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ABSTRACT

Ceramic-filled epoxy, ethylenemethacrylic acid (EMAA)
and ethylene tetrafluoroethylene (ETFE) coatings were
evaluated for corrosion protectionin a biochemical processto
treat geotherma residues. The epoxy was brush applied
whereastheother coatingsweretherma sprayed. Atlascell and
pedl strengthtests were performed in aggressiveenvironments
including hypersaline brine and sulphur oxidizing bacteria
(Thiobacillusferrooxidans). It was found that the polymers
wereresi stantto chemical attack and biodeteriorationat thetest
temperatureof 55°C. Corrosion of mild steel substrates coated
with EMAA and ETFE occurred in Atlas cdl tests that
simulated an uninsulated lined reactor and this resulted in
decreased adhesive strength.  The ceramic-filled epoxy
provided better substrate protection than the EMAA and ETFE.
Insulation of the reactors may improve coating performance
since this would decrease the therma gradient which affects
permeation. The results of the research are also applicableto
low temperature geothermal applications.

Introduction

A biochemical treatment process to detoxify geothermal
brinesand dudgeshas been devel oped & Brookhaven National
Laboratory (Premuzic et al., 1995). The process uses sul phur
oxidizing bacteria to convert toxic metds, including
radionuclides, present in geothermal residues into soluble
species. Theresiduescan then be disposed in an economicand
environmentally acceptable manner. The processaso permits
recovery of commercially valuable productssuch assilicafor
paint fillers and other applications, technical grade KC1 and
precious metals. The untreated residuesare corrosivetowards
ferrousmetalsdue to high chloride content and low pH. The
biochemical treatment processtypically operatesat pH values
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of 1-2 and temperaturesof 50-55°C. Sulphur oxidizing bacteria
pose athreat to ferrous metal s because they oxidize sulphur or
sulphur-bearing compounds to form sulphuric acid. One
species of interest for treatment of geothermal residues,
Thiobecillusferrooxidans, is aso capable of oxidizingferrous
compounds. Therefore, the corrosivity of both the biocatalyst
and residue must betakeninto accountwhenselectingmaterials
for constructionof processing equipment.

Stainless steel (316L) vesselswere availablefor usein a
pilot scaleplant. However, couponsof thismateria underwent
corrosion when exposed to the environmentsof interest and it
was necessary to determinesuitable protectivecoatings(Allan,
1997). Inaddition, coatingsto protect alow cost construction
material,suchasmild steel, for theplannedfull scaleplant were
of interest. The coatingswererequired to be easily applied as
acontinuousfilm to the vessels, resistant to the environments
of concernthroughout thedesignlife, economic, low VOC, not
requiring primingor post curing. Coatingsarea soof valuefor
protectionof ferrousmetalsin other relatively low temperature
geothermal fluids.

Thispaper coverstheresultsfor a brushable ceramic-filled
epoxy andthermal sprayedethylenetetrafluoroethyleng ETFE)
and ethylene methacrylic acid copolymer (EMAA) polymers.
Coated mild steel specimens were exposed to synthetic
hypersalinebrineand Thiobacillugerrooxidans. Theceramic-
filled epoxy was selected on the basisof itspredicted chemical
and abrasion resistance, in addition to ease of application.
Epoxy top coats have been found to provide corrosion
protectionto low carbon steel in geothermal brinestested up to
60°C (Batis, Kouloumbi and K otsakou, 1997).

The process used to thermal spray the polymers involves
introductionof polymer powder into combustiongases where
the polymer melts. The molten particles are then projected
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against a preheated substrate where they solidify to form a
coating. Thisisa100%solidsmethodwhichcanbeusedinthe
field. Successive passes of the torch permit build up of the
coating to the required thickness. Case histories of therma
sprayed EMAA areprovided by L oustaunauand Horton (1994)
and these include rail cars and wastewater clarifiers. EMAA
contains carboxyl groups which enhance adhesion to polar
substrates. Theadhesionof thermal sprayed EMAA todifferent
substrates has been studied by Brogan et al. (1995).

Experimental Procedure

Specimen Preparation

The EMAA copolymer powder was supplied by PFS
Thermoplastic Powder Coatings (PF111). A PFS124 Powder
Pistol withfluidized powder feed was used to apply theEMAA
coatings. The propane and compressed air pressures were 41
and 826 kPa, respectively. The standoff distance used for
coating test panels was 30-40 cm and the traverserate was 10
cmv/sec. The flow rates of the fluidized bed, combustion air,
powder carrier air and propane were 20-25 Vmin, 20 V/min, 50
I/min and 8 Vmin, respectively. After blastingwithaduminagrit
the panels were preheated to 82°C and then sprayed.

The ETFE powder was supplied by DuPont. The powder
wassprayedusing aEutectic+ Castolin Terodyn3000gun with
TecFlow 5102 Powder Feeder. Anair shroud at 241 kPa was
used. Oxygen, acetyleneand nitrogen pressureswere207,103
and 344 kPa, respectively. The standoff distance was 15 cm
and thetraverseratewas 10cdsec. Thegrit blasted substrates
were preheated to 162°C before spraying.

The brushable ceramic-filled epoxy was suppliedby ITW
Devcon (Devcon Brushable Ceramic). Parts A and B were
mixed at the recommended proportion and the coating was
brush-applied to aluminagrit blasted mild steel panels.

Atlas Cell Tests

The chemical resistanceand corrosion protectivenature of
the coatings under simulated service conditions were
determined following the test method described in ASTM C
868 (AtlasCell Test). Inthisexperimental arrangement coated
panels were exposed to immersion and vapour zones, in
addition to a temperature gradient from the externd bare
surfaceto theinternal coated surface. Thisgradient smulated
that which an internally heated reactor vessel would generate
and is of importance since a temperature differential can
accelerate permestion of the coating. This is known as the
“cold wall effect".

Thetest cell basically consisted of ahorizontally-oriented,
open-ended glasscylinder with adiameter of 152 mmtowhich
the coated panel swere clamped on theends. Neoprenegaskets
wereplaced between theglassand panel to provideased. The
glasscylinder had portsfor a thermometer, immersion heater,
air bubbler and reflux condenser. The cylinder wes partially
filled with 1.2 1 of the solution of interest. Partia filling
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permitted study of corrosion protectionin both the liquid and
vapour phases.

The test solutions were synthetic hypersaline geothermal
brine and Thiobacillus ferrooxidans medium. The synthetic
brineconsistedof 58,000 ppm NaCl, 25,000 pprn CaCl,, 15,000
pprn KCl, 1000 pprn FeCl,, 930 pprn MnCl,, 430 pprn SrCl,,
410 pprn LiCl, 370 pprn ZnCl,, 330 pprn H,BO, and 130 pprn
BaCl,. The pH of the brine was 4.15. The brine was aerated
throughout the test.

Thenutrientfor the Thiobacillusferrooxidansbacteriawas
prepared from two parts. Part A consisted of 0.4 g (NH,),SO,,
0.2 gKH,PO,, 0.08 gMgS0,.7H,0 and 400 ml distilled water.
Part B consisted of 22.11 g FeS0O,.7H,0, 1.0 ml 1N H,SO, and
100 ml distilled water. Parts A and B were autoclaved
separately and then combined aseptically. This was then
inoculated with Thiobacillus ferrooxidans. The pH of the
Thiobacillus ferrooxidans medium at the start of the test was
2.28 and decreased to 1.98 throughout the course of the test.
Thetemperatureof the Thiobacillusferrooxidans medium was
maintainedat 55°C. Air was bubbled into the medium. For all
environments the test duration was 12 weeks and the
Thiobacillus ferrooxidans medium was changed every four
weeks.

Mild steel panels, 191 x 191 x 6.3 mm (or 204 x 204 x 6.3
mm), were grit blasted and coated with either Devcon
BrushableCeramic, EMAA or ETFE. Theceramic-filledepoxy
coatings had athicknessof 1072 + 180 pm. The thicknessof
the EMAA coating exposed to brinewas 1782 + 143 pm. The
ETFE coating thicknesswas 463 + 61 pm. The thicknessof
the EMAA coatingsfor the Thiobacillus ferrooxidanstest was
768 £ 106 pm. Control tests were also performed in which
EMAA coated panels of thickness912 @ 163 um and 787 +
106 pm were exposed to digtilled water. The test temperature
was 55°C and the duration was 18 weeks in all cases. The
temperatureof the external bare steel surfacewas43.3-43.9°C.

At the completion of the tests the coated panels were
visuadly examined for signsof deteriorationsuch as blistering,
discolourationand loss of gloss. The residud adhesion was
determined for EMAA coatings by measuring the pedl strength
(ASTM D 3167). The plates were cut into strips25 mmwide
and the orientation was vertical so that the strip traversed the
vapour and immersion-exposedzones. Thegtripscut fromthe
outer edges of the plates were beyond the exposure zone. A
schematicdiagram of the strips cut from the panelsisgivenin
Figurel. Thecoatingswere peel ed back approximately 40 mm
using a razor blade to enable the coating to be gripped. An
Instron tensiletesting machinewas used. The crosshead speed
was 152 mm/min. It was not possible to measure the pee
strength of the ETFE of ceramic-filledepoxy coatingsbecause
the materialswere brittle.

Results

One of the ETFE coated panels tested in brine exhibited
eight blisters5-10 mm in diameter below the liquid level and
three blisters of the same diameter at the liquid/vapour



interface. Where the coating was not exposed (outside the
gasket), adhesion was sound. Corrosion had occurred where
the coating was blistered. Spotty black corrosion products
(probably Fe;0,) existed under the coating in the vapour zone.
The coating was not blistered in these areas, but adhesionwas
decreased. Thecompanion ETFE exposedto thesamesolution
hed one blister 5 mm in diameter below the liquid level and
corrosion in the vapour zone. The black corrosion products
tended to convert to red (Fe,0,) after exposureto air. The
ETFE itself did not undergo any degradation.
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Figure 1. Schematic diagram of peel test specimens cut from Atlas cell
panels.

The control panels of EMAA exposed to distilled water
showed numerousrandomsmall blisters2 - 5 mm in diameter
in the liquid zone. When the coating was peeled, it wasfound
that the blisterscorrespondedto the presenceof black corrosion
products. Corrosion was predominant in the liquid zone,
athough dlight corrosion also occurred in the upper vapour
zone. A 20 mm wide band abovetheliquid level wasdevoid of
corrosion. The corrosion in the upper part of the vapour zone
corresponded with the presence of condensed water on the
coating surfacein thisareaduring thetest. Thefailureduring
the ped tests in the corroded areas was adhesive. The force
required to ped the coating varied with the presence of
corrosion products, and showed a significant decrease where
corrosion was more uniform. In the corroded areas the pedl
strengthwas aslow as 0.8 N/mm. Where the coating was well
bonded the pedl strength was typically around 4.92 to 6.89
N/mm. In these areas plastic deformation of the coatings
occurredduring peeling. Theforce-displacementcurveshowed
aspike corresponding to the uncorroded area abovethe liquid
level.

The EMAA coated panelsexposed to brinedid not exhibit
any visiblesignsof blistering or other deterioration. Peel tests
reveal ed black corrosionproductsbeneaththecoatings. Energy
dispersive X-ray analysis of the corroded substrates did not
detect e ementscontainedin thebrine. Theextent of corrosion
was greater than that observed for the panels exposed to
distilled water. The failure load and mode were dependent on
the presenceof corrosion products. Failurewaspredominantly
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adhesive, althoughlocalizedareasof cohesivefailurewithinthe
polymer aso occurred, particularly where the surface wasfree
fromcorrosion. Mixed adhesive/cohesive failurewas observed
in a5-10 mm band above the liquid level where the extent of
corrosion was less than for other areasin the vapour zone.

Figure 2 depi ctsthe peel |oad versusdi splacementcurvefor
astrip cut from theedge of oneof the EMAA panels outside
the area exposed to brine. The ped force was relatively
constant and the failuremode was adhesive. The average peel
strengthwas4.33 N/mm. Figure 3 showsthe resultsfor astrip
cut through an exposed area. The peel force was low in the
initial regionand thiscorrespondedto thepresenceof corrosion
productsat theinterface. Ped strengthvariedfrom1.97 t06.97
N/mm. Figure4 isanother exampleof low ped forcesin the
corroded exposed area and increased values before and after
this.
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Figure 2. Peel forcedisplacement curve for EMAA outside brine-
exposed area.
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Figure 3. Peel forcedisplacement curve for EMAA exposed to brine.

The ETFE coatingsexposedto Thiobacillus ferrooxidans
exhibited biofouling in the liquid zone and surface staining
from iron salts above the liquid level. The coating material
itself was not degraded by the bacteria. One of the panels



- PRI F

Allan, et al.

displayed a blister 10 mm in diameter in the liquid zone. The
coatings were removed with arazor blade to examinethe stedl
condition. It wasfound that spotsof black corrosion products
had formed a the interface between the steel and coating in
both the liquid and vapour zones. Corroson was more
extensivein the upper hdf of the liquid zone than the lower.
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Figure 4. Peel force-displacementcurve for EMAA exposed to brine.

Biofouling and surface stains were also observed for the
EMAA coatingsexposedto Thiobacillusferrooxidansand the
polymer was not visibly attacked. Pedl testsreveded that the
extent of corrosion on the mild steel substrate was greater than
that for the brine tests and was evident in both the liquid and
vapour zones. However, the EMAA coatings used in the
Thiobacillusferrooxidanstests were thinner, hence the results
arenot directlycomparable. Directly abovetheliquidlevel wes
aband approximately 10 rnrn wide that was completely devoid
of visiblecorrosion. This observationis similar to the panels
exposed to distilled water and brine and corresponds to where
the surface is free from condensed liquid.

Failure during the pedl tests on EMAA panels exposed to
Thiobacillusferrooxidanswas totaly adhesive. The ped load
versus displacement curves showed smilar form to those
obtained from the pandls exposed to brine and distilled water.
The strips cut from outside the test cell had relatively constant
load required to peel the coating. The average ped strengthin
suchregionswas6.64 N/mm. L oad versusdisplacementcurves
obtained fromareaof exposed coating had a bathtubshapewith
higher loads being measured outside the test cell.

The panel scoated with the cerami c-filledepoxy showed no
visiblesigns of deteriorationother than surface staining at the
conclusion of the Atlas cell tests. The coatings were
mechanicallyremovedandthemild steel substrateingpected for
corrosion. Slight corrosion occurred in the upper haf of the
liquidzonefor the panel sexposedto Thiobacillusferrooxidans.
No corrosionwasobserved in the vapour zoneor thelower half
of the liquid zone. The coated panelsexposed to hypersaine
brine underwent very slight corrosion in the liquid zone and
were uncorroded in the vapour zone.
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Discussion

Thelow residual adhesion of ETFE after exposuresuggests
that thiscoating will have insufficient long-termdurability for
protection of mild steel. Performanceof the ETFE coatings
was better in the Thiobacillus ferrooxidans environment.
However, eventual substrate corrosion tends to preclude the
mild stedl-ETFE system from the application of interest.

Corrosion observed on the EMAA-coated panels exposed
to didtilled water in the Atlas cdll tests was attributed to
permegtion of water and oxygen. Carboxylic acid groups,
which are partially responsible for good adhesion of the
coatings, aso attract water. Corrosion protection afforded by
the EMAA coating is primarily by high resistance rather than
completeexclusion of water and oxygen. Corrosionresultedin
adecreasein residua adhesion, particularly in the liquid zone.

Blistering, such as that for the EMAA panels exposed to
distilled water, was not observed for the thicker coatings
exposed to brine. Thelack of penetration by ionic speciesin
the brine as revealed from energy dispersive X-ray studieson
the substratetogether with thefindingsfrom the panel sexposed
to digtilled water suggest that corrosion is primarily associated
with permegtion of water and oxygen. In addition, the
presenceof saltsin the brinewill affect the osmotic pressure.
Substrate corrosion of the EMAA-coated panels exposed to
Thiobacillusferrooxidanssuggests that this system lackslong
term durability at the temperature of interest.

Itispredicted that longevity of 316L stainless steel exposed
to brine and bacteria will be extended by EMAA coatings,
athough further testing is required to confirm this. In
particular, the coatings need to be tested under a thermal
gradient as this influences permeation. Although corrosion of
mild steel occurred with both the ETFE and EMAA coatings,
it should not be neglected that the brine and bacteria test
environments were severe and that corrosion would have been
rapid in the absence of the coatings. One potential means of
improving the performance of the coatings on mild stedl isto
insulate the reactors. This will reduce the temperature
differential and the propensity for blisteringinduced by thecold
wadll effect.

The ceramic-filled epoxy coatingsshowed good corrosion
protective propertiesand appear suitable for the applicationof
interest. Thiscoating may have other potentia applicationsin
low temperaturegeothermal environments. Further testsunder
pilot-scale plant operating conditions are recommended to
determine the effects of other parameters such as thermal
cycling and fluid velocity on the ability of the coating to
provide long-term corrosion protection.

Conclusions

Coatings were investigated for protection of mild steel
substrates in reactors used for biochemical treatment of
geothermal residuesat 55°C. Long term tests under a thermal
gradient revedled that corrosion of mild steel substratescoated
with EMAA or ETFE eventually occurs when exposed to



hypersaline brine or Thiobacillus ferrooxidans. Coating
effectiveness may be improved if the reactors are insulated to
reduce the temperature differential across the coating and
further tests are planned to evaluate this strategy. A more
expensive alternativewould beto use stainless steel reactorsin
conjunction with asuitable coating. Brushable ceramic-filled
epoxy coatings performed well in the testsand are suitable for
more extensive evaluation.
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