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gcothermal installations the in the
difficulties in the of corrosion

o f carbon steel well casings, scaling and due essentially to
the of the fluids In ordcr to optimize anticorrosion

in wells. various corrosion inhibitors were
tested Using techniques (monitnring
circuit potential as a function mcasurcmcnt of rates
from plots, polarisation and
impedance], inhibitors

and compared according to their efficiency in reducing
carbon stccl corrosion rate in a rcal gcothcrmal environment 

1.

"low primarily uscd for the
of' housing units and the production of hot I hc water

of the Dogger aquifer, exploited at the present time around
doublcts in the Paris region i s highly and

dissolvcd gases. hydrogen and
carbon The main

fluids are ranging from 47 to 85 hetween
6 I and total dissolved between 6 and 35 much o f

CI-, from 5 tn to
from to 600 and no oxygen undcr

normal characteristics make it of the inost
fluids for carbon steel (Ellis.

Some havc shown that at high conccntrations the
deposits and activates

carbon stcel their action is such that i t

number of active dissolution centres and activates the 
by discharge of hydrogen (Pound

and High concentrations of in the geothcrmal
environment the mcdium and actively to
corrosion. Indeed. at the and of the fluid, the

in dissolved Corm. produces very soluble corrosion products
such as iron and less soluble and
more such as iron carbonate

since the the latter is not homogeneous,
pitting has been in near carbonate (Ikcda

Morcovcr, the risk of corrosion
pitting and dissolution of protective layers. Various

and mechanisms have heen suggested explain the effcct of
on protective layers of the substrates

and 1984. 1982; and Frankenthal,
The analysis of polished sections by X-ray images of

scale from various depths in gcothcrmal shows that
chloride ion content in these deposits move from the
scale-solution interrace towards the scale-metal interface (Amalhay 

I his confirms the role of in the
activation of corrosion. These deposits have two distinct layers. The

laycr is formed o f iron salts such
of iron carbonate 

and of' iron sulfide in small quantities. 'l'he second, outside.
layer madc up predominantly of' iron sulfide (Amalhay

This iron sulfide i s the must part madc up of
mackinawite. 'l'hc other phases of iron sulfide such as pyrite,

marcasite, and pyrrhotite are all present but in small
proportions I'he scale. because of fact that i ts standard potential
is greater than that of metal, can even an incrcasc in
corrosion kinetics authors Khodes, have
that cathodic sites facilitating the discharge of
hydrogen as indicated above

In order operating conditions of geothermal exploitation 
in Paris region. most o f doublets have been treated by
corrosion inhibitor sincc of the corrosion inhibitors 
currently being ured for treatment of wells
ammonium salts which havc proved their effectiveness in the field

of this study is to
of thcsc products and other molecules or formulas nor yet on
market and to better understand the mechanisms controlling the
inhibition of corrosion of carbon steel i n geothcrmat fluids We also
attempt to the optimal concentration of inhibitor It must
be sufficiently effective at economically concentrations and
there must he nsk under certain conditions of favouring localised
corrosion. Finally. it would of interest to the adsorption-
desorption kinetics of inhibitors in order to long the

remains effective after treatment has 

2. AND MFI'HODS

The study consists in determining. by
the rate carbon steel identical to that of casings in a
real as a function of immersion time and
tensioactive compound concentration. on have

using an aqueous medium which i t is almost
impossible to duplicate in the experiments

stationary and rotating samples in static of a
small so conditions could casily reproduced
shon timcs. l'he temperature in the cells 65

was that of real fluid. Six organic inhibitors 
were tested at concentrations of' 2 5 and 5 products

- Solamine Norusr Aquaprox MIX' 1300.
o f surfactants already uscd for the treatment of wells
or for combatting boiler scaling

Amine, Soluble Amine. Amine are svnthetic
industrial molecules or surfactants naturc of
which secrets These are not
and are still the object of research concerning their effectiveness 
in inhibiting corrosion and growth

The geothermal fluid was collected at the production wellhead and
sent through to measurement cells upstream from
which a flowrate enabled us tu maintain a of
30 The inhibitor directly into
electrochemical cells [one a sample. rhe
rotating sample) means of two clcctric pumps of the

The measurement of rate and the of
inhibitive action nf formulas tested were done with stationary and
transitory electrochemical methods.
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behaviour of the carbon
steel) in the geothermal medium studied with potential
sweep The plotting of cathodic and anodic
curves is in mode a sweep of
0 1 in order to ensure quasi-stationary conditions To
polarisation resistance, the sweep covers 20 around the open
circuit corrosion potential, at the sweep and the
Same direction

Before each polarisation test, the open circuit was
monitored. It enables us to detect the surface becomes noble
by the formation of passive films and helps to determine
conditions, needed any measuring can he
done, The of the resistance, Rp. equal to
the of the slope ofthe current at vicinity
of the gives the corrosion rate. technique is on the
same theoretical hypotheses as the Tafel law but fact that it
applies to low anodic and cathodic, enabled Stern and

(1957) to its mathematical formalism and to linearly
Link the current taken by the metal to the potential imposed and,
consequently. link Rp the corrosion current (I,,,,} according
the following equation.

where and are the anodic and cathodic Tafel 
respectively.

application of the Tafcl a pure transfer regime
will shown below. Knowing the dcnsity of the corrosion current.
the corrosion rate is determined using the Faraday's formula.
effectiveness the inhibitor is determined using the
comosion rate in the prcsence and

We used based on
analysis o f the o f the metal-solution during

application of an external disruption of amplitude
Electrochemical measurements carried out in the
frequency range 1 to 1 I l'hc measurement was dnnc the
open circuit o f with a disruption o f 5 peak for
frequencies higher than 1 with 8 taken per and

peak IO peak for frequencies lower than with 2
integration cycles. The measurement of electrochemical
is done with the other methods, allowing
enough time for the of the samples.

The material studied is an API K55 stcel supplied bv
Valourec Industries (Montbard, France). The average composition 
weight per cent of steel samples is. Mn- 1 08%

Cr- P: casings of
geothermal wells exploiting the Dogger aquifer of the Paris Basin are
made of this material

0.014%

The corrosive environment a natural geothermal fluid corning 
directly from the production wellhead of Melun site.
site was chosen because it also one of the few that
have not yet been treated, and becausc the fluid there
representative the sites to the south of Pans 12 7
surface 6.4; production temperature- 72°C;

4250. 7200,
alkalinity dissolved

mainly The
production flow rate varies over the year (in a

and The p i n t prcssure around
7 bars. Dissolved sulfide content is I 5 mg'l in equivalent.

Depending on the tests to carried of
of working electrodes. either cylindrical (diameter of the haw-
@ 7cm, 31 an rurface area of
2 0 or I33 1 mm).

an exposed surface area (flat and circular)
the experiments the working sandpaper
(320. 600 and grade). with acetone or alcohol and

water in an ultrasonic and then in pulsed warm

air The working can be stationary rotating. Concerning
the last. it is attached turning device RDE
whose rotating speed can be from 9,994 The

are held in place with a metallic rod which is

against corrosion hollow cylinder.

We chose as a a (SUE) At
difference in with a hydrogen

I F V In tests in fluid. the
arc measurcd in relation tu an elcctrodc whose

ptential is to the electrode)
Thcse reference electrodes were to
solutions through a salt the are

with to saturated calomel electrodc and their
unit is given as

In of polarisation. use a
10%) as a electrode

It is made up of a cylindrical 55 in diameter 65 mm
high surrounding working and Some tests

are carried out with a counter electrode built out of the same material
but having the shapc a concave plate (2x4 does not
surround the electrodes but is placed near them

For the electrochemical studics, the cells are two cylindrical
reactors in which the fluid is at pressure.

Conical in cover permit the of
and Eh, measurement prohcs. counter

and working electrodes) and the inhibitor injection system

corrosion techniques out an
PARC Model system he impcdance measurements

using an set up
includes:

- two cells

an PARC (modcl

an I'ARC loch-in amplifier, model

pumps model and
model the injection of corrosion inhibitor

into two cells

a BROOKS regulator

piloting of these and and processing of
data are done with a Personal Computer 

3. RESULTS AND

of dissolvcd oxygen in the medium. the half
redox reactions are oxidation of into ions at
anode and the of H' ions into at the cathode

3.1. Behaviour of the carbon steel at the open circuit potential

.-

the oxidation reaction of iron into ions IS Fe
The potential of oxidation of iron ferrous ion.
assimilating the activity ions to their concentrations

?e-

R is the constant -

is the absolute of the
I is the (F

the concentration of ions solution

At the used in 338
potential of the anodic reaction iron dissolution IS

03357
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Cathodic behaviour 

reduction ions into i s e- I
assimilating activity of ions lo their the

potential reduction of to the cathode I F

given by the following equation

- the
reduction potential of H' ions at the uf
(65°C) is:

This is

-

E,,,, - 4395

l 'hc circuit therefore depends on
and the partial

metal;solution

the concentration is the
defined -

the anodic the ions dissolve and later
when the is reached. 1he controlled the

constants defined the

I I

If I) and obtain the relationship:

, thus

-0.4395 ,

The therefore on the the
pressurc the formed on the surface of
the stccl contains such as which can
influcnce the redox processcs and therefore the potential

3.2. of the carbon during sweep
io the inhibitor

Anodic Anodic curves clearly show
absence domain (Fig 1 ) behaviour is

justified by fact that the K55 steel is a soft steel. for
hoth the stationary electrode and rotating electrode, the anodic

curves show a domain SO compared
to potential. of charge
transfer regime ba, of thc rectilinear
part of the anodic polarisation varies on

rotating It has an averagc value at
0 rpin and at after h and 3 o f
immersion difference can by the fact 

the iron dissolution kinetics more rapid in the case the
rotating and are therefore the
rotating speed

curves do not
any diflusion plateau 1 reduction reaction is thereforc
controlled by the charge transfer and I s not limited the input
matter cathodic bc, of linear of
cathodic line. almost not all as a
electrode rotating speed. has an of200 at
0 rpm and at rpm for similar lime
of 4 h and hours. the high d u e s
compared ba values show that the is the main
control of the corrosion process in the absence of inhibitor

1
1 I
I . . , , ,

I

cuncs for carbon steel with
concentrations of Solamine at rprn

of carbon stccl the first hours
without treatment At the corrosion rate rapidly

an initial value 625 to 0 470 after 3 h of immersion
without treatment. It levels out and at 425 between
6 and 8 h immersion then decreases rapidly 
I5 h of immersion (Fig rprn, after an increase of mmiy
during the first hour ratc
rapidly from to 0.375 between first and fifth

then tu h of
corrosion rate during the first 1 h of

immersion might he due to the formation deposit such
as amorphous irun sulfide relatively structure and low
porosity would contribute to ensure a better protection of the metal.

during tiftcen hours immersion,
circuit potential of hoth relatively stable at -830
and -815 the and rotating samples.
respectively In the case of' rotating electrode, the shift of the

ptential towards noble potentials can be explained
an increase the kinetics of reduction reaction at

the surface of scale the hydrodynamic regime created by
rotating might the formation laycr of

iron sulfide more than in case of a
elcctrode, facilitating the discharge of the hydrogen 
phenomenon could explain the higher rates observed in the
case of rotating during the first of

I .

Fig. 2. ratc function ot the elcctrode speed
dunng the first sixty five hours immersion without trcatment 

Behaviour carbon between lifteen and sixty-five hours 
immersion without At the rate steel
betwccn 22 and h immersion increases 12-fold. evolving very
rapidly to 0.85 The rate o f the

sample alm sharply from 2 to 1 2 betwcen 30
and 70 h of immersion (Fig 2 ) This phenomenon can be explained
by the amorphous iron which causes an
increase in the porosity of the scale and an increase in the
corrosion rate this crystallisation seems to hc kinetically
activated electrode rotating Indeed. moderate
decrease the corrosion rate at rprn after of immersion

is probably due to fact that formed are larger
and more protective This is also corroborated by the that at

rpm the increase in corrosion ratc after 30 h of immersion
progressive and a s i p o f slow crystallisation kinetics. deposition
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ofa great quantity ofamorphous after the high rate
also explain this decrease i n corrosion rate. 

3.3. carbon steel when corrosion
added

Addition 2 after first
t

The inhihitors was a
h treatment with of inhibitor a

phase of treatment This enabled us
action ofthc inhibitors in presence scale and real

conditions in gcothcrmal which been
operating for scvcral years.

Stationary sample

adding the six inhibitors decrease significantly the
corrosion rate. batty Amine and Soluble Amine tor which rhc

is, 87 5 and 92% hours of
treatmcnt and are 79 and

for similar treatmcnt and times Thesc
in corrosion rate hours after beginning of

treatment caused different adsorption kinetics. the most rapid
being Amine and Fatty Amine. and Cyclic
Aininc, on the other hand. have much adsorption kinetics
Their after two hours of treatment and

respectively. Ten hours the of treatment. the
is less marked They are all nearly or

than effective is only 23
a lower than after two hours

treatment

In presence of six the open circuit potential becomes 
more during treatment with 2 5 of This oi-
potential ranges from (for Norust) to l
Amine) after h ofrreatment (Tahlc

The the impedance diagram shows the absence
coating action of the during this first phase of treatment
with inhibitor around h 'Ihe electrochemical
impedance the cffcci inhibitor the

in rate Indeed. in all cases. addition
of inhibitor causcd a decrease the of

and an the of the
diameter i s the resistance identical to that

the at either side
The o f the two mcthods similar. for

Cyclic Amine, the resistance method Kp
218 and at 0 iind h nf
treatment) electrochemical impcdance gives values and
320 for immersion time and conditions

Fig 3 diagram for a as
a and Amine concentration at

Amine and Soluble ba and decrease and
the corrosion current whilc shifting corrosion

towards as mixed Solamine,
which docs nut and a inhibitur,
causing a shift in the corrosion potential towards more noble
(Fig I)The three other inhibitors, which cause a decrease in bc
ba make the potential noble but, Solamine. their

hours because adsorption
kinetics at anodic sites to effect of
Norust at 2 5 less than and docs noi incrcase with

of

Rotating sample

Corrosion run on rotating rpm) ar t
stationary tcsts under the same and immersion

mg'l of added for h immersion
phasc to h

in corrusion rate right from the
start of rate is lowcr than

after two hours for the inhihitors
and the average. inhibiturs are

hours of for which IS

only effective (Tahlc This during hours
after what of

and shows of the hydrodynamic
regime crcatcd the the kinetics
inhibitors

Thus. for Cyclic and Norust. passing 0 to
increases the 4-fold and respectively

in ha ohscrved when from io rpm
that increased of two at is

due to an of adsorption at the anodic srtcs 

aftcr h trcatment IS

had becn after hours and
Aininc in a similar manner. although with a

around i n inhibiting effectiveness 
Aininc, which was after

hours trcatment. with the trcatment. I his not
for which hours ut'

treatment was tts level of inhibition remained 
at around (Table

As sample. the inhibitors make the 
noble, greatest effect being that of

shifts the and nthcr
inhibitors an of increasc in
corrosion potential therefore clearly for the rotating
sainple. caused Inhibitors is

it around for samples.

The impedance obtained for rotating
electrode are similar to of the sample
the values for at rpm arc higher
Therefore, liir Cyclic Arninc,

aftcr almost 4 h of 2 ai
it 320 aftcr 5 h with at

0 This is abovc

In the rotating electrode, all of the
anodic slope and decrease are
mixed inhibitors (anodic and cathodic) which make the metal 
noble Amine. Norust. Soluble Aminc adsorb rapidly

has a low cvcn
time. Amine is or

nil under such conditions of and
Electrochemical impedance measurementsdid reveal

coating action 5 and for around

effect of an additional of inhibitor
initial treatment with 

The of adding 5 of inhibitor studied for around
hours after the end of phase of with 2 5 of

hitor.
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Stationary sample effect of stopping treatment

The evolution of corrosion rate when the quantity increased
from 2 to varied the naturc of

adding 5 increases effectiveness of Norust
4-fold For Amine. Aquaprox and Solamine. the
adding of an 2 5 has no Nevertheless, the
increase the diameter capacitive loop the
diagrams) resulting addition 2 5 attests the
increase in of the inhibitor at this concentration (Fig

While there was no increase in the corrosion rate h aftcr treatment
with 5 mg'l o f Solamine was stopped. hours after trcatmcnt was

effcctivcncss of Solamine only frnm
when treatment This means ihat the

inhibitor had been desorbed With Cyclic 6 h after treatment
was rate was unchangedhut twice great

hours after had Amine docs not
h after of trcatmcnt no variation in corrosion

sample

Increasing ttic inhihitor to increases o f Fatty
Amine and that 5-fold ) I F a

spectacular in the with Solamine and a inorc
modcratc with Soluble Aminc for uhich is
only after of treatment. I t therefore seems that
Aminc has a action on inhibition iron sulfide

for which hare hypothesiscd a crystallisation after 22 h of
immersion at rprn 3 2 ) .

3.1. effect of immersion time on the o f the
inhibitor

We behaviour times
which there was an in the corrosion ratc and
45 hours for rotating sample and and hours for
stationary sample (see paragraph 3 because the
lack of data 35 hours o f immersion without treatment at

rptn we had tu limit our study to the hehaviour at For
Aininc at rpm, noted a in with

after 30 hours of immersion at hours
immersion and compared case without i t
the corrosion ratc from 015 in other words an

o f hours of immersion
is only 7 (Fig 41 Aquaprox. no decrease

after 30 hours inhihitor is
effcctivc while is aftcr 40

No increase in the corrosion is hours
at 0 rprn for and Norust

of Cyclic Arninc passes X I at

immersion times four inhibitors therefore have a
concerning inhibition of crystal growth. O n othcr

hand. Amine shows a decrease frotn
to between and 44 hours immersion

the effectiveness of mg'l in the
of iron and that Cyclic Amine. 
Aquaprox and have a good at 2 in

the presence crystal growth The inhibiting action of
Amine slightly affccted the presence dcposits

Corrosion ratc as a function of Soluble Aminc cnnccntration
and titnc at rptn

i s effcctivcncss of Aminc decreased from
when treatment stopped to hours later proving that 

this inhibitor is almost not the othcr hand. 
end o f trcatmcnt. effcctivcncss i s only or about

of the inhibitor is dernrbed. have no data concerning the
and Norust aftcr the stopping of treatment

Work carricd out sitc cnablcd us to study the of real
fluid and adding of on the

of carbon steel We were able to ensure a fluid temperature.
and during the duration of'the

In the real fluid, as in the partially reconstituted fluid. scale plays
preponderant role in the the corrosion, i t i

of the real tluid. where the of cathodic of the
Tafel lines, shows that the cathodic reaction occur?
on scalc and the of the reactions
Without treatment, large decrease in the rate
which seen during the hours immersion is to
formation amorphous iron which protects
metal
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In the case o f the rotating electrode, it was shown that the
regime thus created h a s a direct influence on the

of scale. Indeed, the rotation o f electrode
ensures a distribution of the iron sulfidc, facilitating the
discharge of the hydrogen. This phenomenon explains higher
corrosion rates observed at rpm during the first hours of
immersion. Amorphous iron sulfide crystallisation was also shown

2 2 and 30 hours of immersion at 1000 and respectively.
For these immersion times, we noted a large rise in the corrosion ratc,
the kinetics of which would be controlled by electrode rotating 

Analyses of scale sampled at periods of immersion
be used to study these phcnoincna.

At rpm, injcction 2 5 inhibitor after a phase of
immersion without treatment to hours showed very
adsorption kinetics Fatty Amine and Amine for which the
inhibition rate was around hours after injcction. While the
cffect o f Ayuaprox, Solamine and Cyclic Amine on dccrcase
the corrosion ratc right from the onset treatment i s less evident.
they arc effective afler hours of treatment. On

other hand, Norust has the adsorption kinetics with a
inhibition ratc which does not increase the lcngth o f

treatment The injection of does noi significantly incrcasc the
of the inhihitors except in the case of Norust for which 

i t increases 4-fold hours of treatmcnt.

The differences seen in action inhibitors on the evolution of
anodic and cathodic slopes between the and rotating
electrode clearly show that behaviour the inhihitor on the
redox reaction kinetics the electrode rotating speed.
As a result, there are large differences in inhibition The
effectiveness of Norust increases 2-fold whcn we pass frum to

for similar treatment and immersion lime On the other
hand, inhibiting action of Solamine, Fatty Amine and Aquaprox is
considerably rcduccd at rpm

At rpin. an increase the immersion time also caused
in the of Soluble injected at

in presence of crystalline iron sulfide scalc On the other hand,
Cyclic Amine, Aquaprox and Norust seem tu
inhibit The effectiveness of Amine is slightly

by presence scalc

stopping revealed similar desorption
Cyclic Amine, Soluble Aminc and Faity

Aininc On the average, 6 hours the end of treatmeni, n u
increasc corrosion rate was observed desorption rate of

Amine seems though bccause the corrosion rate 8 hours
the end the injection IS Identical to what was observed at the

onset of the

inhibiturs tested seem to decrease value ofthe cathodic
Tafel decreasing the cathodic and limiting the
process of reduction and therefore of corrosion. to by
blocking the cathodic sites thus an inhibition of the
of hydrogen at the iron sulfide On the other hand, thcir action the
oxidation is controlled by electrode rotating speed
cffcct ofwhich Seems on the hehaviour of inhibitor
at anodic sites.

The results of the analysis of diagrams concordant
with those of impedance
curves on the Nyquist show that corrosion under these
conditions is controlled by transfer. show
only capacitive loop whose diameter is the samc as the

resistance calculated using techniques. This
ulso shows that the scale formed does not form a physical barrier to
the mass between the solution and metal, capable

global kinetics The coating action the

inhihitors was not observed at concentrations and 5 under
conditions o f immersion time and of treatment of our
experiments.
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