± 2 °C for 7 days to ensure full drying and curing of the films. Steel
coupons were prepared in triplicate for each test. In all samples the
resulting dry film thickness measured using Fischer equipment was
110± 5.2 μm. Coating compositions are given in Table 2. For V-E coated
coupon, surface and cross section were observed by SEM (scanning
electron microscopy; Philips SEM 505). The cross section was obtained
by cutting the coated coupons with a guillotine shear machine. The
epoxy coatings were also characterized by Fourier transform infrared
spectroscopy (FTIR). The FTIR analysis was performed in IRAffinity-1
Shimadzu equipment. For each spectrum, 48 scans were acquired at a
spectra resolution of 4 cm−1.

2.4. Microbiological corrosion assay

To ensure sterilization, prior to starting the test the coated coupons
were exposed to UV irradiation during 15min in a laminar flow chamber
(Trox Mod. FLUCLII A1).

P. aeruginosa strain was grown in nutrient broth (yeast extract
2.0 g·L−1; peptone 5.0 g·L−1, sodium chloride 5.0 g·L−1 Oxoid Ltd.)
Coupon composition.

Coated coupon Coating [AgZnA] in epoxy coating
(%w/w)

Average thickness
measurement (μm)

I A 0 105.9
II B 1 107.1
III C 4 111.3
IV D 5 111.8
V E 8 113.9
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at 30 °C overnight. The cells of P. aeruginosawere centrifuged at 10,000 g
for 10 min (Legend Mach 1.6R— Thermo Scientific Sorval®) and rinsed
in saline to remove the culture medium. Cells were resuspended
in Bushnell-Haas media. For contact experiments, coupons were
placed face down in the culture (P. aeruginosa initial concentra-
tion, N2.4 × 1010 CFU·mL−1) previously raised to a temperature of
30 °C and then incubated for 48 h. All experiments were carried out in
triplicate. Following incubation, the coupons were removed from the
Bushnell-Haas media and the biofilm was detached. Cell quantification
on the biofilm was statistically measured by the technique of the Most
Probable Number (MNP) [15].

3. Results and discussion

3.1. Zeolite characterization

XRD studies conducted on the starting NaA sample show the diffrac-
tion peaks corresponding to pure NaA zeolite. Signals were observed at
2θ = 7.2°, 10.2°, 12.5°, 16.1°, 21.7°, 24°, 27.1°, 29.9°, 34.2°, and 36.5°
[14]. By comparing the diffraction patterns obtained for the zeolite
material before and after ion exchange, it can be observed that NH4

+1,
Ag+1 and Zn+2 incorporation does not promote structural modifica-
tions. The XRD patterns obtained before and after cation exchange
(Fig. 1) show no difference in the positions of the characteristic peaks
associated with the presence of LTA structure, indicating that the
network parameters are preserved and cation incorporation has not
modified the crystalline arrangement. Differences about heights in
diffraction peaks are due to the different natures of cations occupying
cationic positions inside the zeolite structure. The diffraction peaks at
about 2θ = 20 and 27° are assigned to the presence of [220] and [320]
planes respectively [14]. Peaks corresponding to Zn or Ag compounds
are not observed, probably due to low amounts of these species in the
zeolite matrix, indicating that these metals are highly dispersed in the
solid structure.

The relative crystallinity was estimated by measuring the height of
two characteristic diffraction peaks of AgZnA and comparing those
values to the corresponding heights measured in the pattern of the
starting zeolite, which were set to be 100%. Using this method, the
AgZnA zeolite crystallinity was about 80%. Nevertheless, these values
should be considered as a semiquantitative estimation, because it is
known that cation exchange may modify peak intensities [16]. In fact,
after cation exchange, a significant change in the relative peak intensity
can be observed (Fig. 1).

It is worthwhile to note that NH4
+1 cation should also be present in

the zeolite structure occupying some exchange cation positions. Never-
theless, NH4

+1 was not considered as having biocidal activity, and it is
used in this case to contribute tomanage Ag+1 and Zn+2 incorporation.
Fig. 1. XRD spectra for NaA and AgZnA zeolites.
The FTIR spectra of NaA, AgZnA and the nitrate salts (NH4NO3,
AgNO3 and Zn(NO3)2) are presented in Fig. 2a and b, respectively.
Samples were dehydrated at 100 °C for 24 h and then prepared by the
standard KBr pellet method. KBr was dried at 200 °C for 24 h [17].

As noted in the literature [14], the absorption band of NaA in
between 1600 and 3700 cm−1 suggests the presence of zeolite water.
In this case, it is dominated by a peak at 3360 cm−1. This signal is asso-
ciated with the H–O–H stretching (v1 y v3) of adsorbed water. Also, the
peak at 1647 cm−1 could be attributed to H–O–H bending of adsorbed
water (v2).

For this zeolite type, the strong peak at about 993 cm−1 is associated
with Si–O–Al asymmetric stretching (v3). The absorption band at
553 cm−1 evidences the presence of double four-rings, and the bands
appearing at 462 cm−1 and 669 cm−1 correspond to Si–O–Al bending
and Si–O–Al symmetric stretching vibrations, respectively.

By comparing NaA and AgZnA spectra, the AgZnA pattern shows
some changes caused by the presence of NO3

− and NH4
+ arising from

the exchange solution. In the band corresponding to OH stretching,
there is a shift of the peak from 3360 cm−1 to 3151 cm−1 with one
shoulder at 3600 cm−1 due to the asymmetric stretching of NH4

+ [18].
The new peak at 1400 cm−1 could be attributed to the asymmetric
stretching of O–NO2 overlapping with the deformation of NH4

+ [18,
19]. Also, the peak of tetrahedral internal vibrations (993 cm−1) was in-
fluenced by the N–O stretching peak observed at about 1400 cm−1

(Fig. 2b), generating a well-defined peak at 1004 cm−1 [19] and a
shoulder at 914 cm−1. No shift of AgZnA vibrations is observed in the
absorption bands representing the zeolite secondary structure (be-
tween 400 and 750 cm−1). This fact provides further evidence that
the framework structure remains unchanged.

3.2. Antibacterial activity of exchanged zeolites. Mic values

The antibacterial activity of AgZnA and NaA as well as their Mic
values for P. aeruginosa were calculated.

Zeolite NaA did not show microbial inhibitory effects at the tested
concentrations, whereas AgZnA exhibited good antimicrobial properties,
as shown in Table 3 and Fig. 3.

For AgZnA in agar medium, the growth of P. aeruginosa dimin-
ishes with increasing Ag+1 and Zn+2 concentrations up to 200 mg·L−1

of AgZnA. The cell growth reduction with respect to the control
medium (P. aeruginosa in agar without zeolite) was 75.3% for
AgZnA = 50 mg·L−1, 89.3% for AgZnA = 100 mg·L−1, 97.2% for
[Ag+1] = 150 mg·L−1, and 100% for AgZnA = 200 mg·L−1. According
to these results, no growth was obtained for [AgZnA] ≥ 200 mg·L−1.
Therefore, this value was defined as Mic. In fact, values greater than
200 mg·L−1 of AgZnA inhibited the production of viable cells.

Studies on the biocide capacity of Ag+1 ions have proposed several
mechanisms of action to explain the inhibitory effect. Some researchers
have reported that the positive charge of silver ion/ions is fundamental
for antimicrobial activity. The electrostatic attraction between the
negatively charged cell membrane and the positive charge of Ag+1 in-
terferes with the permeability of the membrane [20,21]. Moreover,
the mechanism of action for Zn+2 ions was determined to be the same
as that described for Ag+1. The antibacterial activity is based on the re-
lease of Zn+2 ions that can damage the cell membrane and interact
with intracellular contents. As mentioned for silver cations, the antimi-
crobial activity improved with an increasing content of zinc ions [22,23].

In the particular case of P. aeruginosa, some studies showed that
Zn+2 stimulates protein synthesis in these bacteria, invalidating its bio-
cidal properties [24,25]. However, other research studies assessing the
toxicity of metals showed differences in metal resistance profiles be-
tween environmental strains and hospital strains [26,27]. Most of the
cases where strains showed strong resistance to antibiotics were the
least resistant to metals, with the inverse also being true. However,
none of the strains, irrespective of their origin, were able to grow with
a supplement of 50 mM of Zn+2. It was also found that multiresistance



Fig. 2. FTIR spectra corresponding to a) original NaA, exchanged AgZnA, and b) nitrate salts used for ion-exchange experiments.
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has been described as being widespread among environmental strains
isolated from hydrocarbon-contaminated sites [27].

In the present study, it is worthwhile to think that the antibacterial
activity of the Ag+1 and Zn+2 cations could depend on their location in-
side the zeolitic cages. In the original NaA, there are twelve sodium ions
occupying three different positions or sites, denominated I, II and III.
Eight sodium ions are located at site I, near the center of the six-rings in-
side of the alpha cage; the remaining four ions are located in the eight-
rings or in the four-rings [28]. If all the sodium ions were replaced by
silver ions, the chemical analysis of the zeolite should indicate a Ag con-
tent near 40 wt.%. Similarly, in the case of zinc exchange, the result of a
complete replacement of sodium by zinc should indicate a 16 wt.% Zn.
For the compositional analysis obtained (Table 1), not more than six
of the twelve Na+1 ions were replaced by either Ag+1 or Zn+2. Thus,
the exchanged cations are mainly situated at site I, the most accessible
site for the location of cations. Then, metallic ions occupying the ex-
change positions are equally accessible, and could be electrostatically
attracted by the cell and subsequently released from the inorganic alu-
minosilicate framework. The obtained biocidal activity results suggest
that the metal ions hosted in the zeolite structure were free to interact
with the cell, disrupting the biochemical activity and causing cell death.
3.3. Coating analysis

3.3.1. SEM analysis
Modified epoxy coatings and coating without zeolite were studied

by SEM images showing surface morphology and internal microstruc-
ture. For all the coatings, the surface image shows a smooth and homo-
geneousmorphology,with nodiscontinuities or cracks in thefilm. In the
case of epoxy modified with AgZnA, no zeolite crystals were observed
on the surface, indicating that they were primarily embedded in the
epoxy matrix (Fig. 4a). When studying a cross section of the film,
cubic AgZnA crystals distributed into the epoxy matrix could be ob-
served (Fig. 4b and c).
Table 3
AgZnA antibacterial activity.

AgZnA,
mg·L−1

Ag,
mmol·L−1

Zn,
mmol·L−1

Cell quantification,
cell·mL−1

Mean value
in triplicate

Control,
mean value

Antibacterial
activitya, %

50 0.025 0.046 1.0 × 107 75.3
100 0.050 0.091 4.5 × 106 89.3
150 0.075 0.138 1.2 × 106 97.2
200 0.100 0.182 0 100

4.2 × 107

500 0.25 0.455 0 100

a 100 − (CFUAgZnA / CFUcontrol) × 100.
3.4. FTIR analysis

Fig. 5 shows the FTIR analysis of the AgZnA, epoxy polyamide cured
coating and the epoxy polyamide coatingmodifiedwith zeolite (4% and
8%). This analysis is commonly used to follow the reaction during the
curing process [29]. The intensity of the epoxy ring vibration band at
917 cm−1 decreases during the curing cycle because in the final step
of the reaction the epoxy rings are completely open. Simultaneously
with the advance of the reaction, the intensity of the N–H band
(3400–3500 cm−1) diminishes while the intensity of OH bands at
3200–3500 cm−1 increases [30].

For the epoxy polyamide coatings modified with zeolite, the spectra
obtained after curing showed the characteristic bands of this type of coat-
ing. The absorption band at 1244 cm−1 and the small peak at 908 cm−1

correspond to symmetric and asymmetric stretching of ether groups
(C–O–C), respectively. Another epoxy ring peak is present at 829 cm−1

overlapping with the amide linkage [31]. The presence of the peak at
1244 cm−1 in the spectrum of epoxy coating modified with AgZnA
clearly indicates that the epoxy group remains unaltered after zeolite
incorporation.

A slight shift is evidenced for the peaks between 2858 and 2924 cm−1,
which correspond to the stretching of the CH, CH2 and CH3 groups.

The broad peak in the range 3500–3300 cm−1, which is associated
with the hydroxyl group generated from oxirane ring opening and
for NH2 and NH stretching in the epoxy coating, confirms that the
curing cyclewas completed [32]. In the epoxy polyamide coatingsmod-
ified with zeolite, the peak was slightly shifted from 3417 cm−1 to
3315 cm−1, probably affected by the asymmetric stretching of NH4

+

contained in the zeolite.
The stretching band of aromatic C_C, attributed to benzene rings, is

observed at 1508 cm−1. The peak at 570 cm−1 is associated with CH
groups and the peaks at 1041 cm−1 and 1183 cm−1 correspond to
asymmetric and symmetric stretching of CH groups of aromatic rings.
Fig. 3. Left. P. aeruginosa control +. Right. P. aeruginosa + 200 mg·L−1 AgZnA.



Fig. 4. SEMmicrographs of the AgZnA-modified epoxy coating corresponding to V-E sample. a) Coated surface ×10,000, bar = 1 μm; b) coated coupon cross section × 39, bar= 200 μm;
c) coating cross section ×2000, bar = 5 μm.
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With respect to the pseudo-lattice vibrations of zeolite structural
units, the peak associated with Si–O–Si stretching vibration at around
1000 cm−1 appears in the spectrum of epoxy coating modified with
zeolite. This band does not vary during polymerization because the
cages of zeolite do not break in the reaction. The incorporation of
AgZnA in the epoxy coating did not introduce any new peaks in the
spectra but did slightly influence the location of some of the character-
istic peaks. This fact suggests an interaction between the epoxy matrix
and AgZnA. Nevertheless, the positions of the absorption bands corre-
sponding to the coating containing different AgZnA percentages were
coincident

3.5. Microbiological corrosion assay in film epoxy coatings. Biomass growth

Cell quantification was performed by the technique of the most
probable number (MPN) on the biofilm removed from the substrate.
As shown in Table 4, the microbiological study of the biofilm detached
from the coated coupon surfaces demonstrated that P. aeruginosa cells
contained in the biofilm significantly decreased as the silver and zinc
cation concentration was increased. The MPN technique applied to the
biofilm allowed the observation of a significant inhibitory effect of up
Fig. 5. FTIR patterns of epoxy coatings cont
to seven orders of magnitude relative to the control coupon (without
zeolite addition). It is important to note that zeolite matrices having
different levels of biocidal cations could be obtained at the laboratory
by modifying the experimental conditions used for the cation exchange
step. Thus, cation contents in the coating could be varied not only by
varying the zeolite weight added to the coating formulation but also
by addition of the same weight of zeolite materials differing in their
cation replacement level. For the AgZnAminimum concentration coupon
(1%, B) no biocidal activity was detected as P. aeruginosa growth was
identical to that of the control coating.

Simultaneously, for the cation concentration values used, the
presence of Ag+1 and/or Zn+2 in the epoxy coatings does not promote
the formation of inhibition zones, because no halo developed around
the coupons. According to the literature [12,13], the antibacterial mech-
anismwould take place through the absorption of cations by the bacte-
ria, causing a disorder in the adenosine triphosphate process (ATP) and
in the cellmembrane. Then, the lack of inhibition zones suggests that, at
the cation concentrations used in this study, cation leaching from the
coated coupons did not occur and the mechanism of inhibition should
be exerted via a direct contact of the epoxy coating with the bacterial
cells.
aining different percentages of AgZnA.



Table 4
P. aeruginosa growth in coated coupons.

Coupon-coating P. aeruginosa, NMP·cm−2

I-A N2.2 × 1011

II-B N2.2 × 1011

III-C 9.9 × 108

IV-D 2.8 × 108

V-E 3.6 × 104

289A.M. Pereyra et al. / Surface & Coatings Technology 270 (2015) 284–289
4. Conclusions

XRD and FTIR studies showed that the incorporation of NH4
+1, Ag+1

and Zn+2 in zeolite type A at the tested concentration did not promote
structuralmodifications, with only a slight loss of crystallinity occurring.
The NaA zeolite exchangedwith Ag+1 and Zn+2 inhibited the growth of
P. aeruginosa for concentrations up to 200mg·L−1. The incorporation of
AgZnA into the epoxy matrix at the tested concentrations did not gen-
erate changes in the morphological aspect of the coatings and did not
modify its FTIR spectral parameters, maintaining the structural order
unaltered.

The addition of AgZnA to the epoxy matrix contributes to the reduc-
tion of the number of bacteria adhered to the coating. This fact involves
a decrease of corrosive action caused by P. aeruginosa bacteria because it
could minimize the different reasons leading to corrosion: the produc-
tion of metabolic substances excreted such as corrosive organic acids
or biosurfactants responsible for the formation of emulsions in storage
tanks, the occurrence of pitting corrosion in areas where the protective
coating was broken, the generation of an oxygen-free environment for
sulfate-reducing bacteria host, etc.
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