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ABSTRACT

Polymer modification has been attracting the attention of the scientific community due to its process of combining attractive
properties of different materials and fusing it into a hybrid high performance material. These properties depend on the type of
environment and its application. Due to the harsh conditions imposed by geothermal fluids to ordinary materials of construction,
high performance materials are desired to lessen the frequency or even eliminate maintenance cleaning of surface components and
to prolong the service life of pipelines and other surface equipment that are critically affected by erosion-corrosion phenomenon.
To further enhance the mechanical properties of a high performance polymer material, nanofillers are usually incorporated in the
polymer matrix to make up a nanocomposite. In this study, a nanocomposite (PCN-R-oMMT) made of toughened polymer and
organically modified montmorillonite was synthesized to be used as a coating. The enhancement of the mechanical properties of the
polymer by addition of oMMT by its intercalation/exfoliation into the polymer matrix was determined using X-Ray Diffraction
(XRD), thermogravimetric tests (TGA & DSC), hardness test, and adhesion test. To determine the viability of the synthesized
coating in corrosive environment, it was applied to a carbon steel coupon and immersed in simulated acidic geothermal brine.
Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization scans (PPS) were conducted to assess the
protection efficiency of the coating. The stability and the protection efficiency of the PCN-R-oMMT were also evaluated under
high temperature and high pressure conditions.

1. INTRODUCTION

Geothermal production is hindered by scaling and corrosion problems. Both of these problems entail high cost and pose high risk in
terms of material and environmental safety. The chemistry of each production well is unique, making it challenging to find an anti-
corrosion solution that would fit into the nature of the fluid. This is especially true of acid-producing wells that corrode metal
casing and pipelines at a very fast rate. Most of these wells are unusable due to the aggressive behavior of their fluids because of
fast metal dissolution destroying the integrity of the pipe. The utilization of these wells, therefore, is dependent on the use of an
effective corrosion prevention technology that would significantly lower the rate or retard the corrosion process.

One way of retarding the effects of corrosion is by application of coatings. Due to the relatively high temperature nature of a
geothermal process, coatings to be applied must have good thermal stability and high resistance to chemical attack. The issue of
hardness and adhesion also needs to be considered in choosing the right material since geothermal fluid does not only contain
corrosive agents but may contain high amounts of suspended solids. These high velocity solids will impinge on the walls of the
pipe, eroding the metal. Erosion together with corrosion would have a synergistic effect on the rate of metal dissolution, making it a
critical factor to consider in operating a highly erosive and corrosive environment.

Polymer modification has been attracting the attention of scientific community due to its process of combining attractive properties
of different materials and fusing it into a hybrid high performance material. These properties depend on the type of environment
and its application. For this study, we have chosen to modify a polymer (PCN) to tailor the needs of a typical acidic geothermal
well. The polymer has excellent properties that fit the requirements such as near-zero shrinkage upon polymerization, low surface
free energy, low water absorption, good thermal stability, and good mechanical properties, as observed in the studies of Ishida et al.
(2011). Zhou et al. (2013) reported that although there has been few studies conducted regarding the use of PBZ for anticorrosion,
polybenzoxazines have the potential for application as corrosion protective coating due to their unique properties, such as low water
absorption, low surface free energy, near-zero shrinkage, and excellent dielectric properties, which are superior to those of epoxy
resins and conventional phenolics. However, the polymer is brittle and needs to be modified to be able to expand the limits of its
application as discussed by Ishida and Allen (1996). Several approaches have been designed to toughen thermosetting materials and
one of the most promising is the modification with rubber. It has been found that rubber modification is an effective approach to
overcome the inherent brittleness of thermosets. For instance, physical blends of polymer and rubber have improved fracture
toughness without undue sacrifices to the desirable properties, as shown by the study of Jang and Yang (2000). Hence, in our study,
the polymer is toughened by blending the synthesized polymer with rubber.

To further enhance the mechanical properties of a high performance polymer material, nanofillers are usually incorporated in the
polymer matrix to make up a nanocomposite. One critical factor in making an effective polymer nanocomposite is the type of
nanofiller to be used. Based on the study conducted by Hung et al. (2011), clay nanocomposites show enhanced physical properties
even with a small amount of added clay because the nanoscale dimensions of the clay particles yield a large contact area between
the polymer matrix and the filler. The structure of clays also imparts an excellent barrier that provides low gas permeability and
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enhanced anticorrosive properties. The dispersion of clay was found to boost the thermal stability, as reported by Lan et al. (1994).
Enhancement of the mechanical properties was reported by Tyan et al. (1999) while the molecular barrier was reported by Wang et
al. (2001) and Lan et al. (1994). One critical factor is the type of nanofiller to be used. Clays are found to be one of the ideal nano
reinforcements for polymers, because of its high intercalation chemistry, high aspect ratio, ease of availability and low cost, based
on the study of Azeez et al. (2012) on epoxy clay nanocomposites. It was shown in the study of Arthur et al. (2011) that the use of
montmorillonite (MMT) has enhanced the mechanical properties of the polymer at very low loading (<5 wt%). Montmorillonite is
an example of a smectite clay with a 2:1 structure, which allows sharing of oxygen between Al and Si. It is known to have a good
high-aspect ratio, high surface area, and environment friendly. However, it is hydrophilic in its natural state which makes it difficult
to be dispersed in most polymers and could easily aggregate. In order for it to be used as a nanofiller, its layered silicates should be
organically modified first. This is usually done by exchanging the cations present at the silicate surfaces of MMT with long chain
alkyl ammonium cation, making it organophilic which will be now compatible with most polymers.

The objective of this study is to synthesize a polymer/clay nanocomposite (PCN-R-oMMT) coating that is designed for application
in an acidic geothermal well pipeline, and test its corrosion protection efficiency and mechanical stability under harsh geothermal
conditions.

2. METHODOLOGY AND INSTRUMENTATION

The FT-IR spectroscopy was done with FTIR Spectrometer and scanned between 4000 and 400 cm™!. All spectra were recorded
with nominal spectral resolution of 2 cm™!, and 128 scans were collected and averaged for each spectrum.

Adhesion test measurement was performed according to the ASTM standard test method D-3359 for measuring the adhesion
strength by tape test. A blade handle equipped with a four-tooth 2.4-mm spacing coarse blade was used to make the cross-cut
configuration through the coatings. The coating was brushed lightly with a soft brush after each cut to remove any debris, detached
flakes, or ribbons of coatings from the surface. Scotch tape 51596 was placed on the cut surface and rubbed with the eraser on the
end of a pencil to ensure good contact with the film and then removed rapidly after 90s. The grid areas were inspected for possible
removal of the coating from the substrate, and adhesion strength was rated in accordance with the scale provided by the ASTM.

Hardness test measurement was performed using a pencil hardness tester which meets the ASTM standard D 3363. For this test,
pencils of increasing hardness values are moved over the surface in a precisely defined way until one damages the surface.
Sufficient pressure must be applied to either cut or damage the coating or to crush the lead pencil point. Repeat the test as many
times as possible until a definite observation is made. If scratching or damage of the surface occurs, proceed with the next softer
pencil grade and repeat the testing process until a pencil lead grade is found which crushes and does not damage the coating. If
crushing of the hardest lead should occur, the coating is therefore extremely hard and beyond the measuring range of this test.

Electrochemical measurements for the evaluation of anti-corrosion property were done using a Potentiostat, with platinum as the
counter electrode, Ag/Ag+ in 0.5 M NaCl as the reference electrode, and the carbon steel substrates as the working electrodes.
Potentiodynamic polarization scan (PPS) was performed by scanning from —0.025 to +0.025 V vs Ag/Ag+ reference electrode
(0.5 M NacCl) about the open circuit potential (OCP) while electrochemical impedance spectroscopy (EIS) was performed for seven
frequency decades from 10 mHz to 100 kHz, with an amplitude of 10 mV with respect to the OCP.

3. RESULTS AND DISCUSSION
3.1 X-Ray Diffraction (XRD)

One of the critical processes in ensuring optimal properties of PCN is the modification of the cations at the silicates interlayer
spacing by cationic exchanged with long-chain alkyl ammonium cation. XRD was conducted to determine the swelling of the
nanoclay by calculating the d-spacing of the natural MMT and the organically modified MMT(oMMT). Figure 1a shows the XRD
spectra of MMT and oMMT. By using the spectra result and Bragg's law, d-spacing of MMT and oMMT are calculated to be 9.93
A and 13.97 A, respectively. The increase in d-spacing from the native MMT to the modified one suggests that there is expansion
in the clay galleries due to the exchange of a larger molecule. This also creates a steric stabilization of the nanoclay in the polymer
matrix which prevents agglomeration and lowers the surface energy. This, in turn, will enable the oMMT to disperse well into the
polymer in an organized manner, creating significant improvement in the mechanical property of PCN.

3.2 Ultraviolet-Visible Spectroscopy (UV-VIS)

One of the advantages of using PCN is its transparent nature in terms of aesthetic value. Clay on the other hand is not ‘transparent’
and addition of these nanofillers may increase the opacity of the nanocomposite produced. UV-VIS is used to determine the effect
of increasing MMT loading in the polymer matrix. Figure 1b shows that as the amount of oMMT increases, the transmittance of
the nanocomposite decreases. Transmittance is an optical property that relates to the transparency of a material. The decrease in
transmittance suggests that the nanocomposite is becoming less transparent and more opaque as the loading of oMMT is increased.
Based on reported studies, there has been no significant effect on the transparency even at relatively high nanoclay loading (>20%)
if the fillers are well dispersed in the polymer matrix. The result gathered, therefore, would imply that the nanofillers did not attain
a fully exfoliated structure. Thus, it is recommended to modify the procedure to achieve a fully dispersed nanoclay fillers in the
polymer matrix.
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Figure 1: Characterization of polymer/nanoclay composite using: (a) XRD; (b) UV-VIS; and, (¢ & d) FT-IR.

3.3 Fourier-Transform Infrared Spectroscopy (FTIR)

Studies show that improvements in the mechanical properties are directly related to the quality of the intercalation/exfoliation of the
clay structure. It is important, therefore, to properly characterize the degree of layer separation. For this study, we measured the IR
spectra of PCN and the increasing loadings of oMMT. The spectra obtained were normalized at wavenumber ~ 2900 at the C=0
stretching of PBZ and analyzed the behavior of Si-O stretching. There are 4 stretching modes of clay: I, II, III and IV, with values
of 1120, 1085, 1045 and 1015, respectively. The increasing stretching of these four modes are manifested in Figure 1c and Figure
1d as the amount of oMMT increases.

3.4 Thermal Analysis

The enhancement of thermal stability of polymeric/clay nanocomposites is dependent on the organoclay nanofiller content and its
dispersion. The results of the thermogravimetric analysis (TGA) of PCN-R and PCN-R-oMMT are presented in Figure 2a. It can
be seen that PCN-R degrades in a two-stage major weight-loss process: the first onset weight loss, which was observed at 250°C,
accounts for the 20% total weight loss associated with the degradation at the Mannich bridge, an associated loss of amine-related
compounds, and some weight loss related to substituted phenols in the diamine chain. The next degradation temperature starts at
430°C, which constitutes for another 60% weight loss by the degradation of phenol. This is mainly attributed by the presence of
free hydroxyl groups and aliphatic-related compounds. A similar thermal behavior is found in the PCN-R-oMMT. However, the
addition of oMMT in the PCN coating has resulted in a slight increase in thermal stability, as seen in the case of PCN-5% oMMT,
which is shown as a representative of the nanocomposite. At around 700°C, the PCN has completely degraded while the
nanocomposite with oMMT has a remaining weight of about 5%. This constitutes the nanoclay added in the polymer matrix which
has a very high temperature degradation.

Aside from TGA, Differential Scanning Calorimetry (DSC) has been widely applied in the investigation of numerous phenomena
occurring during the thermal heating of polymer/clay nanocomposites involving glass transition (Tg), melting, crystallization and
curing. DSC of PCN that is uncured, and the cured PCN-R-oMMT, was conducted to determine the effect of nanofillers on the
possible changes concerning Tg and curing temperature. Results of the DSC, as shown in Figure 2b, highlight the significant
enhancement of the Tg of PCN-R-oMMT as compared to the PCN. Based on the DSC curve, the PCN starts to phase change at
200°C and degrades thereafter. On the other hand, PCN-R-oMMT is at its stable phase until around 250°C, where it starts to
undergo a phase change. This appreciable improvement is due to the confinement of intercalated polymers within the silicate
galleries that prevents the segmental motions of the polymer chains.

The geothermal industry operates at a relatively higher temperature (~160-200°C). The degradation temperatures of the fabricated
nanocomposite are of the utmost importance since this would limit the application of the coating. But based on the results of TGA
and DSC analysis, the nanocomposite is still in its stable form at the temperature of the intended application with no degradation or
phase change.
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Figure 2: Thermogravimetric properties of PCN-R, cured, un-cured, and with oMMT.

3.5 Mechanical Test

Many studies reported the improvement of mechanical properties of nanocomposite by addition of clay nanofillers at very moderate
loadings (1-5 wt%). This improvement, however, can also be achieved by other particulate fillers like mica or talc but they need to
be incorporated in the polymer matrix in a higher filler loadings (30-60%). To determine if this phenomenon also occurs in PCN
polymer matrix, hardness and adhesion test were conducted. Results show that even without the incorporation of clay, PCN has a
good mechanical property. But the addition of oMMT further improves the hardness of the nanocomposite, as shown in Table 1.
Again, the intercalation and exfoliation effect of MMT in the polymer matrix are playing the roles to improve the tensile strength.
However, addition of higher loading of oMMT could impart drawbacks due to agglomeration and difficulty of dispersion of the
nanofillers. This is manifested by the decrease of hardness of the nanocomposite with 7% oMMT.

Table 1: Hardness and adhesion test results.

HARDNESS ADHESION before
immersion
PCN 8H
PCMN-1% MMT 9H
PCMN-3%MMT 9H
PCMN-5% MMT 8H
PCMN-R-7% MMT 4H

It is believed that clay does not actually play a role in terms of adhesion since it is the unbound hydroxyl group of PCN that
interacts with the metal surface, as illustrated in the figure. However, it is also good to know if the presence of clay could hinder the
interaction of these free hydroxyl groups with the metal surface. Based on the results of the adhesion test, there is no significant
change on the adhesion of PCN alone and with increasing loadings of oMMT. The mechanical tests conducted, however, just
present a preview on the improved properties since the basis of the ratings are based optically. It is suggested to conduct an in-depth
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mechanical testing involving different stress/strain tests to further verify and accurately deduce the effect of addition of oMMT
fillers.

3.6 Electrochemical tests

To test the protection efficiency of the PCN-R-oMMT nanocomposite, Electrochemical Impedance Spectroscopy (EIS) and
Potentiodynamic Polarization Scan (PPS) tests were conducted. The corrosion rates of the polymer matrix PCN and its varying
loading were determined using the Tafel analysis after 1 day and 7 day immersion. This is done by varying the potential about the
OCP and plotting the logarithm of the resulting current against the applied potential. Corrosion currents (Icorr) and corrosion
potentials (Ecorr) were then determined by numerically fitting the resulting Tafel plots to the Butler-Volmer Equation. Icorr and
Ecorr are extracted via a computer routine by specifying the cathodic and anodic branches and using the non-linear least square
fitting method of Levenberg/Marquardt. The protection efficiency (PE) is calculated using the equation:

PE = [(lcorr:bare)_(lcorrlcoated)] x 100% (1)

Icorrbare

Table 2: Corrosion protection efficiency of polymer/nanoclay composite immersed in geothermal brine.

One (1) Day Immersion Seven (7) Day Immersion

CR (mm/yr) | % efficiency | CR (mm/yr) | % efficiency

blank 1.03 --- 0.37 64.21

PCN-R 0.16 84.38 0.017 98.37
PCN-R-1%0MMT 0.03 96.77 0.016 98.48
PCN-R-3%0MMT 0.061 94.02 0.031 96.96
PCN-R-5%0MMT 0.038 96.34 0.005 99.48
PCN-R-7%0MMT 0.028 97.39 0.007 99.32

Table 2 summarizes the protection efficiency of samples with increased loadings of oMMT in the PCN-R matrix. Based from the
results, even without the addition of oMMT, the corrosion protection efficiency of PCN is high. But with the addition of oMMT,
the efficiency increases, with the 7% oMMT loading the highest after one day immersion in geothermal brine. The immersion test
is further extended up to 7 days to determine the prolonged exposure of the coating in geothermal brine. Clay and rubber have a
tendency to swell because of the uptake of water. This swelling will cause the coating to fail since water might infiltrate the
polymer matrix and reach the metal surface which, due to the aggressive chemistry of a geothermal brine, will corrode the metal.
Under-film corrosion can occur even if the coating looks intact. But based on the results, the corrosion protection efficiencies
increased even at longer immersion, with the 5% oMMT loading being the most resistant to acid geothermal brine. The corrosion
efficiency of the bare metal steel was increased because of the formation of a passive layer that retards the effect of corrosion. This
is also true for the coated samples. This passive layer could be the formation of silica film. In acidic conditions, silica is in its
monomeric form and does not usually precipitate out of the solution. However, given ample time and free hydroxyl groups of the
corroded metal, monomeric silica will deposit on the corroded surface of the metal. With the efficiencies alone, it seems that there
is no significant difference from the varying loadings of o MMT in the polymer matrix.

To further investigate this, EIS test was conducted. EIS involves the application of a small sinusoidal perturbation to a sample
under examination and the impedance modulus (z) is recorded as a function of the frequency (f). The analysis of the frequency
behavior of the impedance allows the determination of the corrosion mechanism and the robustness of the coating. To evaluate the
performance of the coating, the impedance of the coating at low frequency is observed. The higher the impedance at the low
frequency region, the more effective the coating. The semi-circle shape of the curves shown in the Nyquist plot (Figure 3a) suggests
that the PBZ coatings are all both capacitive and resistive. The diameter of the semicircle gives the charge-transfer resistance at the
electrode/electrolyte interface from which the double-layer capacitance can be calculated. As seen on the plot, the diameter of
semicircle increases with increasing MMT content, which implies that the charge-transfer resistance increases with the MMT
loading, but only up to an optimum amount, after which it decreases again. For this case, the optimum loading of MMT is at 5%.
The Bode and Nyquist plots shown in Figure 3 support the result of the corrosion rates, with the 5% oMMT having the highest
impedance at the low frequency region. Despite the insignificant difference of the corrosion rate results of the EIS, the plots of
Bode and Nyquist show that there is a significant difference of the impedance values of the varying amount of oMMT in the
polymer nanocomposite. Also evidenced by the results is that there is an optimum loading of oMMT in the nanocomposite. At 7%
oMMT loading, the corrosion protection efficiency decreases. This is due to the possible start of the coating failure, as shown by
the steep decline of the impedance values as compared to the 5% oMMT. This optimum value of oMMT loading is also shown by
other studies on polymer/clay nanocomposite. Studies showed that addition of oMMT does enhance the mechanical properties of
the polymer. However, there is an optimum amount, such that adding more than that could cause agglomeration of the fillers which
in turn could defeat the purpose of adding the nanofillers.
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Figure 3: a) Nyquist plot; and, b) Bode plot of polymer/nanocomposite coated CS steel immersed in simulated geothermal
brine for 7 days.

Figure 4: SEM images of: a) bare carbon steel; b) PCN-R; ¢) PCN-R-5%0MMT before immersion in geothermal brine; d)
bare steel immersed in NaCl; e)bare steel; f) PCN-R; g) PCN-R-5%0MMT immersed in geothermal brine for 7 days;
and, optical images of PCN-R-5%0MMT h) before immersion, and i) after immersion in simulated geothermal brine
for 7 days.

3.7 SEM

Scanning Electron Microscopy (SEM) images were taken to determine the morphology of the coating prior to immersion and to
further verify the integrity of the coatings after 7-day immersion (Figure 4). Though the samples are immersed in simulated
geothermal brine, a carbon steel sample immersed in 0.5 M NaCl is also shown here to illustrate extensive corrosion in geothermal
brine. There is an apparent difference on the morphology of the metal, where there is obvious metal dissolution, but at the same
time a film deposition on the surface. This observation supports the explanation offered beforehand regarding the increase of the
protection efficiency as immersion time is increased. This, however, should further be validated using XPS or EDX to determine if
it is indeed silica that passivates the immersed samples. Before immersion, the PCN-R and PCN-R-5%0MMT coatings are almost
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indistinguishable, having smooth surfaces. But after 7 day immersion, the one with 5%MMT has retained its smooth surface with
no visible sign of damage or corrosion. The PCN coating has shown damage and signs of corrosion. There is also signs of
deposition or presence of corrosion products, which should be verified by XPS or EDX studies. These observations have further
verified the results of the electrochemical tests conducted.

3.8 Effect of Temperature

Since the composite coating is intended to be coated on geothermal components affected by severe corrosion, the integrity of the
composite is evaluated under high temperature condition by electrochemical study. The samples were immersed separately in acidic
geothermal brine in a HT/HP vessel from room temperature up to 300°C for 3 hours.

Table 3: Corrosion rate and protection efficiency of coated samples with varying oMMT at high temperature.

Corrosion Rate (mm/yr) | % Protection Efficiency
uncoated CS 1.83
PCN-R 0.13 93
PCN-R-1% oMMT 0.07 96
PCN-R-3% oMMT 0.02 99
PCN-R-5% oMMT 0.01 100
PCN-R-7% oMMT 0.02 99

Based on the protection efficiency derived from the results of PPS tests, the PCN-R coatings were able to protect the carbon steel,
even at high temperatures (Table 3). The PCN-R with 5% loading has a 100% protection efficiency when compared to an uncoated
carbon steel. However, this value does not ensure that the coating is still intact. To evaluate further, EIS was conducted. Even after
exposure at high temperature, the coating remains intact and was able to provide protection to the metal as manifested by the high
impedance value of the semi-circle in low frequency region shown in Figure 5. The occurrence of another semi-circle on the high
frequency region suggests another passive layer, probably silica. The same trend was observed on the protection efficiency as that
of the samples immersed at room temperature. As the loading of MMT in the composite coating increases, corrosion protection
efficiency also increases, with the 5% MMT as the highest. The optimum value was also observed with the decrease in efficiency of
the 7% MMT. Based on the Bode plot (Figure 6), the nanocomposite coating with 5% oMMT loading still has the best performance
compared to other loadings.
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Figure S: Nyquist plot of samples coated by varying amount of MMT immersed in hot acidic geothermal brine.
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Figure 6: Bode plot of PCN-R coating with varying loading of oMMT immersed in hot acidic geothermal brine.

4. CONCLUSION

In this study, we were able to fabricate a polymer nanocomposite coating of modified with rubber with varying amounts of oMMT.
The enhancement of the mechanical properties of PCN by addition of MMT by its intercalation/exfoliation into the polymer matrix
was supported by XRD, thermogravimetric tests, hardness test, and adhesion tests. Results of electrochemical measurements
showed that the nanocomposite coatings exhibited good anti-corrosion property. PCN alone offered corrosion protection to the
carbon steel in acidic geothermal brine. This is due to the low water absorption capability of PCN which prevents the corrosive
fluid from penetrating the coating. Addition of oMMT further increased the corrosion protection of the nanocomposite coating,
with an optimum loading of 5 % MMT. Addition of more than this amount would lead to agglomeration of nanofillers that would in
turn negatively affect the mechanical properties of the nanocomposite as manifested by the hardness test. However, further tests are
recommended to support the formation of another passive layer which contributed to the increased efficiency at a longer immersion
time. The mechanism of improved corrosion protection by the addition of clay nanoparticles is due to the tortuous path they create,
which delays the diffusion of corrosive species through the coating towards the metal surface (Figure 7).

Corrosive medium

Figure 7: Protection mechanism of clay nanoparticles dispersed in a polymer matrix.
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