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Abstract: Conventional physical, chemical and
biological treatment processes have been
developed in order to prevent environmental
pollution and to preserve the quality of human
habitats. An attractive alternative for these
processes are offered by the electrochemical
approach  of  pollutant  neutralization.
Electrochemical processing is an elegant and
clean technology because “electrons”, at least
from this point of view, may provide a versatile
reagent for many redox reactions. Therefore,
electrochemical reactor design, incorporating
suitable electrode materials and using controlled

*"Babes-Bolyai” University, Faculty of Chemistry and Chemical
Engineering, Cluj-Napoca, Romania.

reaction engineering, can provide a timely
solution to aveid certain pollutants via clean
synthesis, reagent recvcling, water treatinent or
monitoring of toxic species.

Organic compounds are the main cause of
environment pollution in oil industry. The
electrochemical treatment or destruction of
organic compounds is potentiallyv a powerful
method of pollution contrel, offering a low
temperature alternative to incineration.
Electrochemical processes can determine the
complete destruction of organic species by anode
oxidation to carbon dioxide or cathode reduction
to low or non-pollutant organic compounds. The
electrochemical destruction of pollutants can be
achieved directly through the so called direct
electrolysis in which an electron transfer reaction
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to or from the undesired pollutant occurs at the
surface of an electrode. On the other hand, with
the so called indirect electrolysis, the destruction
of pollutants can be achieved with the use of a
dissolved redox reagent (e.g. H,0,, O, HOC1,Cl,
existing in or being generated from the electrolyte
in order to neutralize the undesired pollutant.
Some performance parameters of environmental
electrochemical processes are also presented.

INTRODUCTION

Environmental pollution has become a
considerable problem due to a rapid increase in the
global industrialisation. In this context, the continuous
rising demand of oil products has brought a rise in
the crude oil extraction and processing. This fact has
determined the appearance of important related
environmental pollution problems.

The extraction leads to crude oil pollution of soil,
natural waters and air in those areas. The crude oil
components that pollute the environment, especially
the soil, are accumulated and inflict negative
consequences upon the flora and the fauna in the
region. The human population also has a lot to suffer.

The main environment pollutants that originate
from the extraction and processing of crude oil are
presented in Table 1. As it can be seen, there is a
great diversity of substances which will determine
specific removal methods. Thus, conventional
physical, chemical and biological treatment processes
have been developed in order to prevent
environmental pollution and to preserve the quality
of the environment.

Table 1. Types of environmental pollutants from oil
industry (after Sadiq!!, Kalabokas®, and Obiajunwa® ).

Organic pollutants Inorganic pollutants

Alkanes Heavy and transitional metals
Aromatic hydrocarbons NO,, 50,

Phenols

Ketones

Halogenated hydrocarbons
Nitrated hydrocarbons
Sulfonated hydrocarbons

Conventional chemical treatment processes are
based on the usage of reagents. The products of
their reaction often pose recycling problems or
even pollution problems on a smaller scale than
the original problem. Biochemical treatment
processes are used very often but in certain
situations, the high toxicity of the waste blocks the

activity of the used biological species. An attractive
alternative to the conventional treatment processes,
which gain more and more interest, is
electrochemical treatment. Electrochemical
methods are of great diversity which can deal with
a large number of pollutants related to the
extraction and processing of crude oil.

This paper is an overview on electrochemical
applications with regard to pollution problems in the
oil industry. Research results obtained in the “Babes-
Bolyai” University, Laboratory of Electrochemical
Researches, Cluj-Napoca (Romania) on the in-situ
electrosynthesis of hydrogen peroxide by cathodic
reduction of dissolved oxygen in alkaline solution are
mentioned.

GENERAL THEORETICAL ASPECTS ON
ENVIRONMENTAL
ELECTROCHEMICAL PROCESSES

Electrolysis for the production of useful chemicals
and materials, energy producing electrochemical
reactions and electrochemical methods for destruction
of toxic or hazardous materials are environmental -
friendly processes.

Electrochemical Technologies (ET) have definite
advantages over the traditionally used physical or
chemical processes. The inherent advantage of ET
is the environmental compatibility, due to the fact that
the main reagent, the electron, is a “clean reagent”.
The removal of pollutant species by oxidation/
reduction processes can be carried out directly in an
electrochemical cell without the addition of redox
chemicals. The high selectivity of many of these
processes helps to prevent the production of unused
by-products, which in some cases have to be treated
as wastes. Other advantages of ET are
(Rajeshwar, Juttner™): versatility (i) — direct or
indirect oxidation and reduction, phase separation,
concentration or dilution, ET can deal with a variety
of pollutants, e.g. gases, liquids, and solids, and can
treat small volumes of microlitres as well as large
volumes of millions of litres; energy efficiency (ii) —
ET generally have lower temperature requirements
than their equivalent non-electrochemical methods
e.g. thermal incineration; processes are easily
monitored and automated via electrical signals (iii)
and cost effectiveness (iv) electrochemical reactor
and peripheral equipment are generally simple and,
if properly designed, also inexpensive.

Considering electrochemical measures regarding
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environment protection, three alternative concepts

must be pointed out:

(1) Electrochemical processes for treating wastes-
this includes all techniques where toxic
compounds are removed from gases, liquids or
even solids;

(i) Process-integrated environmental protection —
these include recycling of valuable material and
substitution of waste-producing processes by
cleaner ET with little or no waste production;

(iii) Electrochemical methods for environment
monitoring, which will not be discussed here.

The main purposes of the environmental
electrochemistry can be illustrated by considering
examples from the following areas:

(a) Metal ion removal and recovery (e.g. Pt, Au,
Ag, Cu, Sn, Zn, Ni, Cd, Hg).

(b) Regeneration of redox reagents (e.g. Cr (VI),
Ce (IV), Ti (I}, Fe (IID) Ag (II)).

(c) Purification of water via disinfection using CL,,
OoCr, H,0,, O,, OH™

(d) Concentration and separation of streams via
membrane processes such as electrodialysis,
electrochemical ion exchange.

(e) Sensing and monitoring of species viaion selective
electrodes, gas sensors, microelectrodes.

(f) Removal of noxious gases, such as H,S, SO ,
NOK.

(g) Degradation and destruction of organic
compounds such as phenols, chlorinated
hydrocarbons, cyanides.

The basic parameters for an elecrochemical process
in the removal of impurities, but generally also for ET,
are the current density, i — current per unit electrode
area, the current efficiency, ¢, and the space-time yield.
The rate of an electrode reaction per unit of time is
given by Faraday’s law of electrolysis:

m= A, [mol 5]
zF

where A is the electrode area, z number of
electrons and F is the Faraday constant. The current
efficiency ¢ represents the ratio between the
theoretical value of the current quantity given by
Faraday’s law and the real current quantity which is
higher than the former due to possible secondary
electrode reactions. The rate per unit reactor volume,
V. is:

| dm _ giA
Ve d zFV, [mol s m™]

which is the space-time yield.

The effectiveness of electrolysis for dilute
solutions is strongly determined by the mass transfer
of the species to be removed, the electrode surface
area and the occurrence of electrode site reactions.

The current density represents the actual rate of
an electrode reaction. Its maximum value, called the
limiting current density, 1, , 1s defined by the following
expression:

L= zFlcmc,

where Kk represents the mass transfer coefficient
and c represents the bulk concentration of the species
reacting at the electrode (the species which needs to
be removed). In order to increase the value of the
limiting current, two alternatives must be considered.
Firstly, the mass transfer must be improved in order
to have a higher value for k . This can be achieved
by setting the electrodes in motion or by increasing
the flow rate of the electrolyte solution. Secondly,
the electrode area must be increased. To
accommodate this, electrodes with a large active
specific area are needed. Different types of
electrodes with a large specific area are employed
nowadays (e.g. porous electrodes, packed-bed
electrodes, moving-bed electrodes). These electrodes
are generally called three-dimensional electrodes and
have a specific area ranging from 10° to 10* m*m?.

ANODIC TREATMENT OF AQUEOUS
EFFLUENTS AND
ORGANIC WASTE

A partial or complete decomposition of pollutants
can be achieved by anodic treatment. The organic
material can be completely decomposed to carbon
dioxide.

The decomposition of waste through anodic
oxidation can be achieved directly on the anode
surface or, indirectly, using appropriate anodically
formed oxidants (e.g. Cl,, hypochlorite, peroxide,
ozone, Fenton’s reagent, Cr%, Ag>).

Direct electrochemical oxidation methods are
industrially of very little or no interest (Janssen'®).
The reasons for this are: (i) the rate of the
electrochemical process is very small, (ii) the available
electrode material is not inert (e.g. Pb corrodes
slowly) and is expensive (e.g. borium-dopped
diamond electrodes are very inert, but expensive).

Using chlorine-based compounds (anodically
generated) as oxidation reagents are not
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recommended due to a high risk of forming chlorinated
organic compounds,

Oxidants like hydrogen peroxide and ozone can
be used in open-end circuits because an excess of
these compounds can be easily destroyed. These
oxidants can be produced either on-site in special
electrochemical cells (see below) or directly in the
process liquids.

In order to obtain high efficiencies in the indirect
oxidation process there are a few important
requirements (Rajeshwar [4]). The potential at which
the intermediate species is produced must be far from
the value of oxygen generation. Next, the generation
rate of the intermediate species must be large. Also,
the reaction rate of the intermediate species with the
pollutant must be higher than the rate of any
competing reactions. Finally, the adsorption of the
pollutant (or any other species) must be minimized.

Many anodic O-transfer processes occur with
considerable overvoltage in the potential region for
the anodic production of oxygen. The rate of the O-
transfer process has been maximized without
excessive oxygen evolution through the development
of a doped metal oxide electrode material (e.g. Bi(V)
doped - Pb0O,).

Fenton’s reagent, Cr®, Ag® and other such
oxidants must be used in closed liquid circuits of the
process in order to prevent metal losses.

Fenton’s reagent is produced by the simultaneous
cathodic reduction of Fe* and O, and subsequent
reaction to the hydroxide radicals (Scott!)
Saracoo!®):

O, + 2H* + 2 = H,0,

Fe** + e = Fe?* o

Fe** + H,0, = Fe’* + HO + HO*
Fe™ + HO = Fe** + HO*

This species are very efficient in the oxidation of
polycyclic aromatics. tarry and oily wastes,
chlorinated aromatics and so on.

For a total oxidation only redox couples with high
oxidation potential are suitable (e.g. Co*/ Co™ +1.82
V / NHE and especially Ag* / Ag* +1.98 V/ NHE).
Ag* is generated at the anode from Ag* in an aqueous
nitric solution using an electrochemical cell divided
by a membrane.

Phenols are considered one of the primary
pollutant components in waste water due to their high
toxicity (the limit for phenol concentration in water is
0.05 mg dm™ and lower concentration limits are in
discussion (Comninellis °!)), high oxygen demand

(theoretically, 2.4 mg O, mg"' phenol) and low
biodegradability (Bahadir ).

Petrochemical refineries are one of the main
sources of phenol pollution. In the past years,
numerous treatment technologies have been proposed
for phenol removal from wastewater (e.g.
Comninellis'™), Bahadir'™y. Thus, under suitable
circumstances and in concentrations above 2-4 g/L,
phenols can be economically recovered from waste
waters (Canizares!''). Below these concentrations,
phenol destruction is always the best method for
treating phenolic wastes. Among the existing
processes, photochemical degradation, chemical
oxidation, wet oxidation and electrochemical direct
or indirect oxidations are of interest.

The direct anodic oxidation is characterised by a
low reaction rate or low current efficiency. Phenol is
well known for its ability to foul electrodes and the
tarry deposit forming on electrodes during phenol
oxidation is attributed to phenol polymerization
products (Zareie ''*'), Due to these circumstances,
the indirect electrochemical oxidation, using redox
couples with high oxidation potential, is the more
preferable path.

CATHODIC TREATMENT OF
AQUEOUS EFFLUENTS AND
ORGANIC WASTE

The most important application of cathodic
treatment is the removal of toxic metal ions from
waste-water and organic waste. There is a
considerable number of papers and some reviews in
the literature referring to this topic (Rajeshwar M,
Juttner ¥, Janssen '), Also, most of the industrial
applications are of this particular nature.

The recovery of metals from aqueous effluents
by electrodeposition depends on the ion
concentrations in the wastewater. If metal ion
concentrations in the feed-solution are in the range
of 1-3 g/dm? then two-dimensional cathodes should
be used in order to achieve concentration levels
of 0.1 — 0.5 g/dm? at the outlet (Scott "), Thus,
the removal of a metal ion from a process stream
to a pre-determined concentration enables the
recycling of either solution or metal to be
processed. If concentration levels of 0.001 g/dm’
in the effluent are required, in order to process a
feed solution with concentrations levels of 0.1 g/
dm® of metal ions, three-dimensional electrodes are
preferably used.
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Our research was focused on the Cu removal
from waste water and Cr* regeneration (Tlea [ 14]),

The electrochemical reactor can operate
continuously or in a batch mode and can produce
either compact metal for re-use, powdered or flake
metal, or concentrates for recycling.

Chlorinated organic compounds comprise another
important category of substances that are amenable
to cathodic reduction (Rajeshwar ", Sequeira "7,
Scott "l | Rajeshwar "), These compounds can be
reduced in acidic or basic solutions by a replacement
mechanism to yield the less toxic aromatic parent
compounds plus chloride ions.

Hydrogen peroxide can also be electrosynthesised
by cathodic reduction ol oxygen and used for the
removal of low concentrations of organics. Also,
hydrogen peroxide is a much more attractive mediator
since the reactant can be oxygen from the air and
any excess hydrogen peroxide eventually decomposes
only to oxygen and water, therefore leaving no residual
chemicals in the environment (Alvares-Gallegos '),
However, in order to electrogenerate hydrogen
peroxide directly in the wastewater, it is necessary to
reduce the oxygen to hydrogen peroxide under quite
different conditions in comparison with those used in
commercial manufacturing processes.

The synthesize of hydrogen peroxide by partial
reduction of oxygen has been carried out in alkaline
media (Tlea """, Rosca ). The main advantage
of this electrosynthesis is the low energy consumption
because the reaction:

O, +H,0+2 o HO; + HO
(Kinoshita ')

£’ =-0.065V

can be conducted at low cathodic polarisation.

The hydrogen peroxide electrosynthesis (HPE)
was studied using classic linear voltammetry and wall-
jet ring disk electrode techniques. The specific
parameters of HPE were determined. Thus, the
quasi-reversible character of the process, the average
number of electrons transferred in the
electroreduction of oxygen at carbonaceus materials
electrodes, the current efficiency of HPE and the
heterogeneous rate constani were established.

CONCLUSIONS

Electrochemical technologies can and will
contribute to environment protection by means of
waste purification processes. Some of these methods

have been presented and briefly discussed here.
Methods like the recovery of metals from aqueous
effluents by electrodeposition are already frequently
used, while other electrochemical techniques (e.g.
direct and indirect anodic incineration of pollutants)
are in competition with classic procedures.

Electrochemical methods can deal with a large
number of pollutants related to the extraction and
processing of crude oil. The possibility of using these
methods on a large scale in the near future is related
to the availability of some effective electrode
materials. It is also related to the fact that through
electrochemical technologies the recovered
substance may have a significant resale value or it
might be internally recovered in the process.
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Abstract: Nitrate salts are relatively cheap, easy
to handle and environmentally friendly. They have
historically been used to control sulphate-
reducing bacteria (SRB) problems in the municipal
waste-water industry and are now becoming
widely used in oil field systems. Nitrate acts via
numerous mechanisms, which are discussed, to
reduce the population of SRB in a system. SRB
are responsible for microbiologically influenced
corrosion (MIC) and souring of reservoirs by the
sulphide by-product, which they excrete. Evidence
is presented to show that nitrate can reduce
corrosion and souring by SRB in the laboratory
and also in the field. In addition, nitrate can also
stimulate useful bacteria, which can prevent the
return of SRB and also improve residual oil
recovery from reservoirs.

# 0il Plus Ltd, United Kingdom.

INTRODUCTION

Oilfield microorganisms have been shown to
originate in the subsurface and to enter wells, along
with substrates that may enhance their growth, upon
water injection for secondary oil recovery. Sulphate
in the injected water, e.g. seawater, provides the
electron acceptor to allow growth on the organic
nutrients present in formation water (Bass and
Lappin-Scott M). In many oilfields this gives rise to a
dominant population of sulphate-reducing bacteria
(SRB). SRB are responsible for problems such as
souring (contamination) of crude oil with sulphide,
a respiratory by-product (Ligthelm et al. ?; Sunde
et al. ™). In addition, SRB can enhance corrosion of
pipelines and process equipment while biofilm growth
can block porous rock near to injection well bores
(Jack and Westlake ™).

The oil industry has traditionally responded to
microbial problems with chemical biocide treatments.
However, biocides may persist in marine
environments (Martinez et al. 1), are often
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ineffective (Boivin, ), and SRB have been shown
to develop resistance to some biocides (Lui ef al!™).
The use of nitrate to alter the ecology of a sour oil
field system was proposed by Jenneman ef al. '*l. In
the laboratory 22 mg/l nitrate ion addition was
insufficient to reduce sulphide production but was able
to maintain sulphide inhibition afier previous treatment
with 44 mg/l (Reinsel et al. ™).

Nitrate and nitrite have been shown to reduce
sulphide levels and SRB numbers in field trials at
concentrations of less than 300 mg/l (Sturman and
Winters "'y and recent field experience in the
North Sea has shown that nitrate at much lower
concentrations is also successful. The various
potential mechanisms, by which nitrate can act,
are presented here. The advantages and
disadvantages of using nitrate when compared to
dosing conventional biocides are discussed, and
some case histories from recent field use are also
presented. Finally, advice on using nitrate in oil
field situations is given.

HOW NITRATE WORKS

There are several mechanisms by which nitrate
or nitrite may remediate souring and these are
discussed below. However, it is first necessary to
briefly discuss the relevant bacterial metabolic
reactions in order to understand the principle of nitrate
treatment. Essentially, anaerobic bacteria reduce
compounds such as nitrate, nitrite or sulphate in the
same way that animals respire oxygen. In combination
with this, bacteria must also oxidise a suitable carbon
source as food.

Sulphate reduction: Carbon source + SO,* =CO, +
H,S + Energy

Carried out by sulphate-reducing
bacteria (SRB)

Carbon source + NO,;” —CO, +
NO, + Energy

Carried out by nitrate-reducing
bacteria (NRB)

Carbon source + NO,” —CO, +
N, + Energy - )
Carried out by denitrifying
bacteria (DNB)

(NB: Importantly, nitrate reduction and
denitrification produce more energy than sulphate
reduction).

The possible mechanisms by which nitrate may
control souring are:

Nitrate reduction:

Denitrification:

Bacterial Competition:

Sulphide formation by SRB is prevented by NRB/
DNB out-competing the SRB for the available carbon
nutrients. They can out-compete the SRB because
more energy is produced by respiring nitrate and so
NRB/DNB will grow and reproduce faster than the
SRB. This is often the major mechanism behind
souring control with nitrate, hence use of nitrate may
be described as a bio-competitive exclusion process.

Biological Oxidation:

Perhaps a secondary mechanism in most cases,
the activity of nitrate-reducing, sulphide-oxidising
bacteria (NRSO0B) causes sulphide removal and
sulphate production. The exact mechanism is unknown
but potentially:

HﬂS + NO - —>N01' (or N’) + SOJl‘ (or elemental S)
Inhibition of SRB:

NRB inhibit SRB activity by production of nitrite,
which is biocidal and increases the redox potential of
the system away from the optimum redox for SRB
activity. It has also been suggested that nitrite may
scavenge sulphide to a degree.

NRB + NO@- —{possibly via NO / N,0) =NO -
(or NH,") ’ )

Change of Electron Acceptor:

Some SRB are able to switch electron acceptor
and may use nitrate in preference to sulphate if it is
readily available. Hence they act as NRB, generating
by-products such as nitrite and ammonium instead of
sulphide.

It is likely that in the environment a combination
of all the above factors leads to effective treatment
of souring by nitrate application.

Hence, given the variety of possible mechanisms
it is important to define the optimum NO-,
concentration for any given situation. ‘

WHY USE NITRATE ?
Advantages

The advantages of nitrate treatment over
conventional biocides are numerous. Firstly, and most
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importantly, nitrate offers a realistic option to treat a
reservoir (biocides are more successful when used
on topside equipment). Nitrate does prevent sulphide
generation by bacteria but does not depend on killing
SRB to be effective. This can be considered an
advantage as biocide strategies rarely give a 100%
kill of nuisance bacteria. Therefore, some bacteria
will always be available to grow and divide to be a
source of contamination to other areas of a system.

Nitrate is a cheaper chemical per litre than most
biocides. Table | gives approximate comparative costs
to some popular types of biocide. However, dosing
may be roughly equivalent when overall costs are
considered (see disadvantages below).

Table 1. Approximate costs of anti-microbial chemicals.
Price per year based on dosing a 200,000 BWPD water
injection system.

Pric/litre | Dose regime Price/ year
(USH) (hypothetical) (USS)
Nitrate 0.25 60 continuous 575,000

(50% Ca (NO,),
THPS 4 500 for Th 2xLweek [ 500,000
(50% solution)
Glutaraldehyde 2.3 300 for 1h 2x/fweek | 345,000
(50% solution)

(* does not include transport/manpower).
(Dose regimes in mg/l nitrate ion or mg/l biocide product).

Nitrate is considerably less toxic than any biocides
or H,S scavengers in use. It is therefore, by definition,
safer to handle and more environmentally friendly. It
i1s classified as posing little or no risk to the environment
(PLONOR) although there are some environmental
effects, discussed below. By comparison
glutaraldehyde and THPS are in HOCNS category
C which means discharges in excess of 15 tonnes/
platform/year have to be notified to the authorities
(in the UK).

Disadvantages

Despite the cheaper cost per litre, dosing nitrate
is often carried out continuously. It is therefore more
expensive overall because large volumes are needed
to maintain the desired bacterial population. Higher
transport costs also result, which can be a major factor
when considering an offshore application. Further
additional costs are related o increased manpower
for dosing and monitoring.

Nitrate does not kill bacteria, and while this can
be an advantage as discussed above it can also be

considered a disadvantage depending on the situation.
In some cases biomass of any kind is undesirable. A
beneficial population of NRB may prevent sulphide
generation but this biomass may risk formation
damage in some cases. Nitrate is also a nutrient
source for all types of bacteria and in a situation where
it was previously limiting to growth its addition may
stimulate damaging growth by bacterial types other
than NRB.

Due to the complexities of nitrate dosing, to subtly
alter the bacterial population, specialist advice is often
required and more intensive monitoring needed. The
results from such monitoring again may require
interpretation by specialists.

Finally, proper control trials in operating oilfields
are usually not possible and so results, which may
take some time to show, can be difficult to prove. Yet
such proof is often demanded at an early stage in
order to continue trials and field dosing.

CASE HISTORIES FROM THE
LABORATORY AND THE FIELD

Corrosion Control

Statoil has successfully used nitrate on the
Veselfrikk field in the North Sea. From the onset of
seawater injection in 1994 through to 1997, an increase
in SRB and corrosion rates was measured. Nitrate
was then applied, resulting in corrosion rates one third
as great as pre-treatment rates. This was
accompanied by the overall quantity of sessile bacterial
biomass remaining constant. The theory behind the
successful corrosion control by nitrate centres around
disruption of the iron sulphide : mild steel galvanic
corrosion cell which commonly forms when SRB
biofilm creates and entrains iron sulphide.

Souring Control

A successful trial performed by Maersk Oil in the
Skjold Field varied the concentration of nitrate, when
applied as NaNO, from 87 — 270 mg/1 nitrate ion
(Larsen'™). However, these treatments required
continuous addition of chemical and so for offshore
applications logistics and related costs tend to limit
the maximum applicable dose concentration.
However, recently nitrate injection has been
performed from day one on a new field development,
which has so far resulted in delaying the onset of
predicted souring. In this case dosing was performed
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at a considerably lower rate, some 60 mg/l nitrate ion
{Larsen!''!).

By contrast to these successful treatments Shell
performed an unsuccessful field trial on North
Cormorant where dosing at a maximum of 34 mg/l
nitrate ion did not result in any detectable decrease in
H.S. The trial was not ideal however and the dose
rate was as low as 17 mg/l nitrate ion during some
periods (Frigo'').

Microbially Enhanced Oil Recovery (MEOR)

Non-deaerated seawater, nitrate and phosphate
are currently being injected to Statoil’s Norne field,
which has apparently resulted in around 6% additional
oil reserves (30 million barrels) being produced over
the last year. This process also involves the injection
of a special consortium of bacteria known to produce
surfactants, These surfactants are produced in situ
at the oil : water interface and are said to be many
times more efficient than injection of chemical
surfactant. Qil Plus and the UK DTI are planning
joint industry research projects to investigate this
potentially lucrative process.

HOW TO USE NITRATE SUCCESSFULLY
Pre-Trial Assessment

Before any decision to use nitrate in the field, a
pre-trial assessment must be completed. Nitrate is
not suitable for every situation and the applicability
of any particular strategy must be assessed. Nitrate
can be applied from day one of water injection (refer
to the above section) and in many cases this may be
the best time to begin treatment if the souring potential
for a new development is high. In addition, the
appropriate dose concentration should be determined
to add maximum value at minimum cost. There is no
recommended dose for all situations, it varies
depending on carbon source availability in the
reservoir among other things. Some simple field-
testing can often help give an accurate assessment
and provide a baseline from which to begin treatment.
Recommended dose rates should be determined using
a combination of field experience and laboratory
studies. A simple example laboratory study shows how
there is a distinet cut-off in efficiency of nitrate under
certain conditions; in this case 62 mg/l is effective.
(Fig. 1) - Please note that the carbon source for these
tests was specific to a given situation and these
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Fig. 1. Sulphide generation by SRB with different
concentrations of nitrate (mg/l nitrate ion). Note: required nitrate
concentrations vary widely depending on situation/ water/ carbon
sources eic.

concentrations can vary dramatically for different
fields.) Depending on the prevalent mechanisms in a
particular field, a different concentration of nitrate
may be needed. In addition, any nitrate treatment
should be designed to complement existing anti-
microbial measures, and the appropriate dosing point
should be selected.

Field Trial

Comprehensive monitoring must be carried out,
prior to and during a field trial. This is essential to
evaluate the nitrate treatment in the field. Specialist
advice will be needed and should be sought in order
to ensure that the potential benefits of nitrate injection
are realised. Monitoring should include tests for nitrate,
nitrite and sulphide, as well as nitrate-reducing
bacteria and nitrate-reducing, sulphide-oxidizing
bacteria. In addition, molecular tools can be used to
detect successful nitrate treatment: certain species
of nitrate-utilizing bacteria have been associated with
successful nitrate treatment. At this stage it is also
crucial to optimize the nitrate dose rate.

Full Field Use

A monitoring system needs to be established to
assess the long-term efficacy of any treatment. This
routine testing should be set-up by a specialist
consulting team, during the field trial, so that any
necessary training and equipment can be handed over
for correct continued monitoring by on-site staff.
Periodic assessment of the data should then be made,
perhaps with expert advice, to ensure that nitrate
dosing is optimized, saving on unnecessary
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expenditure, and that the nitrate treatment continues
to have the desired effect. Comparison of nitrate use,
versus biocide and H,S scavenger expenditure can
also be made to determine the benefit of using nitrate.

[4]
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Fluid Selection Using Formation Damage Laboratory Testing - Key Parameters,
Pitfalls and Potential
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Abstract. Formation Damage laboratory testing
is routinely performed to select optimum drilling,
completion and other fluids prior to their
deployment in wells. Major decisions which
impact the productivity or injectivity of wells and
fields are often based on laboratory tests. This
paper aims to resolve some of the arguments and
diversity in the procedures for laboratory
formation damage tests and present clear
evidence to support opinions expressed on the
merits of particular tests,

This paper describes in detail some of the
procedures which need to be considered when

* Formation Damage Group, Corex UK Ltd. Scotland.

conducting or ordering formation damage
laboratory tests. From core preparation through
to simulation of production, the differences
between test methods are discussed and the
authors express clear opinions on what they
consider as the best approach.

Some of the biggest pitfalls which are
encountered when designing laboratory rests are
explained and guidelines are presented, backed
by clear evidence which point towards particular
methods and away from others.

The latest advances in test design and test result
interpretation are presented. The current and
potential use of laboratory data is discussed and
the authors present their opinions on likely future
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advances and the direction of future research in
this critical area.

The paper concludes that laboratory formation
damage testing is worthwhile but it must be
carefully planned and designed. The various test
methodologies must be carefully considered in
order for the results to predict or reflect real well
and reservoir performance.

INTRODUCTION

Over the past 18 years various laboratory projects
have been designed and conducted by the authors to
improve well productivity and injectivity by
understanding and mitigating formation damage. One
of the most important factors in design of laboratory
testing for formation damage is to decide if the test
objective is to compare fluids procedures or to attempt
to simulate real well behavior or both. The majority
of formation damage testing referred to in this paper
should be viewed as a combination of simulation and
comparative testing. Another critical factor in testing
is that all tests are conducted at reservoir conditions
in suitable equipment. All reservoir conditions wetted
parts must be composed of corrosion resistant
materials such as Hastelloy and Teflon. Testing in
inferior quality equipment will be prone to artifacts
and will generate erroneous results,

Samples for testing must be carefully selected and
prepared in order to obtain results that are relevant
for the reservoir under investigation. Laboratory
testing, if performed carefully and with due
consideration to sample selection and test design, can
accurately measure potential reduction in permeability.
In order to use this information and enhance
productivity it is often necessary to determine the
precise cause or causes of Formation Damage.
Identifying damage and interpreting the results of
advanced core flood tests usually requires a
combination of engineering and geological skills.
Geological techniques such as Scanning Electron
Microscopy (SEM) and Thin Sectien analysis can
be used to identify solid damaging mechanisms such
as solids invasion, residual mud cakes, precipitates,
fines migration or bacterial growth. Cryogenic SEM
involves preparing part of the sample after the flood
test down to liquid nitrogen temperature and analysis
of this frozen specimen. This technique allows the
identification of fluid damaging mechanisms such as
wettability alteration, water blocks and micro-
emulsion formation. By combining engineering and

geological skills, it is not only possible to examine
and simulate Formation Damage problems but
diagnose those problems and help to prescribe the
best treatment or the least damaging procedure.

One of the most important influences on Formation
Damage is the geology of the reservoir. In order to
apply the data produced from a laboratory test, it is
essential to understand the relevance of the rock
material tested. Samples for laboratory testing must
be selected to represent the major production or
injection intervals. If there are significant differences
in permeability or clay type, for example, these
differences must be adequately represented in the
material for testing. All available geological and
relevant production data should be used in order to
select the most suitable core material. Samples
preserved with reservoir fluids in the pore space are
preferred but old, dried out core may be restored to
very close to the reservoir conditions using careful
handling techniques. Special cleaning and drying
procedures should be employed to ensure that
samples selected are prepared without altering
delicate structures in the pore space. The laboratory
tests are designed to incorporate all pressure changes
in the near wellbore area. For example, if the well
under investigation is to be returned to production by
gradually decreasing the pressure in the wellbore
(drawdown), then this-step should be incorporated
in the laboratory test.

As technological advances are made and
environmental concerns increase, new challenges
confront those involved in dealing with Formation
Damage problems. New environmentally friendly
drilling fluids may not be particularly reservoir
friendly, and need to be carefully selected for each
application. Extended reach drilling can often lead
to increased Formation Damage problems that can
be expensive or impossible to remove. High
temperature reservoirs may be damaged by
breakdown of normal fluids under the intense
conditions. H,S production from microbial activity
may cause pro_blems that need to be minimized with
environmentally friendly solutions. New sand
control completion techniques should be thoroughly
assessed for their impact on productivity. Old or
marginal fields may benefit enormously from a
reassessment of historical Formation Damage that
can now be avoided. The list goes on but the key
to resolving all of these problems is thorough
laboratory simulation combined with full sample
evaluation to identify problems and solutions.

Laboratory testing cannot recover all of these
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losses caused by Formation Damage but it can go a
long way towards recovering significant amounts. By
definition, properly constructed tests increase our
understanding of the performance of each reservoir
and can make a real difference to production, injection
and profit.

Previous papers have suggested at the relative
values obtained from one laboratory to another for
the same tests can vary significantly!™2. This paper
aims to dispel some of the misconceptions which
surround laboratory testing and stimulate discussion
and thought about the design, implementation and use
of future laboratory tests. Based on collective
authors’ experience of more than 1,500 reservoir
specific laboratory core flood tests some of the key
parameters will be discussed and a recommended
approach will be outlined. Potential pitfalls and errors
during testing, some alluded to in previous publications
will be presented and discussed. Evidence of the
effects of corrosion in poor quality equipment, damage
to samples prior to testing and the induced damage
that can be measured due to poor laboratory
procedures will be presented for the first time.

The case for particular laboratory test procedures
will be made with the objective of increasing the
reliability and relevance of laboratory formation
damage testing. With an elevation of standards and
thorough interpretation, laboratory testing can
increasingly be used to predict and optimize well
performance.

Finally the way forward for laboratory testing and
the potential improved use of results obtained will be
explored.

KEY PARAMETERS AND PITFALLS

The tests should be viewed as laboratory
simulations. The criteria for test selection are
therefore dependent on the well or field information
to be simulated. Some of the basic categories are as
follows:

Sample Selection

It 1s critical to select appropriate samples for all
reservoir specific formation damage testing. In the
tests, the objective is to simulate a reservoir or a well.
If there are several different lithologies or rock types
which contribute to production or will take injection,
then all of these variations must be represented. If
there are significant variations in permeability or

lithology then additional samples will be required to
represent the reservoir. Of course, the number of
samples selected is a financial as well as scientific
choice. Each additional lithelogy will increase the
number of tests required and the cost of any project.
Core samples from the well being studied or from
adjacent or equivalent wells must be selected, the
first selection criteria is that the core samples are
representative. Then, the samples must be “in a good
condition”. In a good condition means that it is
possible to obtain core plug samples which are
representative of the key lithologies. Preserved
samples have the advantage that the core is complete
and it is therefore possible to take more or longer
plug samples. Preserved samples may also have the
advantage that the pore fluids are still in place and
they do not require cleaning and restoration.
Experience has shown us that many preserved
samples have desaturated to some extent and so must
be cleaned and restored. As illustrated in Figure 1,
some preserved samples are contaminated with
bacteria and should not be used. Normally, many plug
samples are taken and prepared for testing. Sub-
selection of samples is then performed to ensure that
duplicates are used for the flood tests.

Fig. I. Microbial contamination of preserved sample. A rock
chip from a preserved sample which has been immersed in
solvent. A stream of biopolymer can be seen eluting from the
pore space. This sample was ruled unsuitable for formation
damage testing due to bacterial contamination.

Core Preparation

Computer Axial Tomography (CAT) Scanning of
the whole core samples is performed in order to
determine correct orientation and selection of plugging
sites for duplicate core plug samples. Samples are
usually taken parallel to principal flow direction in
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reservoir i.e. horizontal core plugs cut parallel to
bedding. Either 1.5 or 1 inch diameter samples are
used and length is limited to approximately 2 inches
due to constraints of ultracentrifuge. Core plug
samples should be cut using an inert mineral oil as bit
lubricant to avoid damage.

Cleaning and Drying

The majority of reservoir rock samples available
for testing are either poorly preserved or not
preserved. To proceed for testing, they need to be
cleaned of residual solids and fluids. There are many
different methods for cleaning samples and the
selection of the optimum method can have a profound
effect on all results obtained from subsequent tests.

One popular method for cleaning is to flow fluids
or combinations of fluids through the plug samples in
a core holder. Amongst the potential problems with
this method are: potential for fines migration to occur
prior to the real laboratory testing; poor cleaning
efficiency-inefficient sweep of all pores; difficulty in
achieving required saturation with subsequent fluids.

Hot soxhlet solvent extraction can also be used
to rapidly clean samples. This technique is now largely
discredited due to severe alteration to delicate
minerals which can occur. The photographs presented
in Figures 2 and 3 are adequate evidence to condemn
this technique where important decisions are made
on the basis of the core flood testing.

We believe that the best methods for cleaning of
samples are cold static cleaning and warm constant
immersion cleaning. Cold static cleaning is normally
prohibitively time consuming but warm constant
immersion achieves good results in reasonable time

Fig. 2. Sample preparation - successful. The SEM photograph
shows a pore in a sandstone reservoir filled with delicate illite
fibres. Continuous immersion soxhlet cleaning and careful drying
has preserved delicate structures maintaining the sample in a
suitable state for core flood testing.

Fig. 3. Sample preparation — failed. As a contrast of figure 2,
this sample from an identical continuous rock sample shows
severe destruction of natural illite clay. The aggressive cleaning
and drying used has destroyed the delicate illite fibres and
rendered the sample unsuitable for core flood testing.

Samples are dried by low temperature oven drying
to retain the intrinsic structures within the pore space.

Preparation to Fluid Saturation

For oil or gas leg simulation, the sample is saturated
100% to the formation water (pH adjusted), then
prepared to irreducible formation water saturation
using production phase (to eliminate relative
permeability effects). Normally, this preparation to
irreducible is achieved using an ultracentrifuge. There
are three options-1 Ultracentrifuge, 2 dynamic
(flooding), 3 porous plate. Ultracentrifuge rapidly
achieves an irreducible saturation which is repeatable
and consistent. Drawbacks such as variable saturation
profile are outweighed by the benefits of this method
and so it is the preferred technique for suitable core.

Dynamic flooding is the best option for samples
which cannot withstand the physical forces of the
ultracentrifuge. The technique suffers from
incomplete sweep and from the fact that the flowing
phases can induce fine migration. The porous plate
is reliable and produces a consistent saturation profile
but in most cases it is prohibitively slow and there
can be contact material artifacts introduced to the
plug sample.

Test tluids

It is the properties of reservoir fluids in the near
wellbore that dictate the test fluids. For production
wells, gas and oil are the most common test fluids.
Convention is to use inert humidified nitrogen gas to
represent producing gas phase. The majority of
damage mechanisms are not dependent on the use
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of live gas in the tests. For oil wells, convention is to
use dead crude oil to represent producing oil phase.
Tests with live crude oil can be conducted but are
generally considered to be prohibitively expensive.
Experience with dead crude oil has led to the
development of special laboratory procedures which
are important to observe in order to avoid artifacts.
The oil must be completely dewatered and must be
maintained at all times above the wax appearance
temperature. The oil must be filtered al reservoir
conditions to very fine specifications to avoid
introducing particles to the test. If insufficient crude
oil is available (approximately five liters for each test)
or if the crude oil is unstable (e.g. due to asphaltene
deposition), inert mineral oil of similar viscosity to
the crude oil can be substituted.

The appropriate fluid phase should be used for
any simulation. Oil should not be used to represent
gas as the relative clean-up of any damage with oil
and gas may differ.

Flow Direction

The direction of flow of fluids through a core plug
sample during testing should reflect real wellbore flow
directions at all times. Terms such as “forward,
reverse, inlet, outlet, upstream and downstream”
should not be used during formation damage
simulations for production or injection wells. These
can lead to confusion in test procedures and
interpretation. For example, during simulation of
drilling a water injection well, the permeability we
are most interested in is from the well to the reservoir
with injection water. This could be described as
forward flow, upstream to downstream or inlet to
outlet. If the well is back flowed prior to injection
then flow is from outlet to inlet in the reverse direction
and downstream to upstream! A more sensible
approach is to allocate a formation and wellbore end
to the plug sample and describe any flow in terms of
formation to wellbore (production) or wellbore to
formation (injection). This nomenclature has stood
the test of time and more than 1,500 tests and avoids
ambiguity in flow direction.

In-situ Permeability Measurement

It is essential that all testing can be conducted in
the same apparatus. Needless offloading of plug
samples and transferring to other equipment set-ups
should be avoided. Permeability measurements should
be made in-situ at reservoir conditions if possible,

Measurements made at room conditions can be
subject to artifacts and produce misleading results.

Base Permeability

Base permeability must be established in order to
have a value with which to compare any after test or
final permeability. The base permeability must not
cause any damage in itself and so must be measured
with least possible disturbance to the rock matrix.
Some procedures advocate measurement of base
permeability at a series of increasing rates or
differential pressures across the sample. In theory,
this yields a calculated permeability which is
independent of the actual rate used. This is potentially
damaging to the sample, as fines migration can be
induced as the rate is increased. The value of all
subsequent testing can be lost if damage is induced.
The multiple rate or pressure measurement suggests
that rates above the minimum are employed and we
believe that for “return permeability” base
permeability measurement this is wrong. Instead, we
advocate, as outlined in SPE 38154, that for each
lithology, rock type or permeability range, a base non-
damaging flow rate below the critical velocity, (the
tflow rate which causes the onset of fines migration)
for the appropriate fluid is established and
permeability determined. The lowest possible rate at
which meaningful data can be generated is the safest.
Clearly, this rate will differ from one rock type to another.
In the absence of information on critical velocity, the
lowest possible rate should be used. After the simulation
part of the test, return permeability is measured and
provided that this measurement is made at equivalent
rate or pressure to the base permeability then the data
is comparable. If fines migration has occurred during
drawdown or any other part of the simulation then this
is a real effect and the result is valid.

Corrosion Free Hastelloy Equipment

In order to properly evaluate potential Formation
Damage, it is important to incorporate all reservoirs
and introduced fluids. It is essential to eliminate
artifacts such as corrosion from the test as this may
lead to erroneous results, conclusions and
recommendations. Traditional stainless steel testing
apparatus will corrode in the presence of reservoir
fluids, not to mention aggressive clean up or
stimulation fluids at reservoir conditions. Equipment
which is contacted by fluids at reservoir conditions
should be composed entirely of corrosion resistant
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materials such as Hastelloy and Teflon. This
eliminates any possibility of corrosion interfering with
the test results.

Completion Type Planned or Options

If the completion strategy has been selected prior
to the core flood tests, the design of the core flood
tests must include consideration of the completion.
Alternatively, core flood tests can be used to help
select the optimum completion design, hardware and
fluids. Normally, two sets of tests are conducted for
drilling/completion operations. The first is used to
screen drilling fluid options regardless of the
completion fluids and hardware and the second is
used to test the entire sequence from drilling through
completion to production or injection.

Drilling Fluid Options

Laboratory core flood tests are often used by
operating companies to help with the selection of
drilling and completion fluids and hardware service
providers. It is important to test any options available
and to compare like with like. Fluids provided by
different vendors should be designed for field use
(not just laboratory test fluids) and should meet any
operational requirements such as rheology, cost erc.
Fluid properties should be fully understood in order
to avoid anomalous results which can be obtained
due to poor handling and preparation procedures ",

Completion Hardware

In wells where completion hardware is deployed,
this hardware must also be considered in laboratory
tests. The well must be produced or injected through
the composite of reservoir rock, residual mud and
completion hardware in to the open well annulus. This
composite must be reflected in at least some of the

Table 1. Impact of clean-up on return permeability testing.

laboratory testing. A drilling mud may exhibit good
clean-up properties when fluid alone is considered,
however following gravel packing for example, the
same mud or mud body may cause significant
impairment and damage. The tests conducted in the
laboratory must include the option to insert the
completion hardware at the appropriate time in the
well operations sequence.

Clean-up Options

Some tests may be conducted on the drilling fluids
alone or on completion fluids alone, however, any
clean-up options should be incorporated into at least
some of the testing. The data presented in Table 1 is
extracted from a technical paper on the Neptune
development and illustrates this point clearly. Without
clean-up fluids, the drilling and completion options
generated significant damage. Laboratory testing
showed that with appropriate clean-up fluids this
damage could be significantly reduced. Test 1 shows
a reduction of over 99% in permeability when no
clean-up was employed. Test 2 shows a decrease of
35.6% in permeability at an equivalent peint in the
test when full clean-up was designed and
implemented.

It is important that the clean-up fluids, and indeed
any other fluid sequences, reflect real operations. Two
distinct cases exist. The first is a sequence clean-up
where clean-up fluids follow immediately any other
introduced wellbore fluids (drilling, completion fluids).
The well is then produced or injected. The second
case is a remedial clean-up where the well is
produced (or injected) prior to clean-up fluids
application.

Although the fluids may be similar for the two
different operation, the results in the field and the
laboratory can be different. It is therefore essential
to reflect the real operational sequence of events in
the laboratory tests.

TEST Fluids applied Gravel Change in Change in permeability Change in
pack] permeability after after gravel pack and permeability after spin
fluid application mud remaoved down in
and drawdown ultracentrifuge
| Base mud only 16.30 998% -99.3% 66.1%
2 Base Mud brine, 16.30 356% 103% 204%
Enzyme treatment
acid treatment




Fluid Selection Using Formation Damage Lahoratory Testing 19

Likely Exposure Time of Formation to Any
Introduced Fluids

Many ftield developments plans are optimized by
batch drilling or batch completion of wells prior to
production or injection. This process often includes
long term exposure of the reservoir to introduced fluids
at overbalance or balance. Introduced fluids may
degrade or alter with time at reservoir conditions of
temperature and pressure. Chemical or biological
alteration of fluids and any changes in reservoir
damage or sensitivity should be examined with long
term exposure tests. Tests of increasing duration are
conducted to reflect long term exposure and establish
any trends in formation damage with time. Typically
tests of 7, 14 and 28 days are conducted. The
proposed suspension fluid or fluids should be tested.

Fluid Application

All introduced fluids such as drilling fluids and
completion fluids should be applied to the wellbore
face of the sample by flowing across the face at
appropriate overbalance or under balance pressure
and at an appropriate rate.

Drawdown

It is generally agreed that one of the key
parameters in well performance and in laboratory
return permeability is the progression of the well onto
production (or injection). In the laboratory, two distinct
methods which aim to simulate this process have
been developed®. These are rate controlled and
pressure controlled drawdown, The debate within the
industry over which is the best to use will no doubt
continue, we believe the answer lies in the degree to
which an attempt to simulate real wellbore conditions
is being made. If the testing limits its ambition to
comparing the behaviour of different fluids or
procedures in a laboratory test then rate controlled
drawdown is acceptable. If however, we are a little
bit more ambitious and are attempting to simulate
real well conditions and the initial productivity or
injectivity of a well, then pressure control seems to
be the better method.

Rate Controlled Drawdown
After the fluid application in a coreflood test,

return permeability must be measured. In order to
measure a permeability comparable to the base

permeability, the sample is flooded with oil, water or
gas at a constant rate and pressure build-up is
measured. Eventually, stable pressure is recorded,
the test has reached it’s end point and permeability is
measured. Some authors have attributed various
classifications to the pressure profiles generated and
have described mud-off, lift-off and other data
generated'®. Some tests attempt to apply a rate or
flux which is equivalent to real rates anticipated per
unit area of wellbore. This method fails scientific
scrutiny in a number of ways.

It is undeniable that a mud, mud cake or mud body
which lifted or popped off the formation in large
chunks would satisfy many of our well clean-up
requirements. In fact, the pressure build-up and drop
often described as lift-off or pop-off has many other
sources including relative permeability, pump back
pressure and release of filtrate. It is rare for a mud
cake or mud body to lift or pop off in a laboratory
test, or more importantly, in a real well.

The differential pressure profile measured across
the core in flood tests by rate controlled drawdown
is strongly rate dependent. A high rate will tend to
produce an immediate pressure spike and then a
surge as fluids break through. This process can cause
rates and pressures which exceed those ever likely
in the well. At a lower rate, pumped fluid will tend to
percolate through the sample/mud body and without
rate increase, it is unlikely that a representative
saturation profile will be achieved.

When the rate is calculated for a well, it is
impossible to predict the rate for each lithology. The
rate will be controlled by damage which is, after all
what we are trying to predict with the test!

Pressure Controlled Drawdown

In real well, the well is produced or injected by
changing the well bore pressure and allowing flow
to occur. This is precisely what the pressure
controlled drawdown or injection test achieves, A
pressure or range of pressures are selected to
reflect real drawdown pressures in the well. The
formation end of the sample is maintained with a
large reservoir of fluid supplied at reservoir pore
pressure. By dropping the pressure in the wellbore
annulus of the core holder set-up, flow can be
initiated through the sample if the rock and the
damage allow. Normally, the rate of flow increases
with time until a plateau is reached, at which point
permeability to production phase can be measured.
The method is much more representative of well
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bore clean-up than the rate controlled method
described above. It is the permeability of the rock
and the extent of damage that determines flow-
rate or production rate. One area of ambiguity
however, is the selection of drawdown pressure
or pressures. The maximum drawdown pressure
once the well production will be dissipated for a
great depth in to the reservoir. The length of any
core plug is limited, often to about 5 cm. Once the
well is flowing, only a small proportion of the
drawdown pressure will be lost in the near
wellbore unless there is a region of damage. At
the onset of production, the majority of the pressure
is likely to be taken by the very near well bore.
Slowly, as the well begins to flow, the actual
pressure in the near well bore area will decrease
and the rate will increase. To reflect the initial
period, it seems sensible to select a pressure close
to the full initial drawdown to represent the
pressure drop which helps to initiate flow and
clean-up damage. This will give “best case” for
clean-up and “worst case” for rate sensitive
effects such as fines migration. Maximum
drawdown pressure must never be exceeded.

INTERPRETATION

Some of the laboratory analytical procedures
which can be undertaken in order to determine which
mechanisms have taken place during core flood
testing and their relative contribution to damage is as
follows:

Pre and Post - Test Sample Evaluation

Each core plug sample at the end of the flood test
is fractured lengthways into two halves, one of which
is immediately cryogenically frozen under liquid
nitrogen and the other half cleaned and dried by non-
damaging techniques.

Untreated SEM/EDS Analysis

The trim of the core plug sample is cleaned and
dried by non-damaging techniques to represent the
initial state of the rock prior to the flood test, i.e.
untreated SEM/EDS samples. This is used to
determine the natural cements and clay mineralogy
before analysis for comparison purposes with final
dry treated samples. An example of untreated SEM
analysis is presented in Figure 4.

formation damage testing. The rock grains, cements, clays and
pore system can be seen and compared with the “treated’ or
after test samples.

Untreated Cryogenic SEM Analysis

Another off cut sample, prepared to the same
initial fluid saturation profile as the respective plug,
before the flood test is cryogenically frozen in liquid
nitrogen and prepared and run on a cryogenic SEM.
Cryogenic SEM analyses can determine the original
oil/gas/formation water fluid distributions and
morphologies for comparison with final treated
cryogenic samples.

Untreated Thin Section Analysis

Thin section analysis of an untreated core plug
trim to determine by point count analysis the mineral
percentages present prior to any flood test analysis
being performed.

Treated SEM Analysis

The cleaned and dried half of the core plug after
the flood test is further split into wellbore and
formation plug fragments. These two fragments are
prepared such that the fractured surfaces are
orientated perpendicular to the plug end faces. The
wellbore end plug fragment can be used to check for
the depth of Drilling Mud Solids invasion (see Figure
5) and together with the formation end plug fragment
can be used to identify any possible fines migration
and/or scale precipitates.

Treated Cryogenic SEM Analysis

The cryogenically frozen half of the core plug
after the flood test is further split into wellbore and
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Fig. 5. Treated SEM. When comparing with the untreated
sample shown in figure 4, damage mechanisms can be seen.
This example shows drilling mud solids on the well bore end
face towards the centre of the view.

formation plug fragments. These two fragments are
prepared such that the fractured surfaces analysed
are orientated perpendicular to the plug end faces.
The wellbore end plug fragment can be used to check
for the depth of Drilling Mud Solids/filtrate invasion

and together with the formation end plug fragment is
used to identify any possible soluble salt precipitation,
micro-emulsion formation, fluid retention (see Figure
6) and any other immiscible [luid features.

Treated Thin Section Analysis

A longitudinal slice through the core plug sample
is prepared for thin section analysis. This allows major
scale precipitates, drilling mud solids invasion (see
Figure 7) and fines migration to be observed.
Dissolution of natural cements can also be observed,

POTENTIAL FOR USE OF
LABORATORY TESTING

Most formation damage laboratory data is used
for comparative purposes — Mud A versus Mud B
etc. however, the majority of tests do attempt to reflect
real well bore conditions and it should be possible to

Fig. 6. Treated Cryogenic SEM. The two photographs show different levels of filtrate retention within the sample. On the left is the
wellbore end / where [iltrate has been retained during a core [lood test, lining pores and reducing permeability. On the right the /
formation end of the sample appears free of filtrate and no retention is visible.

Fig. 7. Treated Thin Section. Two views of the sample sample region. The plane polarized light view on the left shows mud solids or
remnant mud filter cake occluding pores at the well bore end face of the sample (towards the top right of view). A cross polarized light
view on the right shows the distinctive birefringence of the calcium carbonate mud solids.
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use the data to predict well performance. In theory,
if all points in the well are represented and the
quantity, depth and mechanisms of damage are
understood, then accurate well performance
prediction can be made. To achieve this objective

would require analysis of test design and selection of

tests to truly represent the entire wellbore. For long
horizontal wells, consideration would need to be given
to pressure variations along the length of the well.
Overbalance will be higher and drawdown pressure
higher at the heel compared to the toe. Points around
the radial axis of the well should also be considered,
Mud body buildup, clean-up and sand control can be
different at different points in the wellbore. This
variability is illustrated in Figure 8 and should be
considered when laboratory tests to predict inflow
performance are being designed.

Most testing is geared towards future
developments of wells. Proper formation damage
testing can also be used to study wells which have
been drilled, completed, produced or injected. From
a detailed laboratory analysis, damage mechanisms
can be identified and quantified. This enables lessons
to be learned and remedial treatments to be
developed. In addition, old exploration well test results
can be calibrated for damage based on laboratory
tests and more accurate development planning can
result. Many oil companies have realised that the best
way to increase hydrocarbon reserves is not by
exploration of new or untested acreage but by
reassessment of current producing fields. Evaluation
of Formation Damage problems can immediately
increase recoverable reserves today and in the future,
and quality testing designed to recreate the reservoir
in the laboratory is a low cost solution to maximise
production.

Fig. 8. Horizontal well bore schematic. Schematic diagram
tllustrating thicker mud body at base of horizontal. Screen sits
towards the base of well and gravel fills void space. The diagram
illustrates the difficulty in simulating the entire well
circumference with a single linear core flood test.

CONCLUSIONS

Formation Damage laboratory tests, though simple
in principle and design, are highly sensitive to the
techniques and procedures employed. Careful
attention to sample selection, preparation and test
execution are required in order to generate data which
is representative of real formation damage or
stimulation mechanisms.

Through implementation of the procedures
outlined in this paper, it is possible to simulate most
formation damage mechanisms at reservoir
conditions of temperature and pressure. Alternative
procedures may be viable but those presented here
give the least opportunity for anomalous results. Poor
testing procedures or compromise for reasons of cost
or time can lead to decisions based on incorrect
results. Some of the choices and decisions made
based on laboratory testing can have a significant
impact on well productivity.

It is, therefore, worth the extra effort to undertake
accurate tests rather than relying on tests which do
not adequately simulate damage mechanisms.
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The Methodology for Selection of Corrosion
Inhibitors for Oil and Gas Applications
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Abstract: This paper reviews the laboratory and
field approach in selecting corrosion inhibitors
for oil and gas applications. The methods
commonly employed within the laboratory
environment are discussed with particular
emphasis on the benefits and information each
technique delivers. Field assessment and
monitoring techniques are detailed with examples
given on the existing methods applicability and
their limitations. The electrochemical testing
techniques used are compared as well as key
system aspects, which influence the corrosion
inhibitor selection.

INTRODUCTION

The oil and gas industry uses corrosion inhibitors
extensively for the control of corrosion to extend
component lifetime as well as improving production.
These products are commonly deployed in main oil
export lines, subsea tiebacks and wet gas production.

# Clariant Qil Services, Scotland.

The treatments are usually delivered by pumping into
the system continuously or as a batch treatment
depending on conditions, with a typical dose rate of
between 10-50 ppm based on total fluids. In the
selection process, a number of test procedures must
be followed before the inhibitor can be considered.
This is of critical importance, as any omission or
oversight in the inhibitor design can result in
significant production loss from, for xample,
incompatibility incompatibility of chemicals/ fluids,
emulsion problems and any foaming tendency!!l.
The formation and produced water generated in
offshore operations can vary greatly between fields
and as such has a significant effect on the corrosion
rate of the pipelines. As a result, corrosion inhibitors
require evaluation under conditions which simulate
the field conditions as closely as possible. The water
chemistry is therefore one of the first parameters to
consider when selecting a suitable inhibitor.
Electrochemical techniques are commonly employed
for evaluating corrosion inhibitors with Linear
Polarisation Resistance (LPR), the most widely used
method for rapid screening™. Several variations exist
on this method, which allows the effects of flow,
temperature and pressure to be investigated.
Consideration also has to be given to the persistency



26 lan George Winning and Derek McNaughtan

of the inhibitor. In wet gas production, the shear
stresses can be relatively high creating difficulty in
forming a stable film of inhibitor and accelerating its
removal due to the flow regime and solids that may
be in the line.

The ratio of water to crude, condensate or gas is
of particular importance as this has a significant
effect on whether the inhibitor recommended is water
or oil soluble product and whether a continuous or
batch treatment should be used”. The partitioning
behaviour of a corrosion inhibitor between the various
phases is also very important as inhibitors are
normally applied on a total fluids basis and therefore
need to partition into the water phase from the
hydrocarbon phase to be effective. The geographical
location of the production facility can play an
important factor on chemical selection. Different
environmental policies and restrictions can limit the
options available when considering a corrosion
inhibitor for deployment.

The effect corrosion inhibitors have on other
production areas and chemicals in the system must
also be considered. The addition of corrosion
inhibitors to a hydrocarbon production system can
create foaming problems particularly in turbulent
conditions. In operations where low seabed
temperatures are experienced, the surface-active
nature of corrosion inhibitors means that they can
have a negative impact on the dehydration
performance of a process system, preventing
chemicals added to control hydrate formation from
functioning. Similarly, the stability of the inhibitor over
the temperatures encountered is important as any
instability could lead to precipitates and eventual
blocking of the pipelines. Elastomers, used in seals,
gaskets and umbilicals, can be affected by solvents
causing deformation and an increase in volume or
weight adversely affecting their performance.

This paper aims to identify the key inhibitor
specifications and methods required to identify a
corrosion inhibitor through the development of a
corrosion inhibitor for a typical field application. The
testing discussed in this paper details one specific
application, but the methodology applied is applicable
to all product development. The field monitoring
options are also reviewed to identify the most suitable
method for evaluating the inhibitor in the field. The
main criteria for the product were as follows:

o Effective inhibition under the conditions.

e Compatibility with methanol.

e Low foaming characteristics.

e Compatibility with produced fluids.

¢ Compatibility with elastomers.
e High shear flow inhibition stability.

COMPATIBILITY

As part of the corrosion inhibitor design,
consideration and testing is necessary for all relevant
compatibility issues. These include testing for
emulsion tendency, thermal stability, viscosity, foaming
tendency, elastomer compatibility, compatibility of
produced fluids and chemical compatibility with other
production chemicals. Industry standards exist for
most testing, NACE and ASTM, with operators
generally setting their own protocols specific to the
system in question. The methods can vary and some
are more stringent than others depending on the region
in question. For this application, standard test methods
were employed which represented the normal
practice for North Sea applications.

Water Chemistry

The brine used in this study was typical of that
found in the North Sea. The composition of the brine
is shown in Table 1. Sulphate and bicarbonate were
replaced with NaCl to avoid any scaling interfering
with corrosion measurements.

Table 1. Ionic compositions used to prepare synthetic
brine.

Ion concentration (mg/1)
Sodium 10,450
Potassium 364
Calcium 444
Magnesium 585
Barium I5
Strontium 20
Iron 12
Chloride 18,719
Sulphate 1,700
Bi-carbonate 200

Foam Tests

To evaluate the foaming tendency of the selected
products, a 100 ml sample of synthetic brine was
placed in a 500 ml measuring cylinder and dosed with
100 ppm inhibitor. The brine was sparged with CO,
at a constant flow rate of 200 cm¥/min at room
temperature with a sintered glass bulb used to
maximise the foaming effect!l. After 5 minutes
sparging, the gas flow was stopped and the foam
height and consistency observed. The time taken for
the foam to collapse was then recorded.
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Emulsion Tests

50 : 50 ratios of synthetic brine and standard
North Sea crude were added to a graduated torpedo
tube to assess the emulsion tendency with each
product®l. The inhibitors were dosed at 100 ppm
under a total fluids basis and the two-phase mixture
heated and held at the test temperature in a water
bath for the duration of the experiments. The phases
were then mixed by agitation. The colour and clarity
of the interface between the hydrocarbon and brine
phases were recorded at intervals of 30 seconds up
to a maximum of 10 minutes.

Thermal Stability and Viscosity

A cooling bath was utilised to establish the stability
of the selected products at —10°C. Each product was
placed in the water bath and after 24 hours exposure
removed for visual inspection. The viscosity of each
product was measured at 4°C and 20°C using a
Brookfield viscometer!®!,

Elastomer Compatibility

Nylon 11 cylindrical coupons were immersed in
each product at 115°C for a period of 21 days in
accordance with ASTM D471-98 and any change in
volume during that time was measured!”!.

Chemical Compatibility

The compatibility of products was assessed by
addition to methanol and the appearance of the
solution was monitored to identify any
incompatibilities. The inhibitors were dosed at rates
of 0.1 %, 1%, 20 %, 50 % and 80 % on a total fluids
basis.

CORROSION PERFORMANCE TESTS

Corrosion Modelling

Modelling of the field conditions was assessed
before any experimental work was conducted. This
was achieved by commercial software packages.
This allowed the appropriate test programme to be
determined by consideration of the operating
minimum and maximum temperatures, partial
pressure, gas ratios, water chemistry, production rates
and pipe sizes to build a model of the system to be

inhibited. Further information including pH, viscosity,
cost and application method was then considered to
assist in designing the test protocols.

Corrosion Bubble Tests

The bubble test is a CO, sparged beaker test used
in the initial stages of an inhibitor selection
programme.

The bubble test can employ a number of
electrochemical techniques including Linear
Polarisation Resistance (L.P.R.), Electrochemical
Impedance  Spectroscopy (E.I.S.) and
Potentiodynamic polarization scans to assess the
corrosion rate of the system. This allows rapid
screening to be undertaken and identification of
inhibitors that are unsuitable/incompatible with the
system conditions. The effect of inhibitor
concentration on performance is studied along with
the time to reach maximum inhibition (adsorption
kinetics) allowing the most effective candidate to be
identified. Typically, bubble tests are run for 24 hours
with the initial 2 hours used to establish a baseline
corrosion rate for the system.

Oilfield corrosion inhibitors can take considerable
time to reach maximum inhibition and an extended
test period is required to determine the maximum
efficiency of the inhibitor and the persistency of the
film forming inhibitor. This is of particular importance
in batch treatment where it may be some considerable
period before the inhibitor is reapplied. The standard
LPR bubble test was used to evaluate the film
persistency and tenacity of the products to form an
inhibiting film"®. 1-3 hour pre-corrosion time was
utilised to determine the baseline corrosion rate. The
inhibitor was injected at 20 ppm and the resulting
corrosion rate measured. The tests were conducted
at 90°C and sparged continuously with CO,.

Condensate from a North Sea field was also used
to assess the partitioning efficiency of the inhibitor
from the oil to water phase. This was conducted under
differing oil to water ratios to reflect the field
conditions. Other chemical additives, such as
demulsifiers, scale inhibitors and hydrates, can be
included to the test regime to allow assessment of
their effects on the inhibitors performance.
Partitioning tests were conducted at 80:20 and 20:80
brine/hydrocarbon ratios The partitioning efficiency
assists in the determination of an accurate estimate
of injection rate to ensure full protection in areas of
water drop out or wetting. The inhibitor partitioning
is based on corrosion performance rather than on an
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analytical approach, although the later can also be
performed. This is because the value of corrosion
rate can be obtained indicating inhibitor efficiency
rather than a measure of inhibitor concentration in
the water which can often lead to unreliable estimates
of required dosing rates.

RCE Test Method

The Rotating Cylinder Electrode test, RCE, is a
standard way of performing high shear corrosion
tests. For the RCE, the flow pattern changes from
laminar to turbulent at high rpm speeds. The RCE
enables relatively high shear stresses to be obtained
in a simple cell similar to those used in bubble tests.
The rotating cylinder electrode introduces turbulent
flow at all but the lowest rotation speeds. With typical
maximum rotation speeds of the order of 10,000 rpm,
it is possible to produce shear stresses as high as 70
Pa. The RCE method is commonly employed for
evaluating inhibitors in wet gas systems where high
shear velocities can be expected to exist. The RCE
was used to investigate the influence of flow on the
inhibitors performance®, with a rotational speed of
8000 rpm, equivalent to 52 Pa, applied. The test was
sparged with CO, and the brine held at 80°C. 20
ppm of inhibitor was injected once a 1-2 hour pre-
corrosion rate had been established.

Autoclave Test Method

For situations which demand inhibitor testing at
high temperatures and pressures, greater an
autoclave is used. Weight loss coupons are used to
investigate general corrosion of carbon steel and
stainless steel in the presence of O,, CO, and H,S.
This method is also used for long term testing of the
efficiency of corrosion inhibitors and allows tests at
high temperature and pressure. The effects of other
products, such as scale inhibitors, can be evaluated
to assess change in the corrosion rate.

This apparatus allows pressures up to 200 bara
and 150°C to be used in testing. Inhibitor addition
can be made during a test without loss of pressure or
temperature allowing a baseline corrosion rate to be
established before inhibitor addition. This testing at
higher pressure results in high partial pressures of
carbon dioxide in solution, thus a more severe
corrosion condition. A stirring facility in the autoclave
enables a shear force to be applied to both weight
loss coupons and electrochemical measurement
electrodes. However, because of the unknown effect

of the rotation of the stirring paddle on the velocity
of the fluid, it is not possible to accurately quantify
the wall shear stress for any given rate of stirring.
This test is also able to demonstrate the ability of the
inhibitor to withstand long exposure to high
temperatures.

In this test the brine was pre-sparged with 100%
CO, gas before being transferred to the autoclave
and dosed with inhibitor. Coupons were cleaned with
a non-abrasive cleaning liquid, rinsed with xylene and
acetone, allowed to dry, weighed, and mounted on a
rotating wheel inside the autoclave. At the end of the
test, the coupons were removed, cleaned, weighed,
and the corrosion rate calculated from the weight
loss and original surface area. The testing was
conducted over 48 hours at 115°C with inhibitor added
at 20 and 50 ppm.

Jet Impingement

For applications where the shear stress in the
system exceeds that which can be achieved by the
RCE method, jet impingement testing is conducted.
This method involves firing high velocity fluids through
a jet to a target containing the electrodes. A series of
pumps circulates the system brine through a heater
which raises the brine to the field temperature before
firing the brine as a fine jet onto the target. The target
is fitted into a pressurised vessel which can be
continuously sparged with CO, and/or H,S. Inhibitors
can then be assessed to determine their éfficiency at
extremely high shear stress. This method also allows
higher temperatures and pressures to be considered
when developing a corrosion inhibitor, Different
electrode assemblies can be employed to establish
the effects of orientation on inhibitor efficiency to
simulate bends.

This technique commonly employs the LPR
method for calculating corrosion and as such is not
suitable in oil/brine testing. In this particular
application, the shear stresses in the system were
insufficient to warrant this type of testing and were
therefore not conducted.

Weld Testing

Preferential weld corrosion testing can be
conducted under both CO, and H,S conditions. The
equipment used for this testing allows the weld, heat
affected zone and parent alloy to be monitored for
corrosion and preferential corrosion individually. The
test methods employed include LPR, galvanic current
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measurements, potential measurements and EIS in
low salinity brines. The evaluation of inhibitors is
assessed after a pre-corrosion time varying from a
few hours to several days. The test method is based
on the bubble test but with far more sophisticated
hardware allowing greater latitude in evaluating
corrosion inhibitors. The products tested in this study
were not designed for weld inhibition and therefore
were not tested under this method.

RESULTS
Compatibility with Methanol
The results of compatibility tests with methanol

are shown in Table 2. Products A, D, H, I J and N
were found to be compatible with methanol at all

Table 2. Compatibility test with methanol.
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levels. Products B and C were stable up to 50% with
methanol but at higher concentrations clear droplets
were observed to form. Product L was found to form
droplets at greater concentrations than 0.1% and at
higher concentrations phase separation was noted.
Product M was unstable with greater than 1%
corrosion inhibitor with a milky appearance observed.

Foaming Tests

The results of the foam tests are shown in Table
3. Products D, I and M were found to produce no
foaming tendency. Products A, B, C, H, K, and L
were found to cause an unstable flaky foam which
dissipated with time, however, the height of the
foam varied for each product. Product J and
product N failed the test as a stable creamy foam
was produced.

Inhibitor MeOH/CI | MeOH/CI | MeOH/CI MeOH/CI MeOH/CI
99.9:0.1 99.1 80:20 50:50 20:80

Product A ok ok ok ok ok

Product B ok ok ok Clear, droplets Clear, droplets

Product C ok ok ok Clear, droplets Clear, droplets

Product D ok ok ok ok ok

Product E Eliminated as inhibition was poor

Product F Eliminated as inhibition was poor

Product G Eliminated as inhibition was poor

Product H ok ok ok ok ok

Product I ok ok ok ok ok

Product J ok ok ok ok ok

Product K Eliminated as inhibition was poor

Product L ok droplets Phase sep milky milky

Product M ok ok milky milky milky

Product N ok ok ok ok ok

Table 3. Foaming tendency.

Inhibitor | Foaming Initial foam height Time to collapse

Conditions: 3 min CO- at 200 ml/min, dose (cm) {min}
rate - 100ppm

Product A unstable flaky foam ) 1

Product B unstable flaky foam 15 >10

Product C unstable flaky foam 15 >10

Product D Not foaming

Product E Previously eliminated

Product F Previously eliminated

Product G Previously eliminated

Product H unstable flaky foam | 17 | >10

Product 1 Not foaming

Product J Stable creamy foam I 4 | >10

Product K Stable creamy foam

Product L Stable creamy foam

Product M Not foaming

Product N Stable creamy foam | 4 >10
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Emulsification Testing

The crude selected for the testing was found to
be strongly emulsifying and the untreated blank test
required greater than 10 minutes for phase separation.
The results are summarised in Table 4. Product A
showed phase separation within 7 minutes. Inhibitor
candidates B, C, H, J and N achieved phase
separation within 4 to 5 minutes. All other products
had a broad interface after 10 minutes,

Elastomer Compatibility

The results from the elastomer compatibility are
shown in Table 6. The increase in volume for Nylon
11 with inhibitors A, D, H and I were found to be
between 7- 8%. A similar result was found for the
weight, with an increase of between 10-14 %. The
remaining products were not tested.

Table 6. Compatibilitv with Nvlon 11.

[nhibitor Increase in weight Increase in volume
Table 4. Emulsification tendency. Conditions: 21 o %
— - . days, 115°C
Inhibitor 50:50 synth. walter quality Product A 10.90 707
25°C, 100ppm ”I?"rii:glzr;ls;arale Lot o
(min) 11.63 6.65

blank ~10 Clear Product D 13.73 7.48
Product A 7 Marginally worse 13.06 7.89

than blk 13.86 7.89
Product B 5-4 Hazy Product H 13.08 7.68
Product C 5-4 Hazy 12.98 7.89
Product D >10 Yellow hazy 13.05 7.68
Product H 5 Marginally worse Product | 11.90 6.86

than blk 138 707
Product 1 >10 Yellqw hazy BVE T
Product J 5-4 Marginally worse

than blk
Product M >10 Yellow haz i .
Product N 5-4 Marginally}\ivorsc Corrosivity Testing

than blk

Thermal Stability and Viscosity Testing

The viscosity results are shown in Table 5.
Candidates that passed the criteria were products B,
C, D, H and L. Product M was found to be cloudy
at —10°C and along with products A, J and N had a
viscosity outside the acceptable profile.

Table 5. Low temperature stability and viscosity.

Inhibitor | Stability @ | Viscosity@ | Viscosity@
-10°C 20°C (¢P) | 20°C (cP)
Product A ok 458 108.3
Product B ok 63.6 67.3
Product C ok 36.4 79.0
Product D ok NA 37.0
Product H ok 35.6 80.8
Product I ok 384 86.4
Product | slightly 52.5 118.8
cloudy
Product M ok 87.0 201.0
Product N ok 35.0 121.0

All inhibitor candidates except C and L were
passed on for aqueous bubble tests. The results are
summarised in Table 7. The best performing inhibitors
in these tests were A, B, H and M with 98 to 99%
performance and good or satisfactory film
persistency. D, [ and J showed good corrosion
inhibition but the film persistency was limited.

Partition Bubble Tests

The results of the partition bubble tests are
shown in Table 8. The results demonstrate that at
a water cut of 80% product A gave a corrosion
rate of 7 mpy whilst product H reduced the
corrasion rate to 0.9 mpy. At the lower water cut
of 20%, the performance of product A had
improved, reducing the corrosion rate to 0.6 mpy.
Product H had a slightly poorer performance with
a corrosion rate of 1.2 mpy.

RCE Testing

RCE tests were evaluated under maximum shear
rate in an aqueous test at 20 ppm. Results of the
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Table 7. Corrosion bubble tests.

Corrosion Pre-corrosion Inhibited Performance Film persistency
inhibitor rate corrosion rate

20ppm, 90°C (mpy) (mpy) % (mpy)
Product A 205 2 99 7 stable
Product B 193 4 98 32 stable
Product C - not tested
Product D 175 8 95 95 raising
Product E 215 19 91 108 raising
Product F 227 77 66 201stable
Product G 216 49 77 158 stable
Product H 252 1 99 20 stable
Product | 196 3 99 85 raising
Product J 187 4 98 85 raising
Product K 217 62 71 NA
Product L not tested
Product M 145 | g | 99 | 14 stable
Product N not tested

Table 8. Partition bubble tests.

Corrosion Ratio Pre-corrosion rate Inhibited corrosion rate % Protection

inhibitor brine/hydrocarbon (mpy) {mpy)

Product H 80:20 212 7 97

Product H 20:80 NA 0.6 NA

Product A 80:20 222 0.9 100

Product A 20:80 NA 1.2 NA

Table 9. RCE tests at 52Pa.

Corrosion inhibitor Pre-corrosion rate Inhibited corrosion % Protection
(mpy) rate{mpy)
Product A 193 7 96
Product H 204 8 96
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RCE testing are shown in Table 9. Product H afforded
the same level of inhibition as product A with corrosion
protection of 96%.

Autoclave Testing

Table 10 shows the corrosion protection
provided by product A and H in high temperature/
pressure weight loss tests. At a dose rate of
20 ppm, product H achieved around 80% corrosion
protection whereas product A gave only 64%
protection.

Table 10. Autoclave coupon tests.

SUMMARY OF RESULTS AND
DISCUSSION

The pass/ fail matrix used in the Table 11 allowed
rapid identification of suitable products with two
strong possible candidates identified. Methanol
compatibility and corrosion inhibition efficiency
removed a number of potential inhibitors from the
final selection process. Products E, F, G and K were
found to produce insufficient inhibition while methanol
incompatibility of products B, C, L and M further
reduced the number. The number of possible

Tests corrosion inhibitor Pre-corrosion rate Inhibited corrosion rate % Protection
(mpy) (mpy)
Uninhibited baseline 112.48 N/A N/A
Product A (20 ppm) N/A 40.72 63.80
Product H (20 ppm) N/A 2226 80.21
Product H (50 ppm) N/A 22.61 79.90
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Table 11. Summary of the results.

Prod. | Inhibition | Persist | Methanol | Foaming | Emulsif | Thermal | Viscosity | Elastomer
> 90% compatib. stability compatibility

A Pass Pass Pass Pass Pass Pass Fail Pass

B Pass Pass Fail Pass Pass Pass NA NA

C NA NA Fail Pass Pass Pass Pass NA

D Pass Fail Pass Pass Fail Pass NA Pass

E Pass Fail NA NA NA NA NA NA

F Fail Fail NA NA NA NA NA NA

G Fail Fail NA NA NA NA NA NA

H Pass Pass Pass Pass Pass Pass Pass Pass

I Pass Fail Pass Pass Fail Pass Pass Pass

J Pass Fail Pass Fail Pass Pass Fail NA

K Fail NA NA NA NA NA NA NA

L NA NA Fail NA NA NA NA NA
M Pass Pass Fail Pass Fail Fail Fail NA

N NA NA Pass Fail Pass Pass Fail NA

candidates was still further reduced when film
persistency, foaming tendency and elastomer
compatibility were considered, discounting products
D, I, J and N. This effectively left two possible
candidates, products A and H. With the exception of
viscosity, there was very little difference between
products A and H in terms of performance. However,
two further test techniques allowed a clear difference
to be identified between the products. The RCE
results for products A and H demonstrated that both
inhibitors gave excellent inhibition at a shear stress
of 52 Pa, Table 9. There was little difference between
the performance, with each achieving 96 % inhibition.
It was only when the autoclave results were
considered that a clear difference was noted, Table
10. At the high temperature used, 115°C, product H
had a superior performance. This suggests that
product H would also be suitable for high temperature
applications, with a dose rate of only 20 ppm affording
an inhibition of 80 % in the weight loss coupons.

After careful consideration of all the key design
parameters only product H fulfilled the requirements
for an inhibitor for application into multiple systems.
This effectively demonstrates the need for a wide
ranging laboratory evaluation and the importance of
non-performance testing when selecting an inhibitor
for a particular system.

Field Capabilities

The assessment of a corrosion inhibitor in the field

is critical to confirm the laboratory selection and
performance of a corrosion inhibitor. In-situ
performance in the field can be assessed by a variety
of techniques. Field assessment and monitoring can
be carried out by a number of methods both in-situ
and back in the laboratory to allow the optimum
treatment and injection rate to be established. These
methods include:

o Sidestream testing

e In-line monitoring

o Electrochemical noise monitoring

o Electrical resistance based technology (ER)

¢ Corrosivity measurements of produced water

e Weight loss coupons

e Residual inhibitor analysis in produced water

Sidestream equipment can be used to assess the
effectiveness of corrosion inhibitors in the field. The
system fluids under evaluation are bypassed through
the sidestream allowing varying corrosion
measurement techniques to be employed including,
LPR, EIS and ER probes depending on the fluids in
the system. This also allows the system pressure to
be monitored as well as measurement of additional
relevant parameters such as temperature and
concentration of dissolved oxygen in the brine.
However, the flow dynamics are completely different
in the sidestream as compared to the flowline or
pipeline and therefore do not represent a true
reflection of the system conditions.

Multiphase flow, where oil is present, limits the
options for monitoring but fast response ER
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technology allows multiphase systems to be evaluated
in a matter of hours. This technology is routinely used
to optimise inhibitor injection rates.

On line monitoring has the advantages that the
actual system conditions are being assessed.
However, in cases where oil is present this can often
lead to fouling of electrodes making electrochemical
analysis by LPR impossible. Only the longer term
testing of weight loss and ER measurements are
feasible in this situation. This is another application
where fast response ER techniques have an
advantage.

Corrosivity measurement can give good
information if the rates can be measured with and
without inhibitor although the system conditions of
temperature and pressure are not reproduced. This
method, like the analysis of residual inhibitor, is
influenced by residual oil in water samples collected
in the field, but can be measured quickly and easily
both in the field and back in the laboratory. Samples
are collected from relevant locations and then
assessed in the laboratory using bubble tests. This
data is compared with that originally collected during
the inhibitor selection process and any anomalies
noted. This test establishes that the correct dose of
corrosion inhibitor is being injected into the system.

Residual corrosion inhibitor measurements are
conducted in the laboratory from produced water
samples from the appropriate locations. Varying
analytical methods are employed to determine the
concentration of corrosion inhibitor present in the
produced water dependent on the type of corrosion
inhibitor that has been deployed. This allows the
inhibitor concentration within the water phase to be
monitored and any corrective action to be taken to
keep the inhibition optimised and is a secondary check
on the effectiveness of the corrosion inhibitors
performance.

Electrochemical noise is the natural fluctuation in
potential and current occurring at an electrode
interface. The processes resulting in the noise signals
are related to electrode kinetics, thus for a corroding
system this may be related to the corrosion rate
mechanisms. Electrochemical noise is a passive
monitoring technique, which means that
measurements are taken from the freely corroding
electrodes and do not require an externally applied
signal, i.e. potential, to make the measurement. This
overcomes some of the problems associated with the
techniques of linear polarisation resistance and
electrochemical impedance spectroscopy where the
conductivity of the electrolyte, organic films, and

surface scales influence the accuracy of the
measurement.

Oil and water measurements are also commonly
measured to determine any effect the deployed
corrosion inhibitor has on the system efficiency. Any
drop in hydrocyclone efficiency, due to the application
of the corrosion inhibitor, could result in an increase
in oil discharged overboard and violate the local
environmental legislation and company policy.
Compatibility of live fluids under system conditions
can be also assessed in the field, allowing greater
assurance of the compatibility of the corrosion
inhibitor with the system.

CONCLUSIONS

e An extensive laboratory evaluation identified
product H as the best performing corrosion
inhibitor for the application discussed in this paper.

e The evaluation included inhibition performance
testing, methanol compatibility tests, foam and
emulsion tests, low temperature stability and
viscosily tests.

e The importance of field data has been established
in relation to optimising dose rate and ensuring
the corrosion inhibitor in question is functioning
as required.

e A number of field techniques have been discussed
with the suitability of a particular technique
identified as being dependent on the system in
questior.

e Of the techniques available for field assessment
the most commonly employed methods are weight
loss coupons, ER probes and LPR probes.
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Abstract: With oilfields around the world
becoming older and more mature, there is an
increasing focus on the large quantities of water
that are being produced and how these should
be managed; both from an economic and
environmental perspective. Relative Permeability
Maodifiers (RPMs) may be a simple and effective
method of controlling water production without
risking damage to any oil-producing zone. This

* Baker Petrolite, UK.
*# Heriot-Watt University, UK.

is of particular interest for marginal wells where
the operator cannot justify spending a significant
budger allocation on fully diagnosing the nature
of the problem for a blocking treatment or zonal
isolation is not possible.

The selective nature of RPM type treatmeiits
allows for a minimal amount of diagnosis to be
used, however the degree to which water
production is reduced will not be as significant
as that for a blocking treatment. Modelling
studies have shown however that, under certain
circumstances, Bullhead Application of RPM
Treatments in the Near Wellbore region (5-10 fi)
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can lead, not only to a reduction in the volume of
water produced but also an increase in oil
production.

This paper describes the area of Relative
Permeability Modifier treatments and the approach
that Baker Petrolite takes in the selection, design
and evaluation of potential field applications. This
includes the laboratory evaluation of the impact of
the RPM treatment on a typical piece of reservoir
core and the assessment of this laboratory response
on the well in question, using a near wellbore
treatment design model.

We stress, however, that we view RPM
technology as simply one option in the area of
water management and is not universally in all
cases for water control.

INTRODUCTION
Water Management Costs and Activities

Water management is becoming an increasingly
important cost issue as oilfields around the world
mature and produce increasing quantities of water.
Many major oil companies are now producing 50%
(or greater) water in their produced fluids world-wide.
The financial impact on handling such large volumes
of water is extremely high, with recent estimates on
the cost of handling produced water ranging from
$0.20 to $4.00 per barrel of 0il produced depending
on the nature of the reservoir, the production
environment etc. (Bailey!!l),

The costs discussed above account for the
majority of the ‘Water Management’ activities listed
below:

(i) The treatment and disposal of produced water.

(i) The mitigation of the problems associated
with produced water, i.e. mineral scale deposition,
corrosion, demulsification, hydrates, efc.

(i) The reduction in water production through
the application of chemical or mechanical water shut-
off techniques, including downhole separation.

(iv) The prediction of oil and water displacement
and production, through simulation and modelling.

(v) The handling and treating of produced water
specifically for re-injection (PWRI = Produced Water
Re-Injection).

(vi) Intervention to reduce produced water by
global field changes to well injection/production
strategies. This is more of a reservoir management
approach,

(vii) Installation of “intelligent” wells, which will
respond to their environment using various sensors
and will adapt by shutting off water-producing
completions. These systems are likely to be
introduced some time in the future.

(vii)) The treatment of water for secondary
recovery (water flooding). Though not strictly a
produced water handling cost, it is still a2 Water
Management activity that requires resources.

Baker Petrolite is particularly active in mitigating
the problems associated with produced water (scale,
corrosion, demulsification, efc.) and has interests in
treatment of water for injection during secondary
recovery (including Produced Water Re-Injection)
and disposal (items i —iii and vi). There are, however,
areas where the industry perceives that
improvements in current technology are required and
one of these is Chemical Water Control, in particular
the application of Relative Permeability Modifiers.

Chemical Water Control Treatments

The origins of water production problems in
reservoirs may be generally classified as due to matrix
production (arising from the heterogeneity of the
formation) or due to fractures (this can include cracks
in production casing or the failed cement jobs)
(Elphick™™). The water source may be injected or
may be due to an active aquifer. For the purpose of
this paper only water production from matrix systems
will be discussed.

The problem of a single reservoir zone producing
100% water with all other, non-communicating zones
producing oil, has been identified by a number of
engineers in the industry as being essentially solved
(~80% success rate). The water producing zone
can be mechanically isolated and the relevant gel
treatment injected to completely block off the zone
(Sydansk™ and Seright™). Although this is a
relatively simple case, it still requires extremely good
diagnosis of the position of the water zone and a
considerable amount of mechanical intervention to
isolate it. Failure to achieve either of these design
tasks can lead to gel misplacement and damage to
the surrounding oil producing zones.

Although the problem and treatment described
above is relatively simple, the application of such
technology can be cost-prohibitive. The large amount
of diagnosis required in identifying the water
producing zone (production logging tools efe.) and
the engineering needed to isolate it (packers/coiled
tubing erc), which greatly increase the chances of
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success, can be expensive. Since most wells that
require such a treatment are in their later life, the
budget allocation that they have for remedial
treatments may not be sufficient to cover these costs.
In addition to the cost implications there are also well
configurations where complete isolation of the water
production zone is not possible (e.g. where gravel
packs or sand screens have been used to minimise
sand production).

A preferable option to minimise these
complications, is to use a chemical treatment, known
as a Relative Permeability Modifier (RPM) that can
be bullheaded into the near well formation (Nieves?,
Faber!®! , Zaitoun'” and Zaitoun ® ). These chemical
treatments are currently available and are known to
restrict the flow of water more significantly than oil.
However, they have also been found to have had
sporadic success when applied in the field
(approximately 40 - 50% success rate for the simple
case discussed above). It is generally acknowledged
that most matrix water production problems are more
complicated than that discussed above and can
contain simultaneously, 100% oil producing zones,
two-phase (oil/water) production zones, layers of
100% water production, cross flow between different
geological strata and possibly production of bottom
water (aquifer).

Several studies have been performed to try and
understand the mechanisms by which these materials
work (Liang® 1'%, Mennella """ and Singleton!'¥,
Improving the probability of success of these RPM
treatments is one of the major challenges of chemical
water control. The objective of this paper is to discuss
the strategy that has been developed by Baker
Petrolite in the evaluation and design of such RPM
treatments for field application.

WATER CONTROL TREATMENT DESIGN
STRATEGY

In order to correctly design and apply a successiul
Water Control Treatment several areas have to be
addressed. These include defining the treatment
philosophy and criteria for success, having a full
understanding of how the chemical treatment interacts
with the reservoir core and fluids (including
permeability reductions to oil and water) and how
these permeability reductions influence oil and water
flows in a field production environment. This latter
aspect is addressed by the use of a near wellbore
treatment design model, where in addition to

evaluating the impact of the permeability reductions,
the treatment volumes and placement parameters can
be optimised. These steps are now discussed in turn
with a field example to illustrate the process.

Treatment Philosophy

From the previous discussion, comparing blocking
treatments with those using Relative Permeability
Modifiers, it is apparent that complete shut-off of
the water production is an extremely difficult and
risky task in terms of the potential loss of oil
production. The treatment design philosophy that has
been developed is to consider RPM/Water Control
Treatments in a similar manner to Scale Inhibitor
Squeeze treatments that are routinely performed in
the field. Instead of aiming to completely shut-off
water production, the RPM treatment is designed to
alower risk option that will yield “modest” reductions
in water production with a subsequent increase in
daily oil production over a period of 200 days (around
6 months). Simulation studies have indicated that,
under certain circumstances a reduction in the
volume of water produced from the well will
automatically yield an increase in oil production
by advancing already available oil and adding
incremental oil through improved sweep efficiency.
An example of the predicted response of a
production well to a Water Control Treatment is
shown in the plot below (Fig. 1).

RPM CHEMISTRY

The Relative Permeability Modifier chemistry is
a two-component system, which will enter the near
wellbore formation in its un-reacted liquid state. Qver
the shut-in period (nominally 16hrs), this gelant
solution is converted into a weak gel, which will “lip”
out of the bottle holding it. This is in contrast with
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Fig. 1. Predicted treatment response for a production well.
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the physical state of a blocking gel, which once gelled,
will not flow from the bottle containing it. Examples
of these two contrasting gel states are provided in
the photographs below (Fig. 2).

Blocker

Fig. 2. Physical comparison of RPM Gel vs. a blocking gel.
Laboratory Evaluation

The main method of evaluating the impact of a
Water Control Treatment in the laboratory is the use
of coreflood experiments using oven housed
coreflood rigs, shown schematically in Figure 3.
The experiments are performed under reservoir
conditions, ideally using reservoir core and fluids,
however when these are not available Clashach
sandstone, iso-alkane oil and synthetic brines are
used. The differential pressure across the core is
recorded on the computer via the differential pressure
transducer as Oil, Water and Treatment are pumped
through it core during the various stages of the
experiment:
(i) Water flow at 100% Water Saturation.
(ii) Pre-Treatment Oil Flow at Residual Water
Saturation (S ).

(iii) Pre-Treatment Water Flow at Residual Oil
Saturation (S, ).

(iv) Treatment Injection.

(v) Post Treatment Water Flow at Residual Oil
Saturation (S_ ).

(vi) Post Treatment Qil Flow at Residual Water
Saturation (S ).

Measurement of the differential pressure across
the core during steady state oil and water flow allows
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Fig. 3. Schematic of coreflood apparatus used to evaluate

treatment performance.

UV/Vis Spoct.
000 gg

the permeabilities of both oil and water to be
calculated for the various stages of the experiment,
using Darcy’s Law. The effectiveness of the
treatment on modifying the relative permeabilities to
oil and water are then quantified in terms of a
Resistance Factor to oil or water flow (RF_and RF |
respectively). These are defined as the ratio of the
water (oil) permeabilities, k _ (k ), before the polymer
treatment to that following it.

ie.
_ k (at S ; pre-treatment) 0
"ok Lat S post — freatment )
and
_ k(at S ; pre - treatment) )

o

k (at S,;; post - treatment)

RPM Treatment Performance

During the development of the RPM treatment a
series of coreflood experiments were performed to
assess the effectiveness of the treatment in terms of
Resistance Factors to Water and Oil on Clashach
sandstone of various permeabilities. The Resistance
Factors that were recorded for this series of
experiments are summarised in the plots below (Figs.
4 and 5).
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Fig. 4. Relationship between resistance factor to water and
core absolute permeability.

25 -
20 . . S

15 4+ —

RRF

10

0 +——- T ¥ ¥ T — T

0 500 1000 1500 2000 2500 3000
Absolute Permeability (mD)

Fig. 5. Relationship between relative resistance factor and
absolute permeability.
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The Resistance Factor to water was found to
increase as the absolute permeability of the core
increased (Fig. 4). This was a surprising result and
was in contrast to the results/trend that are quoted
for a polymer only treatment. For polymer treatments,
where a polymer layer thickness restricts water flow,
its impact is diminished as the pore size (and
permeability) increases. For gel treatments, a similar
post treatment permeability was achieved for all cases
and as a result the resistance factor that was achieved
was greater for the cores with a larger initial
permeability than those for a lower permeability.

Figure 5 summarises the impact of the treatment
on oil permeability relative to the absolute permeability
of the core. This is achieved by plotting the Relative
Resistance Factor - RRF (defined as the ratio of RF /
RF ) against Absolute Permeability. The general trend
that was observed from these results was that the oil
permeability reduction achieved was a factor of three
lower than that achieved for water. There were a
few outliers to this trend, however these were loaded
in favour of RF .

Laboratory Evaluation of a Field Case

In order to design a field application of the RPM
treatment it is necessary to assess the impact of
the treatment under field conditions (Temperature,
Permeability, Fluids efc.). For the field case that
is to be discussed in this paper, no reservoir core
or oil was available to perform the experiment. It
was therefore necessary to use Clashach sandstone
core (150mD) and synthetic oil (0.8cP) that
matched that present in the field. The experimental
method and apparatus used was that discussed
above.

The resistance factors that were achieved for this
application were found to be 13 for water (RF_ =
13) and 3 for oil (RF, = 3). These reductions were
then mathematically applied to the relative
permeability curves that were supplied by the
operator. The pre and post treatment permeability
curves are plotted in Figure 6.

TREATMENT DESIGN - NEAR WELBORE
MODELLING

Candidate well selection is a critical part of the
Water Control Treatment process. Failure to identify
the correct candidate well can lead to treatment failure
and in certain circumstances a substantial loss of oil
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’ \ e ’ - - -Water - Pre
0.25 \ 0.05

- -= - Water Post
0.3 04 0.5 0.6 0.7
Water Saturation
Fig. 6. Field case relative permeabilities: pre and post treatment
(RF, =13 and RF, =3).

production. As a result of this, each potential
treatment is evaluated prior to application.

This evaluation and the optimization of the
treatment to be applied, is performed by a PC based
Near Wellbore Model, similar to the SQUEEZE V
design model that was developed by Heriot-Watt
University for scale inhibitor squeeze treatments. The
model has the ability to simulate the following

phenomena;
(i) Oil and Water flow through the near wellbore
formation.

(i) Chemical injection and placement. Both of
these are dependent on the properties of the
chemical package and the formation rock,
and also the treatment design (i.e. pre and
post-flush size, pump rate etc).

(iii) The mechanisms by which the chemical is
retained and how the chemical returns
(adsorption/retention).

(iv) The effect of the retained chemical on the
permeability of the formation rock to oil and
water and how these changes affect the
overall production rate.

This process enables the well technologist or
production chemist to maximise the treatment’s
potential for success and establish its economic
viability over a lifetime of 6 months.

Methodology

The methodology by which the evaluation and
optimization takes place is as follows: The well
details, including completion details, production rates,
fluid properties, layer permeabilities and water
saturation profile in the near wellbore region
(estimated or from a reservoir model) are input into
the data set. The producing well is then put onto
production at the current production rate until the pre-
treatment water cut has been established. At this
point the treatment is injected into the near wellbore
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formation, where it penetrates the various producing
layers based upon their permeabilities. In general,
the treatment volume that is injected has been
designed to ensure that the first five feet of the near
well formation are penetrated, however this can be
reduced depending on the response of the well. The
oil and water relative permeability curves are then
reduced by the pre-defined Resistance Factor (RF
and RF  respectively) based upon where the
treatment has invaded the formation. The well is then
returned to production and the resulting production
profile is compared to what would have taken place
if no action (treatment) had been taken.

The effectiveness of each well treatment is
assessed by comparing oil and water production, over
a period of 200 days following the treatment, to what
would be achieved if no treatment were applied. The
economic value of the treatment in terms of increased
oil and reduced water production is then calculated
based on the assumptions of the value of a barrel of
oil ($20 per barrel) and the cost of handling a barrel
of water ($0.25 per barrel). These values may vary
depending on the current financial and operating
conditions, however it is felt that the above values
are suitable assumptions for this purpose.

N.B. It must be noted that no costing
assumptions have been made in this assessment.

For example, if a well has an increased oil
production of 1000 bbls, with water production
reducing by the same amount the value of the well
will be increased as below.

1000 barrels additional oil

@ $20 per bbl = $20000
1000 barrels less water

@ $0.25 per bbl = $2500
Well Value added over 200 days = $22500

Field Case Evaluation — Well “A”»

The well to be discussed below is a candidate
well, which is to be treated with the RPM treatment.
It has three producing intervals with layer heights
and permeabilities of 31t, 14ft, 37ft and 20mD, 40mD
and 80mD respectively. It has a daily production
rate of 142bbl/day at a water cut of 84%. Figure 7
summarises its layer geometry.

A 60 bbl treatment volume is injected into the near
wellbore region. This volume was initially calculated
to achieve a uniform penetration of 5ft into all three
layers. As can be seen in the Resistance Factor
distribution plot below (Fig. 8), the heterogeneity of
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Fig. 7. Layer geometry of ficld case well “A”.
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Fig. 8. Distribution of resistance factors from near wellbore
model.

the near wellbore formation causes a variation of
the treatment penetration based upon their respective
permeabilities and layer heights (3ft, 4ft and 5.5ft
respectively). From the laboratory evaluation
discussed previously resistance factors of 13 and 3
for oil and water respectively are applied to the
formation, which has been exposed to the treatment
based upon the treatment penetration discussed
below. In addition to the distribution of resistance
factors, the model is capable of monitoring the
distribution of water saturations, chemicals (scale
inhibitors or tracers) and treatment in the near
wellbore, however due to limited space it has not
been possible to present these here,
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The evaluation of the well’s response to this
treatment is plotted in Figure 9 below. By
comparing the treated and non-treated production
volumes for oil and water, water production is seen
to be reduced by -900bbl with a corresponding
increase in oil production of -900bbl, over the 200
day lifetime of the treatment. This predicted
outcome would yield a value of $20,000 based
upon the assumptions made upon the value of oil
and the cost of handling the produced water. This
predicted outcome is only possible if the pre-
treatment production rate is maintained following
the treatment. Application of a Water Control
Treatment by definition will restrict the ability of
fluid to flow from the formation. In order to
maintain the pre-treatment production rate it is
therefore necessary to increase the differential
pressure across the formation — i.e. increase the
well’s drawdown. In the case of Well “A” this
equates to an increase of ~1000psi (69 bar).
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Fig. 9. Post treatment production response for well “A”.

Field Case Evaluation - Well “B”

Well “B” is an illustration of the response of a
poor candidate well. This well is a duplicate of that
discussed above (Well “A”™), however the
heterogeneity observed there is not seen in this case
with all three layers possessing the same permeability
of 60mD.

The response of Well “B” is plotted in Figure 10.
In contrast to the heterogeneous formation, Well “B”
responds poorly. The treatment does reduce water
production by ~110bbl however, to achieve this oil
production also reduced by 163bbl. This is due to
the inability of the well to maintain its pre-treatment
production rate. The maximum draw down is applied
to the well, however this is still not sufficient to
maintain production.
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Fig. 10. Post treatment production response for well “B”.

Theoretical High Volume Production Case
Evaluation — Well “C”

This case was evaluated to illustrate the potential
of applying RPM treatments to high volume
production wells. The formation in question is a 3-
layer system with each layer being 50ft deep. The
top and bottom layers have a permeability of 200mD
with the middle layer possessing a permeability of
1000mD. The production rate of the well is 10,000bbl
of fluid per day with a water cut of 80%.

The same treatment as that discussed above was
applied to this well to achieve a penetration depth of
5ft (500bbl). The resistance factors that were set up
on gelation were also the same as those used for
Wells “A” and “B” -~ RF_ = 13 and RF = 3. By
maintaining the production rate at 10,000bbl of fluid
per day the treatment is predicted to result in
58,000bbl less water and an additional 58,000bbl of
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Fig. 11. Post treatment production response for well “C”.

oil, which corresponds to $1.2 million of added value
to the well. The response is summarised in Figure 11.

SUMMARY

Baker Petrolite, working closely with Heriot- Watt
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University, has developed an approach for the design
and evaluation of a RPM treatment package that is
a combination of experimental core flooding tests,
near well modelling and chemistry. The combined
understanding of how reservoir and chemical
properties influence the success or failure of a
treatment and the ability to model several treatment
scenarios provides a novel approach which will help
to improve the success rate of RPM treatments and
provide significant value to the customer.

This approach is currently in the field validation
phase and Baker Petrolite are currently pursuing
several field trial opportunities which will be reported
on in due course.
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Role of Steel Surface Finish on the Performance of Sodium Nitrite Inhibitor
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ABSTRACT : The role of suiface finish of carbon
steel samples subjected to different degrees of
surface finish {as received, ground and ground
and corroded ), on the performance of sodium
nitrite inhibitor (100, 400 and 800 ppm), at
temperatures (222 2°C ) and (70 £ 2°C) was
assessed using different electrochemical test
techniques.

Rough ground samples (100 grit paper),
showed pronounced corrosion attack (low Rp).
The severity of corrosion attack was more
pronounced when tests were conducted in
aqueous solution containing low concentration
of inhibitor (100 ppm). In contrast, low tofor no
corrosion attack (high Rp/ inhibitor efficiency)
was observed when carbon steel samples were
subjected to soft grinding using 1000 grit paper.
This was observed even when tests were
conducted at inhibitor concentrations as low as

(100 ppm).

* Petroleum Research Centre, P.O. Box 6431, Tripoli, Libya.

Marked decrease in the inhibitor efficiency
was recorded for ground and corroded carbon
steel samples even when samples were ground at
1000 grit paper.

Generally, tests at high temperature of (70 %
2°C) observed to reduce the inhibitor efficiency.

INTRODUTION

Many types of aqueous corrosion inhibitors are
being used to combat the corrosion of steel in water
and oil mediums such as cooling water system and
oil/ gas production facilities respectively.

The interaction of corrosion inhibitor with clean
steel surface seems to be well known. However, it is
difficult to get a clean surface of steel in cooling water
system which is in contact with neutral aqueous
solution. There are many types of corrosion attack
encountered in the cooling system. One type of
corrosion attack is known as under deposit corrosion
attack."! This was historically the source of many
equipment failures as a result of pitting corrosion that
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can lead to perforation thus requiring a premature
replacement of the failed equipment.”*! Smooth
surface finish samples require low inhibitor
concentration and the build-up of a passive film is
expected to be adherent, coherent and
homogenous.”® In addition to that the presence of
oxide film mix of hydrated FeO and Fe,0, is expected
to reduce the rate of nitrite adsorption on the sample
surface and the formation of continuous, adherent
and regular passive film.!*"! Iron has a tendency to
precipitate with an ions within the environment on
the metal surface. The impact of iron oxide deposits
on the over all corrosion control process is two fold.
First the deposit of iron oxide creates a self-
perpetuating corrosion reaction, where by a
differential result in under the deposit corrosion.
Localized corrosion attack (pitting) which in turn
reduces the effectiveness of corrosion inhibitors by
preventing them from reaching the metal surface. The
second possibility is the incorporation of non protective
iron oxides into the corrosion inhibitor film.

At high temperature a reduction in
physicochemical properties of the inhibitor as well as
the diffusion of oxygen to the metal surface are
expected to be markedly affected. The oxygen carried
molecules of sodium nitrite is expected to vanish with
the increase of temperature and less quantity of
inhibitor is expected to adsorb at metal surface.®!

The objective of this paper is to assess the role of
metal surface finish on the efficiency and/or
performance of sodium nitrite as a passive film
corrosion inhibitor at room temperature (22+2°C)
and (70 £2° C) using electrochemical technique.

EXPERIMENTAL METHOD

The effect of surface finish on the performance
of sodium nitrite inhibitor ( NaNO,) was assessed
using electrochemical technique. Linear polarization
resistance (LPR) was measured at each test
condition and from that a corrosion rate was
calculated. Mild steel samples having a chemical
composition as shown in Table 1 were subjected to
the following surface treatment:

1-Samples ground on two grades of emery papers
(100 and 1000 grit paper).

Table 1 . Chemical composition of used mild steel samples
(wt. %).

UNC AlISI | C Mn Pmax | §
G10180 | 1018 | 0.14 -0.20 | 0.60 - 0.90 | 0.040 | 0.050

2-Samples ground at 100 and 1000 grit paper and
afterward corroded by inserting them in tap water
for 72 hours. The corroded samples were then
removed and dried before being tested.

All corrosion tests were conducted using distilled
water with various concentrations of sodium nitrite
inhibitor (blank, 100, 400, and 800 ppm) and
temperatures of (22+2° C & 70 £2° C) using potentio-
dynamic test technique.

RESULTS AND DISCUSSION

The test results of the effect of surface finish on the
performance of sodium nitrite inhibitor at 22+2° C and
70 £2°C are shown in Figures 1-8. Figures 1 and 2,
exhibit the effect of grinding of test samples, at different
paper grades (100 and 1000 grit paper), on the
performance of sodium nitrite inhibitor at room
temperature. When tests were carried out, at highest
concentrations of corrosion inhibitor, it was observed
that samples with very smooth surface finish (1000 grit
paper) showed a very high polarization resistance (Rp)
value ( & 550,000 ohm.cm?) compared with ( Rp
70,000 ohm.cm* ) for sample ground at (100 grit paper).
In addition to that samples with smooth surface finish
showed higher values of Rp (120,000 ohm.cm?) at low
inhibitor concentration of 100ppm compared with (42,000
ohm.cm?) obtained for samples ground at (100 grit
paper). This can be contributed to the fact that smooth
surface finish samples require low inhibitor concentration
as well as the built-up passive film is expected to be
adherent, coherent and homogenous.® In contrast,
the surface finish for samples ground at 100 grit paper
is expected to be rough and irregular as result of
confined plastic deformation. Therefore, high inhibitor
concentration is required to cover the non uniform
steel surface. >4

Marked reduction of Rp was reported when
samples were ground (100 and 1000 grit papers )
and corroded then tested in the same above condition,
as shown in Figures 3 and 4. This was pronounced
for grind (1000 grit) and corroded samples, where
ten fold reduction in Rp was reported at corrosion
inhibitors concentration of 800 ppm , as shown in
Figure 4. This can be attributed to the presence of
corroded sites over the test samples, where high
quantity of inhibitor is required. In addition to that
the presence of oxide film mix of hydrated FeO and
Fe,O, is expected to reduce the rate of nitrite
adsorption on the sample surface and formation of
continuous, adherent and regular passive film.!*”!



Role of Steel Surface Finish on the Performance of Sodium Nitrite Inhibitor 45

80000

(—e—B0%ppm inhin |
—B— 400ppm inhin
| —k—1DREm Irhis
|ampor i

70000

60000

50000

40000

Rp (ahm.cm?)

30000

20000

10000

o g 10 15 20 25 a0 as 40 45 50
Time Irt hrs.

Fig. 1. Relationship between Rpxs values and duration time for
samples ground (100 grit paper) and tested at room temperature
(2222°C) over various inhibitor concentrations.

600000

Z—800ppm mhib |
| —i=300ppm mhib.
sooopo ||~ 100ppm inhit
| DWW
200000
£
d
E
E avvovo
2
Y
x
200000
100000
0
0 s 10 15 20 23 30 5 H = pit

Time in hrs.
Fig. 2. Relationship between Rpxs values and duration time for
samples ground (1000 grit paper) and tested at room
temperature over various inhibitor concentrations.

50000
—4— B00ppm inkib
45000 | —m—400ppm inhib
—— 100ppm inhib.
40000 | —H—DW
5000
T 30000
E
]
E o500
£
& o
18000
10000
£000
a
a - o 15 2 25 30 kL3 43 45 i)

Time in hrs.

Fig. 3. Relationship between Rpxs values and duration time for
samples ground (100 grit paper} and rusted then tested at room
temperature over various inhibitor concentrations.

EO000

—+—800ppm inhib
—i—400ppm inhib.
20000 | | —d— 100ppm inhib.
—*—DW

:

Rp (ohm.cm?)

20000

10000

o

Time in hrs.
Fig. 4. Relationship between Rpxs values and duration time for
samples ground (1000 grit paper) and rusted then tested at
room temperature over various inhibitor concentrations.

70000 -

| —e— #00gam inkin

—~8— 400ppm inhib
GO0OD | —a— 10DpEm Inhib
—+—DW

50000

40000

At ‘\//

20000

Rp (ohm.cnr)

10000

o 5 10 15 20 25 a0 a5 ag 45 50

Time In hrs.
Fig. 5. Relationship between Rpxs values and duration time for
samples ground (100 grit paper) and tested at (70+2°C) aver
various inhibitor concentrations.
120000

—0—7ﬂﬂt‘prtm Inhibr
—8—400pEm inhib.
—i— 100ppm inhib.

100000
A L

BODOO

Eoong

Rp {ohm.cm?)

40000

20000

0 5 10 15 20 25 Z!.D 35 40 a5 50
Time i hrs.

Fig. 6. Relationship between Rpxs values and duration time for

samples ground (1000 grit paper) and tested at (70 £2° C) over

various inhibitor concentrations.

30000 ———
—+—000ppm inhib
—8— 400ppm inhib
25000 |~ 100Rpm inhin

=»=DW
20000
15000
10000
5000
-

o 5 10 15 20 25 a0 as 40 45 50
Time fa hrs.

Rp (ohm.cm?)

Fig. 7. Relationship between Rpxs values and duration time for
samples ground (100 grit paper) and rusted then tested at (70
+2°C) over various inhibitor concentrations.

45000

—4—E00gpm inhib.
40000 || ~38—400ppm inhib.
—k— 1D0gEm inhib.
15000 || =W

20000
25000 B
20000
15000
10000

5000

Ap folim.cm?)

0

Ho—
§ 10 15 ) 25 kol 3 40 a5 50
Time i s

Fig. 8. Relationship between Rpxs values and duration time for
samples ground (1000 grit paper) and rusted then tested at (70
+2°C) over various inhibitor concentrations.

0



46 Tala Abohalguma, F. El shawesh, Naiema Elahresh and W. BinZiglam

In contrast less marked reduction of Rp was
reported for ground (100 g) and corroded samples,
where two fold reduction of Rp was reported at 800
ppm inhibitor concentration (Fig. 3) compared with
ground samples only, (Fig. 1). This can be attributed
to the low Rp values for samples ground at 100 grit
paper.

Tests at high temperature of (70 £2°C) caused
marked reduction of Rp or inhibitor efficiency as
shown in Figures 5 to 8.Tests at this temperature
with an inhibitor concentration of 800ppm result in
low Rp value (110,000 ohm.cm?) for samples ground
at 1000 emery paper compare with tests conducted
at 2242° C where high Rp value (550,000 ohm.cm?)
was observed. In contrast, ground and corroded
samples (100 and 1000 grit papers) showed much
less Rp values (low inhibitor performance) when
tested at various inhibitor concentration, as shown in
Figures 7, 8. This can be attributed to the fact that
the tests at high temperature caused a reduction in
physicochemical properties of the inhibitor as well
as the diffusion of oxygen to the metal surface is
expected to be markedly affected. The oxygen carried
molecules of sodium nitrite is expected to vanish with
the increase of temperature and less quantity of
inhibitor compare with tests at room temperature is
expected to be adsorbed at metal surface.l®!

CONCLUSIONS

1- The inhibitor efficiency found to be markedly
dependence on the degree of metal surface finish.
Samples ground using smooth grinding paper (1000
grit paper) showed highest Rp value and the inhibitor
performance was found to be highest.

2- Ground and corroded samples markedly
reduced the performance of sodium nitrite inhibitor.
This was found to depend on the degree of metal
surface finish.

3- Tests at (70 + 2°C) markedly reduced the
performance of sodium nitrite inhibitor even when
tests were conducted on smooth surface finish
samples (ground at 1000 grit paper) and highest
inhibitor concentration (800 ppm).

(1]

(4]

(5]

(6l

[7]

[8]
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Abstract: The continuing challenge posed by
oilfield scale is most clearly reflected in the
significant ongoing global research effort
dedicated to developing newer and better
technologies for its mitigation and control. This
paper provides an overview of the current status
of topside and downhole oilfield scale control
methodologies, and focuses on a selected series
of anti-scaling developments that are designed
to provide the oilfield flow assurance engineer
with much needed alternatives to ‘conventional
technologies’. The question of — ‘when fto
squeeze-treat’, and ‘with what' is addressed with
respect to low watercut wells and also, rwo non-
squeeze downhole anti-scaling options are
described that can provide scale control in
difficult well situations (i.e. fractured completions
and wells exhibiting low downhole pressure).

* Clariant Oil Service Scotland.

INTRODUCTION

Oilfield scaling is ranked amongst the top three
key flow assurance concerns in oil and gas production.
If left unchecked, inorganic scale deposition can result
in a myriad of production/process problems that often
require time consuming and costly intervention to
correct’). Qilfield operations commonly affected by
scaling include;

(i) Drilling and Completions.

(i) Water Injection (including produced water re-

injection).

(iii) Hydrocarbon drainage.

(iv) Process operations.

Scale ‘prevention’ by means of chemical scale
inhibitor application is now the preferred mechanism
adopted by the oil industry to address mineral scaling
issues. A number of ‘Fluid’ and ‘Flow” modification
technologies such as desulphation, filtration/
coagulation and water shut-off have been used by
the industry for reducing scale problems, however
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they invariably involve chemical scale inhibitor use
at some stage during their specific action to ensure
complete control of scale®’. Scale inhibitor
application is widely regarded as the most cost-
effective solution to the majority of oilfield scaling
problems with continuous chemical injection and batch
squeeze treatment considered as standard for
managing scale in ‘topsides’ and ‘downhole’ process
scenarios respectively.

The oil industry has become increasingly
technologically sophisticated in its pursuit and
exploitation of hydrocarbons globally, and this is most
clearly demonstrated by the renewed interest in
reserves that have hitherto been regarded as
potentially geographically and/cor geologically
challenging!>*?!, Much effort has been directed
towards the engineering and mechanistic aspects of
the hydrocarbon recovery process, particularly
towards the latter half of the 20" century. By contrast,
it is only relatively recently that the same focus and
effort has been accorded to flow assurance
challenges associated with brines co-produced during
hydrocarbon recovery. Scale related technology has
therefore needed to develop quickly to ‘catch-up’ and
meet the increasing demands posed by the rapidly
expanding oil industry. The importance of scale
technology to the success of the oil industry cannot
be overstated particularly for the new generation of
challenging well ventures.

This paper discusses general scaling control
strategies and touches upon current trends in topsides
scaling control. However, the majority of the overview
concentrates on downhole scale control using
chemical scale inhibitors. The question of — ‘when
to squeeze-treat’, and ‘with what’ is briefly discussed
with respect to low watercut wells in simple well
scenarios.

Examples of alternative non-squeeze options are
also discussed which are applicable to difficult well
situations i.e. fractured completions and wells
exhibiting low downhole pressure.

MINERAL SCALING

Mixed salt solutions or ‘brines’ are commonly
associated with hydrocarbon bearing formations and
will, regardless of the total dissolved salt content, be
clear and continuous under the equilibrium conditions
existing in the undisturbed reservoir. On first contact
and throughout subsequent development and
exploitation, the brine equilibrium will change, resulting

in an increased potential for the more sparingly soluble
salts to destabilise and phase separate out of solution.
The increased scaling potential is largely dependent
upon the formation waters salt loading and the physical
changes that the system has experienced. In the
majority of formation water self-scaling cases, calcite
(CaCQ0,) is usually the dominant scaling species, and
can occur from downhole to topside depending upon
the bubble point of the system.

Ingress and co-production of a sulphate rich brine-
seawater with reservoir formation water during
hydrocarbon recovery can result in formation sulphate
scales of alkaline earth metals. The most commonly
encountered scales are. barite (BaSO,), celestite
(5180,), anhydrite (CaSO,) or gypsum
(CaS0,.2H,0). Sulphate scales present greater
challenges as their sparingly soluble nature makes
them more difficult to control and remove once
formed compared to carbonate scales. Barite scale
is regarded as being particularly difficult because of
its tendency to form rapidly at most temperatures,
and once formed, is extremely difficult to remove!®.
In complex brine mixtures; no single scale type
occurs exclusively, and therefore, multiple scaling
potentials have to be considered. Scale precipitation
is promoted by the relative abundance of nucleation
sites. The sites do not necessarily need to be scale
crystals and can be formation fines, asphaltene or
corrosion particulates.

Although oilfield scale is generally thought of as
primarily carbonates and/or sulphates of the alkaline
earth metals calcium, strontium and barium, complex
salts of iron such as the sulphides, hydrous oxides
and carbonates may also form as solid deposits,
resulting in similar fouling problems for oilfield
operating systems'”.

SCALE CONTROL

Prevention is better than cure’ is particularly
relevant to inorganic scaling in the oilfield
environment. At the forefront of prevention are scale
inhibitors chemicals! *. Scale inhibitors fall into two
basic categories, the organophosphonates such as
DTPMPA and water-soluble polymers such as PCA.
New inhibitors include sophisticated molecules that
exhibit anti-scaling properties common to both generic
types!' ?.. Inorganic phosphates are also used by the
industry and are considered effective for calcium
carbonate scale inhibition. Their use is however
limited by their tendency to hydrolyse in aqueous
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media to form orthophosphates that effectively have
no appreciable anti-scaling capability.

Scale inhibitors function by interfering with scale
crystal growth. Some molecules act primarily as
crystal nucleation inhibitors where endothermic
adsorption on nucleating crystal embryos causes an
increase in the crystal radius required for further
crystallisation and hence inhibition of the process.
Others irreversibly adsorb at active crystal growth
sites that effectively ‘snuffs-out’ further growth at
these locations on the growing scale crystal resulting
in growth inhibition. Inhibitors act in non-
stoichometric proportions compared to the
concentration of scaling ions present. Successful
inhibitors are those that maintain crystal growth
suppression when present even at very low
concentration for extended periods of time and across
the targeted physical conditions. The number and
diversity of unique oilfield scaling scenarios is most

clearly demonstrated by the large number of

commercially available scale inhibitors.
Topsides

Topside facilities receive raw unprocessed well
fluids from a number of sources that are firstly merged
before entering the topsides system for processing.
Scaling occurs when brines co-produced with
hydrocarbons experience changes in fluid composition
(through mixing), pH, temperature and pressure.
Topsides processing systems, because of their very
function, are prone to scaling and therefore require
continuous scale inhibitor chemical application to
ensure control across the plant. Although the
mechanical action of process systems can create
scaling hotspots throughout the system, topsides scale
is generally regarded as being simpler to control than
downhole scale, mainly because of the high
accessibility offered by the majority of surface
installations.

Prior to deployment, topside scale inhibitor is
required to fulfil certain selection criteria;

(i} The chemical should be effective at low
concentration for the control of water based scales
specific to that system and its operational conditions.

(i1) The chemical should be benign to the system,
its flowing components and any other process
chemical additives used in the process.

(iii) The chemical should be readily monitorable
via simple yet robust analytical techniques.

(iv) The chemical should be environmentally
friendly.

Topsides Continuous Injection

In the simplest case, an onshore or offshore
production installation manifolds received fluids prior
to primary dehydration for bulk water removal.
Incoming waters may contain scale inhibitor from.
upstream squeeze operations, however additional
dosing of topside inhibitor is usually necessary to
provide complete control across the process system.
Dosing is usually performed at the ‘christmas tree’
of source wells to allow sufficient mixing time prior
to dosed stream merging with other fluid streams in
the production manifold. In some cases additional
scale inhibitor dosing is required upstream of scaling
‘hotspots’ where an increased scaling tendency is
evident, usually caused by a specific process system
action i.e heating/cooling of the fluid stream, low or
stagnant flow regimes and also degassification
systems.

Downhole Continuous Injection

Topsides scale protection can also be provided
by downhole chemical injection. Although expensive
to install and maintain, the downhole injection system
will provide scale cover for all tubing and upstream
equipment (xmas trees, safety valves, gas-lift
interfaces) as well as the topsides process system
tubing and interfaces. The most frequently
encountered issue with downhole chemical injection
systems is system failure caused by a blocked or
crimped umbilical or fouled inoperable injection
nozzle. Remedial interventions to correct downwell
faults are expensive and can be technically challenging
due to the relative inaccessibility of the downwell
environment. An alternative route to deploying scale
inhibitor downhole is via the well gas-lift system. For
wells that have gas-lift but no downhole chemical
injection system installed, this can provide a cost-
effective method of deploying scale inhibitor into
tubing without the expense of retro-fitting injection
equipment. Gas-lift scale inhibitors are specially
formulated to exist unaffected within the unique
conditions that exist within the gas-lift environment!'"!,

Deep Downhole Continuous Injection

Deep downhole chemical injection allows scale
inhibitor to be deployed at the near wellbore
perforation face for scale control in situations where
conventional near-wellbore scale protection methods
are impractical i.e squeeze treating high demand
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wells!"Y. Deep application technology is still in its
infancy but may offer a realistic alternative to some
of the more technically challenging scaling
environments.

Downhole

Downhole scaling presents by far the greatest
scaling challenges within the oil industry because of,

(i) Wellbores and near wellbore areas are
relatively inaccessible.

(i) Wellbore formations are usually complex and
petrophysically heterogeneous in nature,

(iii) Routine wellbore surveillance tends to be
given low status on the list of well intervention
priorities.

(iv) Downhole conditions are usually significantly
harsher than those experienced in any other part of
the production system.

SCALE SQUEEZE INHIBITORS

Scale inhibitor chemicals are routinely used
downhole wherever the risk of scale damage is
predicted or suspected (from a field history
perspective). For downhole application, scale
inhibitors are routinely batch deployed via ‘squeeze-
treatment’ into the near wellbore formation of the
target well to achieve control of scale across the near-
wellbore perforations upwards. Squeeze designs are
optimised to achieve the longest ‘safe’ squeeze
lifetime whilst minimising the well downtime. Squeeze
chemicals therefore have to be retained within the
reservoir and then returned at sufficient concentration
within the normal produced fluids to prevent scale —
for as long a time period as possible. Squeeze
treatments have historically relied upon the scale
inhibitor chemicals ability to interact with the
formation surface through adsorption to enable the
chemical to be retained within the reservoir.
Precipitation type squeeze treatments provide an
alternative method of retaining aqueous treatments
within the reservoir by the controlled phase separation
of an inhibitor-salt complex within the near wellbore
formation. The precipitation squeezes can provide
squeeze lifetime extension of up to three times
depending upon the system anti-scaling
requirements compared to its conventional
adsorption squeeze analogue. Squeeze lifetime
extension can be improved for both adsorption and
precipitation type treatments by application of

squeeze lifetime extension chemicals as part of
the squeeze treatment package!'?.

Squeeze Treatments

A squeeze treatment generally involves stopping
production from the well concerned, followed by
application of a concentrated solution of scale inhibitor
that is pumped into the well and oveflushed out from
the wellbore 5-25ft depending upon the perforated
interval. After a shut-in period of 6-24 hours,
production is resumed and the scale inhibitor leaches
back into produced fluids, providing protection against
scale formation until the scale inhibitor is exhausted,
The performance of the squeeze treatment is usually
performed via monitoring for scaling ions and scale
inhibitor residuals in returning well fluids. Successful
treatments are those regarded as achieving their
designed lifetimes.

Squeeze Design Optimisation

In order to optimise the field performance of a
squeeze chemical, the inhibitor must first be deployed
correctly in the field, or coreflood tested under field
conditions. Collected inhibitor residuals return data
can then be used to derive a mathematical algorithm
based upon conventional fluid-surface isotherms
which can be used to model and sense-test new
squeeze treatment designs.

Low Watercut Wells -When to Squeeze?

Low watercut wells pose unique scaling problems
when their waters exhibit a significant scaling
potential.

Conventional aqueous treatments are to be
avoided because of the increased risk of water
related formation damage, therefore non-aqueous
alternatives have to be considered to avoid unwanted
emulsification, wettability and water stimulation
problems!'*!"*). Low-watercut is commonly regarded
as <5% of total production, however this
interpretation can be very much operator specific.
Equally important is the total produced fluid volume;
if this is low i.e. 500bfpd then the potential
precipitating mass will be restricted by the low volume
of aqueous fluid, see Table 1. Ideally, scale protection
should be available at first production to minimise
the possibility of any scale deposition and build-up
occurring downhole. This can be achieved by pre-
emptively squeezing the ‘dry’ well with a suitable
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non-aqueous scale inhibitor, or by deploying non-
squeezing scale inhibition options in the well if its
completion permits.

Table 1. When to squeeze for low watercut wells
Water | Scaling |BFPD

Squeeze 7| Comments

{%0) tendency

<5 Low 500 No Moenitor scaling
ions for changes

<5 Low 5000 No Monitor scaling
ions for changes

<5 Medium | 500 Yes Maonitor scaling

ions for changes

<5 Medium | 5000 Yes Consider pre-emptive

squeeze
<3 Harsh  |500 Yes Consider pre-emptive
squeeze
<5 Harsh  |5000 Yes Consider pre-emptive

squeeze

A number of pre-emptive non-aqueous squeezing
options are available, including oil soluble, oil miscible,
oil dispersed and oil continuous scale inhibitors.
Selection of a suitable chemical and deployment
package for squeeze treating the wells is best
performed by coreflood testing the candidate using
representative field core under field conditions to
assess for possible formation damage issues.

For watercuts >5%, the range of squeeze
treatment technologies increases with the increasing
level of water breakthrough. From 5-25%, alternative
squeeze technologies such as emulsified scale
inhibitors and tailored aqueous based treatments
combined with wettability modifying agents can be
deployed to provide scale control downhole while
minimising the impact on production and the
formation.

Squeezing — New Alternatives

Future cilfield developments are most likely to be
located in the more remote challenging environments
such as deep water developments, high temperature,
high pressure formations and remote subsea
completed wells. Scale inhibitor research and
development is focussed on improving the efficiency
of scale inhibitors and enhancing deployment
technology to minimise the number of well
interventions required to maintain scale control. The
existing older technologies are constantly being
optimised and improved while newer scale inhibitor
technologies are under evaluation that are designed
to optimise the placement of scale inhibitors in critical
locations within the near wellbore formation to
enhance the treatment lifetime.

Emulsified Squeeze Inhibitors

A number of emulsified scale inhibitors are
currently available in the marketplace for use in
squeeze treatments, Invert emulsions are generally
water-in-oil emulsions where the water component
contains the scale inhibitor. The emulsion package
is considered as a non-aqueous package that allows
oil continuity during treatment'>'*!'", The emulsified
chemicals are relatively benign to the formation whilst
also achieving deeper penetration of the treatment
into the formation to improve flowback character
compared to their conventional aqueous based
analogues. Improved retention within the formation
has led to increased squeeze lifetimes.

OIL DISPERSED/OIL SOLUBLE/CRUDE
OIL SOLUBLE SCALE INHIBITORS

Oil based scale inhibitors are directly applicable to
low watercut wells that express significant scaling
potential and also wells that suffer poor restart or that
are water sensitive. The majority of commercial ‘oil
soluble/oil dispersed/oil continuous products still use
aqueous based inhibitors in their formulation which
makes them less amenable to deployment in formations
that are known to be water sensitive!'"*, More
recently, new crude oil soluble inhibitor products have
been made available that contain absolutely no aqueous
based components in their formulation which should
provide additional benefits when squeeze treating
formations that are extremely water sensitivel®!!,

Impregnated Proppant

Well production can be stimulated through
artificially fracturing the formation around the
wellbore to increase the surface area through which
hydrocarbons can enter the well.

Hydraulic fracturing is a temporary phenomenon
that is maintained as long as the applied pressure is
maintained. Small, strong ceramic beads or ‘proppant’
are injected during the hydraulic fracturing process
to maintain the fracture after the well is returned to
production. In most fracturing operations, large
quantities of proppant are used per job, although not
all proppant remains within the reservoir on back
production. Ceramic proppant beads are porous and
this porosity can be utilised to store solid scale inhibitor
without impacting upon the mechanical integrity of
the beads!* *1,
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Fractured wells are notoriously difficult to squeeze
effectively, therefore application of impregnated
proppant provides a useful alternative to squeeze
treating wells to maintain scale control, see Figure 1.
The entrapped solid scale inhibitor slowly dissolves
into the aqueous phase across a long period of time,
providing scale control in excess of that achievable
through conventional aqueous based scale inhibitor
squeeze chemistries and technologies. The technique
is versatile and the nature of the scale inhibitor can
be changed to reflect the demands of the targeted
downhole scaling environment. The beads are pumped
as a fraction of the normal proppant load (typically
5-20wt%) and start to release scale inhibitor when
they come into in contact with well water.
Impregnated proppant technology is particularly
important for treating fractured low watercut wells
as the inhibitor is in place and ready for the onset of
water production. Scale control will ensue as long as
the inhibitor releases above the required Minimum
Inhibitory Concentration (MIC).

Case #1

A North Sea oil well was producing 5700 bbl oil
per day dry that dramatically reduced to 150 bbl per
day after water breakthrough. The impairment was
caused by the build up of mineral scale across the
near wellbore perforations. Re-perforation did not
provide the oil production increase that was expected,
therefore a hydraulic fracture treatment was
performed incorporating impregnated proppant to
provide downhole scale control. Well production
increased to 3072 BOPD, before averaging out at
approximately 2600 BOPD nine months after
fracturing.

Solid Encapsulated Scale Inhibitor System
Wells that have low operating pressure and/or

waler sensitive formations are notoriously difficult
to treat using conventional scale mitigation

technologies. Although non-aqueous and emulsified
scale inhibitors can be used in some instances, it is
considered preferable not to load the near wellbore
formation with tons of injected cold fluid. If the well
is fractured then repeat application with impregnated
proppant should be considered, however for non
fractured types or wells using submersible pumps,
micro-encapsulated scale inhibitor solid particulates
can be used™*!. The technique is most suited to
vertical wells but can also be applied to deviated wells
and deployed downhole in screens and inserts. The
solid scale inhibitor material can also be deployed
using hanging baskets or as pre-soak treatments for
wash water. The weighted polymer composite
comprises solid scale inhibitor (25-30wt%)
encapsulated in a degradable matrix. The material
acts on contact with aqueous fluid forming an inhibitor
diffusion gradient from the sump to the closest water
producing perforation. The well is effectively
protected by the “first-order’ release of scale inhibitor
into the flowing fluid stream.

Case #2

In 1999, a solid scale inhibitor treatment was
targeted for a low-pressure oil producing well, where
conventional aqueous squeeze treatment was
considered impractical. The field had been producing
oil since 1987, with seawater injection used for
reservoir support since 1988. By 1999 the reservoir
pressure had declined almost to an equilibrium level
and no gas-lift system was in place to aid start-up
and production.

The well hydrostatic head disallowed usage of
conventional water based squeeze treatments to
control a moderate calcium/strontium carbonate and
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Fig. 2. Comparison of produced water volume treated by a
micro- encapsulated particulate treatment and a conventional
aqueous squeeze treatment performed on the same well.
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barium sulphate scaling potential. Encapsulated scale
inhibitor was deployed provided approximately three-
times the conventional squeeze lifetime for the well
with 2.5 MMbbls of water protected above MIC
compared to 0.8MMbbls protected using conventional
squeeze treatment technology, see Figure 2.

The encapsulated inhibitor deployment also
provided significant additional benefits with respect
well downtime and also ease of restarting post-
treatment. From a gross costing perspective, the
encapsulated treatment cost less than one third of
the conventional treatment performed previously on
the same well.

CONCLUSIONS

» Scale inhibitor technology has advanced rapidly
over the last 15 years and is now matching the ever-
increasing technical challenges posed by the oil and
gas industry.

® The recognised industry standard method for
scale control in oilfield systems is by application of
chemical scale inhibitors.

e Many non-scale inhibitor technologies have
been and are used in the industry to mitigate problems
associated with scale, however in most cases scale-
inhibitor application is needed to ‘polish’ the process.

¢ A range of alternative squeeze chemicals and
technologies are available for controlling scale in
routine and also non-routine down-well circumstances

e Low watercut wells often present significant
unique challenges with respect to squeeze treatment
selection and application.

¢ The issue of ‘when to squeeze a well’ can be
answered by reviewing the potential risks to the well
and by also reviewing the range of squeeze chemical
candidates available for the conditions

e Newer alternative non-squeezing chemical
options include Deep Down Chemical Injection,
micro-encapsulated scale inhibitor particulates and
impregnated proppant beads.
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Abstract: Secondary oil recovery represents a
major part of oil production in many local
oilfields. 1t involves injection of a source water
to maintain the reservoir pressure. The source
water will eventually mixed with formation water
as it breakthrough to production well. Mixing of
incompatible brines leads to precipitation of
various types of mineral scaling compounds such
as barium sulfate, strontium sulfate, calcium
sulfate or calcium carbonate. This scale deposits
at formation face, production tubing, subsurface
valves, perforation may restrict fluids flow that
result in production rate curtailment. A laboratory
work is currently underway to set up a standard
procedure for scale inhibitor selection. This paper
presents the result of evaluating different types
of commercially available scale inhibitors
intended for use under down hole and surface

' Petroleum Research Centre, P.O. BOX 6431, Tripoli, Libya.
" Chemical Engineering Department, Al Fateh University, Tripoli,
Libya.

production facilities conditions. In addition, a
computer scaling modeling is performed fo asses
the compatibility of injection and formation brines
at different ratios and various temperature and
pressure conditions.

INTRODUCTION

Most water handling problems in oil and gas
production arise from the fact that water is an
excellent solvent ", In oilfield both source water and
formation water contain considerable quantities of
dissolved solids, suspended solids and dissolved gases.
As conditions of temperature and pressure change,
many dissolving compounds may become insoluble
to some degree, precipitate from water and may form
scale.

Two major types of scales are commonly
encountered in water handling operations ' these
being carbonate and sulfate based scales. The
formation of carbonate scales (calcite (CaCQ,) is
usually associated with changes in pressure,
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temperature, pH, and dissolved CO,, as water passes
from surface into the formation or from formation to
surface facilities. Sulphate scale formation [gypsum
(CaS0,.2H,0), anhydrite (CaSO,), celestine (5SSO )
or barite (BaSO,)] is often associated with potential
incompatibilities between formation and injection
water and to a lesser extent on temperature and
pressure. The forecast of these incompatibility effects
on the future oilfield operation should cover type,
extent and location of all future location of all future
damage due to chemical incompatibility problems.

The usual method of scale prevention is to apply
scale inhibitor that generally fall into one of the four
main classes polyphosphates, phosphate esters,
phosphonates and polymers *! .These four types are
known as threshold chemicals that inhibit scale at a
concentration well below equimolar amounts. Each
type of chemical has a certain application subject to
laboratory and field trials before continuous
application. For an effective scale control program,
the inhibitor should be present at all times in the water
being treated. Furthermore, it is important that the
inhibitor should be added to the system at a location
upstream of the point where scale deposition starts
to occur. Different types of commercial scale
inhibitors are being tested under static and at reservoir
conditions. This paper presents part of scale inhibitor
evaluation intended to cover most of scale inhibitors
used in local oil fields. Also, in house software
program is developed to asses and predict the self
scaling or incompatible mixing of formation and
injection water. This prediction covers the type extent
and location of all expected scale deposition.

Scale Inhibitor Evaluation
To be suitable for scale inhibition ¥, an inhibitor
must:
o Inhihit scale formation at low concentration.
e Be stable at reservoir conditions.
e Be compatible with injection and formation
waters /and all types of chemicals used in

oilfields.

e Have a reasonable solubility at reservoir
conditions.

e Be measurable quantitatively at low
concentration.

e Have low toxicity and high biodegradability.

e Have low cost.

These requirements formed the bases for
screening criteria and tests. Four commercial scale
inhibitors labeled as A,B,C and D (Table 1, and
reference 5) are evaluated according to the procedure

outlined in NACE Standard ( NACE — TM0374-
2001) (test method and laboratory screening tests to
determine the ability of scale inhibitors to prevent
the precipitation of calcium sulfate and calcium
carbonate from solution)). Synthetic supersaturated
solutions that represent actual injection and formation
waters are used since no meaningful results can be
obtained using oilfield brines.

The main objective of this test is to screen scale
inhibitors under accelerated condition and provide
relative performance rankings. Any product fail this
test will be eliminated for further testing. The
effectiveness of each product is measured by its
ability to keep the calcium ions in the solution.

Table 1. Scale inhibitors tested.

Scale inhibitors Chemical composition

Blend of phosphonates and polymer
Neutralised sodium salt of phosphonate
Phosphate ester

Organic phosphonate

onNw e

RESULTS AND DISCUSION
1. Scale Inhibitor Evaluation Test

Tables 2 and 3 show the results of these tests.
The percentage inhibition (m) was calculated
according to:

i:_c;'x 100
C C

o €

Table 2. Brine compaosition.

Ton Formation water Injection water
mg/l mg/l
K* 437 90
Mg*? 950 130
Ca™ 8940 450
S+ 383 10
Ba® 1.3 0.2
Na* 26133 1000
Cr 56733 1800
Br- 401 0.0
( HCO, y 196 756
(80,)* 605 757

Table 3. Calcium sulfate percent inhibition %.

Concentration/

Scale inhibitor | T mg/l | 3mg/l | 5mg/l | 10mg/1 | 20 mg/l
A 35.48 | 83.87 | 87.09] 100 100

B 75.92 | 77.77 | 81.85| 83.33 | 83.33
C 82.75 | 90.52 | 93.10] 93.10 | 93.10
D 68.42 | 89.47 | 9298 97.37 | 97.37
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Where: Cis the equilibrium divalent cation

concentration in the absence of inhibitor

C, is the initial divalent cation concentration.

The same results are also shown graphically for

better comparison in Figures 1 and 2. For most oilfield
application, a minimum effective dosage for threshold
inhibitor is in the range of 1 — 5 mg/l which is sufficient
to prevent mineral scaling. Therefore; all products
are acceptable for preventing sulfate scaling.
However, only inhibitor C is superior to the others to
inhibit calcium carbonate.

120 =
=100 o B4
2 2 A
Z 80 ; :
= 60
£
£ 40 —+—A —=—B
3 20 —a—C D
w
0
0 5 10 15 20 25

Scale inhibitor concentration in mg/1

Fig. 1. Percentage inhibition of (CaSQ,) from static test.

80

60

itor efTiciency

40 N W
20 ——C D
D
0 5 10 15 20 23

Scale inhibitor concentration in mg/1

Fig. 2. Percentage inhibition of (CaCQ,) from static test.

2. Computer Scale Prediction

In house developed prediction model , based on
Odd and Tomsoen method!, has been carried-out for
one oilfield to asses the self- scaling or incompatibility
mixing, at three locations (down hole ,wellhead and
manifold). All the relevant data, water composition
and gas composition of brine at equilibrium in the
reservoir are considered. The data is shown in
Table 2. Effects of the pressure and temperature
changes associated with the production, and the
resulting changes in equilibrium composition are
modeled. In this manner potential scaling problems
and the driving forces for scale formation are
identified. The saturation index (SI) is a measure of
scaling tendency. However, if the sign is positive, the
brine has a scaling potential, a negative sign indicates
the brine is under- saturated,

Figures 3 and 4 illustrate the predicted calcium
carbonate and calcium sulfate saturation index as the
source water (injection water) mixes with formation
water at bottom hole. well head and manifold
conditions. The results indicate that calcite scaling is
likely at well head and manifold. This is due to
reduction in pressure, evolution of CO, and increase
in pH of the brine. The calcium sulfate scaling is
unlikely under the same condition at the three
locations.

1.5
z 1 RS |
P
1}
i~
E05
s
o
0
=
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-05 — W-H
4 —A_ Mantfold
4
0 20 40 60 80 100
[njection water%
Fig. 3. Calcium carbonate scaling tendency.
—=2_ B-H
05 — W
—A— Manifald
0.1

Saturation index (S1)

0 20 40 60 BO 100

Injection water"h

Fig.4. Calcium sulfate scaling tendency.

CONCLUSIONS

Laboratory static test NACE standard procedure
was followed to evaluate the performance of four
candidate scale inhibitors labeled A, B, C, and D
intended to be used in local oilfields. All four products
are acceptable in preventing calcium sulfate while
only product C is acceptable for calcium carbonate
inhibition. The use of computer model can greatly
aid in selection and optimization of scale inhibitors
for downhole or surface application. The second
phase of the scale inhibition tests will focus on
evaluating these products under dynamic conditions
(Table 4).
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Table 4. Calcium carbonate percent inhibition %.

Concentration/
Scale inhibitor [ 1 mg/L| 3 mg/l | S5mg/l | 10mg/l | 20 mg/l

A 9.09 | 19.48 | 36.36 | 89.61 | 89.61
B 3.85 [ 10.26 [ 6.41 | 51.28 | 79.49
c 88.43 | 91.16 | 91.16 | 91.16 | 91.16
D 5019 [ 11.69 | 14.29 | 49.35 | 84.42
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Abstract: One of the most severe problems at any
oil field producing paraffin oils is the wax content
and paraffin deposition. The microbial treatment,
which is based on the activity of the natitrally
occurring selected isolated bacteria, proved to
be an effective alternative method to the
conventional chemical methods in preventing and
removing wax deposition in oil field facilities and
pipelines.

* Petroleum Research Centre, P.O. Box 6431, Tripoli, Libya.
**Chemical Engineering Department, Al Fateh University.
E-mail: asma_etomi@lycos.com

Various bacterial species were isolated from
different local sea water sediments contaminaied
by petroleum hydrocarbons. The isolated
consortia were found to have the ability of
producing biosurfactant in the form of biological
molecules. The produced biosurfactant showed
higher surface activities, capable of reducing
surface and interfucial tension at the interfaces
between liquids and solids. This phenomenon
allows the mixing and dispersion in water and
other liquids.

Experimental tests of specific growth rate
(W.,..)» emulsification stability and degradation
strategies with G.C assay for Sarir crude oil were
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performed before and after treatment. Results
showed that biodegradation had minimized the
paraffin contents with further expansion in light
fraction of the hydrocarbon sequences, in
particular the normal alkanes.

The bacterial isolates, responsible for these
changes, were successfully isolated and
nominated as PRCW B, E, A, and B, These

isolates will be further tested on several types of

paraffinic crude oils in order to verify such
Jindings and support their application in the field
to prevent and control paraffin deposition in oil
field facilities and pipelines.

INTRODUCTION

Paraffinic hydrocarbons are organic compounds
commonly found in crude oil, consisting of various
forms and combinations of aliphatic hydrocarbons,
aromatic hydrocarbons, napthenes, and asphaltenes.
These different forms and combinations give paraffins
their characterizations such as melting point, boiling
point, solubility, pour point and cloud point,

Paraffins may be deposited throughout the oil
production flow lines starting from the oil well reservoirs
up to the storage tanks at the refineries. This deposition
is due to the system temperature being lowered below
the cloud point, and also due to the change in the crude
oil composition. The changes in composition might be
due to the evaporation of lighter hydrocarbon fractions
(C,-C,) present in the crude oil.

According to Rocky Mountain Oil Field Testing
Center (1997), there are two mechanisms for paraffin
deposition. These mechanisms are the shear
dispersion and molecular diffusion. The shear
dispersion mechanism describes the relationship
between deposition rate and the shear rate. The
molecular diffusion mechanisms describe the diffusion
process of the paraffinic hydrocarbon to the surfaces
due to the temperature gradient of the liquid phase.

Since 1900, several methods were proposed and
applied to overcome the problem of paraffin
deposition. The injection of chemicals such as solvents
and dispersants among the conventional methods is
very successful for the control of paraftin precipitation
and deposition. However, the chemical treatments
proved to be costly and highly toxic (Sadeghazad and
Ghaemi, 2003).

During the last decade, microbial remediation was
found to be an available alternative method over the
conventional methods. Microbial treatment can

control paraffin deposition by reducing the length of
the paraffin molecule and by producing by-products
that act as surfactants and paraffin solvents. The
cracking of long chain paraffin will produce an
increasing in the API gravity and lowering in the cloud
point. The bio-production of surfactants and solvents
enables the fluid to solubilize the paraffins and remove
paraffin-based skin damage from the well bore
(Banat et al, 1999),

Remediation of Paraffin Precipitation and
Deposition

The microorganisms contributing in the microbial
treatment of crude oil, are generally live, naturally
occurring, specifically isolated bacteria, and must
have the following characteristics (Lazar et al, 1999).

¢ Facultative anaerobic, working in the presence

or absence of oxygen.

e Non-pathogenic.

e Contain no sulphate-reducing bacteria or

slime-forming bacteria.

e Not genetically altered.

e Water based and environmentally safe.

The advantages and benefits of using microbial
treatment in biodegrading long chain paraffins are:

I- There will not be any paraffin precipitation or

deposition problems along production flow line.

2- The viscosity of crude oil will be reduced and

there will be an increase in API.

3- The amount of paraffin will be reduced.

4- Decrease in pour and cloud points of the crude

oil at the same time.

MATERIAL AND METHODS
Bacterial Isolation Technique

The first experiments were performed in the
chemostat by preparing two liters of enrichment salts
media in culture vessel and autoclaving at 121°C for
30 min. After sterilization the system was started up
with temperature adjusted to 37°C, pH = 7.3 and
agitator 250 rpm.

These experiments were repeated several times
with different seawater sediment samples. After a
laboratory screening program, the naturally occurring
bacterial isolates from waste hydrocarbon polluted
site, as pure culture or natural bacteria consortia,
were selected as the best degraders of paraffinic oil
and used in the rest of the experiments.



Microbial Prevention of Wax Deposition 61

Six pure bacterial strains were isolated from sea
water sediment and one additional species was
isolated from Sarrir crude sample.

Most of the isolates were grown in mineral salts
media and produced biosurfactants on waxy crude,
n-hexadecane was used as a source of energy and
carbon.

The biosurtactants production has been verified
by the kerosene tests. The performances in
degradation of hydrocarbon contained in paraffinic
oils or in paraffin depositions, have been investigated
in aerobic conditions on a rotary shaker (in
Erlenmeyers flasks of 250 ml) at 37° C for 7-10 days.

For the determination of bacterial ability in the
degrading of hydrocarbons containing paraffin
depositions, the crude oil extraction methods were
implemented (ASTM D 5369-13).

Experimental Culture Conditions

The bacteria were cultivated in a medium
containing either 1%, 5%, 10% (vol/vol) of n-
hexadecane and crude oil as a carbon and energy
source plus 1.5 g/l (NH),50,, 4.465 g/l K,HPO,,
1.5 g/1 NaH,PO,H,0, 0.2 g/l MgSO_7H,0, 2 ml
trace element solution per litre of medium. Cultures
were cultivated in 250 ml Erlenmeyer flasks with 50
ml of medium and incubated with shaking (150 rpm)
at37°C.

Optical Density

The turbidity of the cultures was determined by
measuring the optical density (O.D) at a wave length
of 540 nm in 2 ml cuvettes using a spectrophotometer.

Biomass (dry weight)

The net dry weight for the dry biomass was
determined. 1 ml of culture broth was centrifuged at
1500 rpm for 30 minute then washed with distilled
water, vortexes and poured in certain container with
a known weight then dried over night at 90°C to
constant weight, and cooled for reweighing.

Relationship between the Optical Density and the
Dry Weight Biomass

During the batch experiments, the optical density
and the dry mass were determined simultaneously.
The linear relation between OD_, and dry mass was
obtained.

540

Biosurfactant Detection

To detect the presence of the biosurfactant the
following tests must be conducted:

I. Xylene or oil emulsification assays.

2. Thin-layer chromatography (TLC)

3. Surface and interfacial tension measurements.

Emulsification Activity and Measurements

There are two procedures performed in this study
to measure the emulsification activities as follows:

[. Culture broth was made cell free by
centrifuging. 3.5 ml of the broth. Then it was
vigorously shaken with 2 ml of toluene and xylene on
a vortex shaker and left undisturbed. After one hour,
optical density of the oil-in-water emulsion phase was
measured at 610 nm wave length. The O.D. was
reported as the emulsification activity. After 24 hours
the height of the emulsion layer (water-in-oil) was
measured and emulsification activity was expressed
in cm. The test tubes utilized for activity
measurements have diameters of 1 cm, capable of
handling a 2 cm substrate layer, which corresponds
to 2 mls of tested substrate (Banat, et al 1991).

2. Emulsification activities were also measured
using the method of Cooper and Goldenberg. In this
method; 2 ml of kerosene are added to 2 ml of the
culture broth in a screw cap test tube and vortexes
at high speed for 2 minutes using VORTEX TOP
MIX. The emulsion stability was determined after
24 hours and the measured height of the emulsion
layer was divided by the mixture total height and
multiplied by 100 (Benbatla, 1995, Bicca, eral. 1999).

Gas Chromatographic Analysis

The gas chromatography was used in this
research for the determination of the residual content,
and the degree of biodegradation on crude oil
effluents.

¢ Residual Oil

The residual oil was collected by extraction with
a mixture of n- hexane and dichloromethane (1:1).
All samples were collected and analyzed by G.C for
n-alkanes before and after treatments,

e Crude Oil Effluent Biodegradation

The degree of biodegradation of the crude oil
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effluents was determined using the chrompack model
439 capillary gas chromatograph equipped with a
flame ionization detector (FID), a split / splitless
injector and cp-sil 5 CB column (50 m, 0.32 mm,
0.12 um film thickness). The gas chromatographic
conditions were realized with a 300° C detector, 300° C
injector, split ratio on 100:1, carrier gas helium flow
rate of 62 Kpa and samples of 0.1ul injection. The
column temperature of 40° C held 2 minutes, and then
increased at a rate 5°C/min and final temperature
300° C for 30 minutes

Future Research Work

The laboratory pilot tests were designed as” flow
equipment” simulating the alternation of stationary
and flowing periods of the paraffinic crude oils during
the production process.

At the end of tests on “flow equipment” samples
of the circulated mixture will be collected and
analyzed for fluid rheology, viscosity, pour point, wax
content and API gravity. This research work
investigates the following aspects:

1. The degradation of heavy fractions of crude

oil into light fractions.

2. The reduction in viscosity and pour point

tempeature of the crude oil.

3. The production of biosurfactents and organic

acid to lower the surface tension and interfacial
tension.

RESULTS AND DISCUSSIONS

The individual community members which were
isolated from the local environment are found and
considered to be Actinomycetes, Pseudomonas and
Bacilli. This identification was achieved by direct
analysis with epifluorescence microscopic
observation. All genera display much variation in
morphology and capsulation.

The specific growth rate and net dry weight of

the different isolates were determined and
illustrated in Figures 1 and 2. These figures indicate
the effluence of the specific growth rate and
biomass precipitation on a period of bacterial
cultivation in mineral salts medium containing 0.5%
(vol/vol) n-hexadecane. The highest specific
growth rate was observed on PRCW B, PRCW
E, with p.  (0.243 h') and (0.1926 h'")
respectively. These bacterial isolates were selected
for further investigations, since the PRCW B, and

PRCW E| have optimum E,, and growth rate over
the other isolates (Table 1).

The emulsification index results showed the ability
of the isolates to grow with water immiscible
hydrocarbon such as kerosene, toluene, xylene and
crude oil. This indicates the production of surface-
active compounds by the microbial culture, which has
been shown to aid the metabolism of the substrate
and stimulate microbial growth.

Table 2 shows emulsification index of six isolates
on different source of hydrocarbon where all values

Table 1. Maximum growth rate of six isolates.

Bacterial 1D Growth rate (Wmayx). hr-1
PRCW A, 0.0673
PRCW A, 0.1365
PRCW B, 0.2430
PRCW E 0.1926
PRCW E, 0.0562
PRCW B, 0.0385

Table 2. Emulsification index of six isolates.

Emulsification index percent

Buacterial ID Toluene | Xylene | Crude Kerosene
PRCW B, 83 93 100 90
PRCW E, 30 60 93 66
PRCW A, 23 30 83 36
PRCW B, 40 42 100 50
PRCW A, 50 50 83 33
PRCW L, 0 0 90 0

——DW
51  —@—0D al{ 540nm)

] 2 4 s & 10 120 10

Time (hr)
Fig. 1. Growth rate of bacteria type PRCW A, (OD =optical
density; DW = dry weight (mg/ml)).

0 10 20 30 40 50
Time(hr)

Fig. 2. Growth rate of bacteria type PRCW B, (OD = optical

density; DW = dry weight (mg/ml)),
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of emulsification index on crude oil are greater than
values which was obtained on kerosene and other
hydrocarbon source, these values reached to
(EN=IOO%) for PRC W B,, PRC W B, and
(E,,=93%) for PRCW E, at about 120 h, Figure 3
shows these results.

A measure of E,, on kerosene showed small
quantity of surfactant was initially present in the
culture broth. After approximately 48 hours of growth,
the E,, value increases and reaches its maximum
value at about 120 h (E, =90%) for the isolate PRC
W B,. There is no any emulsification activity on
PRCW E, {PRC W E, source isolation crude oil}.

Optical density and dry mass were determined
simultanecusly. The linear relation between OD_, and

540
dry mass was obtained as shown in Figures 4 and 5.

Fig. 3. Emulsification index on crude oil.
Bon
25

y = 0.3501x + 01113 ]
R?=09514

oD

Fig. 4. Relation between biomass and optical density for
bacterin PRCW A,.

y=0.9014x + 0.0773
R*=0.963

0 02 04 06 08 1 12 14
oD
Fig. 5. Relation between biomass and optical density for
bacteria PRCW,

Different isolates were able to produce a
significant amount of biosurfactants as detected by
water-in-oil and oil-in-water emulsions, during their
growth on 1% of n-hexadecane. PRCW B, showed
better performance (height of emulsion 4 cm) when
grown for 120 hours in toluene and xylene. These
bacterial isolates have good emulsification activities
which appeared and were detected by absorbency,
as showed in Figures 6 through 9.

The effects of hydrocarbon concentration on
different isolates were studied in a batch culture
system with different concentration 10 vol%, 3
vol%, 1 vol % of crude oil, Table 3 showed
optimum growth rate at 1% with p. = 0.113hr"
for PRCW E| and faster growth shown on PRCW

Table 3. Growth rate of six isolates on different
concentrations of crude oil.

Growth rate , hr
Bacterial 1D 10% 5% 1 %
PRCW A 0.028 0.0373 0.040
PRCW B, 0.100 0.0852 0.093
PRCW B: 0.027 0.0241 0.020
PRCW E, 0.110 0.0500 0113
PRCW E, 0.027 0.0430
4

Height{cm) 2

1]

04

Bacteria type A2
Time(hr}

Fig. 6. Water-in-oil emulsification activities in the cell-free
culture fluids of the bacterial strains grown and tested on
toluene.

Ahsorbance ol
(610nm)

2
B2 Al

Bacleria type

Fig. 7. Oil-in-water emulsification activities in the cell-free
culture fluids of the bacterial strains grown and tested on xylene.
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Absorbance at
(610nm)

48
Bacteria type Time(hr)

Fig., 8. Oil-in-water emulsification activities in the cell-free
culture fluids of the bacterial strains grown and tested on toluene.

Helght (cm)

Time(hr)

Bacteria type E2

Fig. 9. Water-in-oil emulsification activities in the cell-free
culture fluids of the bacterial strains grown and tested on xylene.

B, as explained in Figure (10). PRCW B, showed
nearly the same growth on crude oil concentration
10% by volume, 1% by volume, with p.  =0.1hr'
and . =0.093hr' respectively, PRCWA showed
best growth on 10 vol%, with K= 0. 04111 and
PRCW B, best growth on | vol% with .
0.027hr .

The laboratory analysis was performed on
treated and untreated crude oil samples using gas
chromatography. The spectrums of GC analysis
have been illustrated in Figures 11 through 13. The
results showed a change in the distribution of
alkanes and a decrease in the long chain carbon
paraffins and an increase in the lighter fraction on
1solates PRCW A Bw B2 and E,, while the other

max

14

e

Oplical densily at 540 nm
=
@ =

05
04
oz}
o . . . . y
0 5 10 15 20 25 30 35
Time (v}

Fig. 10. Growth rate of bacteria PRCW B, on different
concentrations of crude oil.

species did not show the same effect. Moreover,
the concentration changes of n-alkanes obtained
from GC analysis have been shown respectively
in Figures 14 and 15.
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Fig. 11. Comparison of GC spectrums of crude oil before and
after treatment with bacterial type PRCW A
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Fig. 12. Comparison of GC spectrums of crude oil before and
after treatment with bacterial type PRCW B,
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Fig. 13. Comparison of GC spectrums of crude oil before and
after treatment with bacterial type PRCW E,.
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Fig. 14. GC. analysis of treated crude oil (3% concentration)
with isolate PRCW A, after 21 days.
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Fig. 5. GC. analysis of treated crude oil (3% concentration)
with isolate PRCW B, after 21 days.

CONCLOUSIONS

I. Several different bacterial hydrocarbon
degraders were detected in pure consortium from
sea water sediment contaminated by waxy crude oil.

2. Specific bacterial cells PRCW B, have shown
emulsification activity up to 100%, while the other
species such as PRCW E, shows 93% emulsification
activity. These two isolates can be targeted for
selection in preventing or controlling wax deposition
in field application.

3. After microbial treatment degradation rate by
PRCW B, isolates on Sarir crude samples showing
the highest values of n-alkanes reduction when
exposed to PRCW B,

4. The same growth rate was achieved with
PRCW B, in the concentration of 1% and 10% of
crude oil which means that this type of isolates could
be used in the field trial to prevent and control wax
deposition.

5. PRCW A , B, B, and E, isolates have shown
greater reduction rate of the heavy fraction of the
original waxy crude oil sample (Sarir crude) due to
their higher emulsification performance.

RECOMMENDATIONS

. Biodegradation of bacteria for higher
concentration of crude oil has to be verified
specifically for 30% or higher.

2. Perform rheology tests for examining the
isolates to determine the API gravity, cloud, pour point
lemperatures and viscosity.

3. Dynamic flow test experiments need to be
carried out for simulating the field conditions.
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Evaluation of Imidazoline-based Inhibitors for Oil Environment by Means of
Advanced Eelectrochemical Methods
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Abstract: In this paper preliminary results of tests
Sfor the evaluation of the activity of imidazoline-
based corrosion inhibitors by means of
Electrochemical Impedance Spectroscopy (EIS)
and other traditional electrochemical methods are
reported. Tests have been carried out on AlSI
1040 mild steel specimens immersed in solution
simulating the composition of aqueous phase
during oil production and transportation: high
salinity, presence of CO,, anaerobic environment,
temperature 40 ° C. Two different inhibitor
Sformulations were tested.

EIS data have been analysed by means of
equivalent circuits. The electrochemical tests
perniitted to evidence different mechanisms and
activity depending on inhibitor formulation.
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Universita di Roma “Tor Vergata™.

*# Dipartimento di Fisica ed Ingegneria dei Materiali e
del Territorio Universita Politecnic Marche.
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INTRODUCTION

The environmental conditions in oil fields can be
very different but they could be assumed follow:
anaerobic conditions, high concentration of CO, (often
close to saturation), high salinity, variable
concentration of sulphide ions!'?' and high
temperature.

Depending on composition, different forms of
corrosion can take place in oil and gas wells and flow
lines®. Amongst them, CO, corrosion, usually called
sweel corrosion, is one of the most severe.

The main method of protection all petrochemical
facilities in the world is the use of inhibitors, because
of their great flexibility by adjusting their concentration
in relation to environmental corrosivity.

The most effective corrosion inhibitors for oil and
gas pipeline application are the fatty acid imidazoline.
About 90% of inhibitor used by oil companies is based
on the use of aliphatic long chain diamines or
imidazolines. The action mechanism of imidazolines,
whose general structure is depicted in Figure I, is
not well understood™®. It has been reported that
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imidazolines form a double layer on the metal surface
and that their activity depends on the nature of the
hydrocarbon tail, but many details have to be cleared,
in particular regarding their action mechanism.

In this paper some results of a research program
on the evaluation of two different imidazoline-based
inhibitors are reported. In particular, tests on carbon
steel specimen have been carried out by means of
different electrochemical methods such as: Open
Circuit Potential (OCP), Polarization Curves (PC),
Linear Polarization Resistance (LLPR) and
Electrochemical Impedance Spectroscopy (EIS).

CH,

n=12-18

Fig. 1. General chemical structure of imidazolines used in this
work.

EXPERIMENTAL

Tests have been performed on AIST 1040
cylindrical electrodes, 4 mm in diameter. Surface
electrode was delimitated by enamel and the
immersed area was 10.2 cm?,

Tests were carried out in an unstirred solution of
30 g/l sodium chloride in which a constant CO,
bubbling was performed throughout tests. A sealed
cell was used with a vent to prevent over pressure.
The cell was thermostat-controlled at 40°C and
oxygen concentration was measured by an
Orbisphere Laboratories Model 2713 probe, and kept
below 10 ppb during all the tests.

Inhibitors were a commercial mixture of
imidazolines with an aliphatic chain varying between
12 and 18 carbon atoms, as shown in Figure 1. Two
different inhibitors formulation, supplied by Ondeo-
Nalco, at concentration of 25 or 50 ppm were used
and their compositions are reported in Table 1.
Inhibitor A contained acetic acid as salting agent
whereas inhibitor B contain a mixture of acetic acid
and thioglycolic acid. Blank tests were also
performed.

EIS measurements were carried out at the OQCP
in the frequency range 5x10~° -5x10°Hz with an A.C.

Table 1. Composition of inhibitors (% Wt)

Components Inhibitor A Inhibitor B
Imidazolines 25 25

Acetic acid 6 3
Thioglycolic acid - 3
[sopropanol 10 L0

Wauter balance balance

signal of 5 mV by a Solartron 1260 Frequency
Response Analyser (FRA) and a 273 E.G. & G.
Princeton Applied Research Potentiostat-
Galvanostat. Equivalent circuit evaluation of EIS data
was performed by Z-Plot software (Scribner Ass.)
using a Non Linear Least Squares (NLLS) algorithm.

Corrosion rate measurements were performed by
Linear Polarization Resistance (LPR) method by an
ADSE corrosimeter using a three-electrode corrosion
probe.

Polarization Curves were performed with a scan
rate of 4 mV/s.

RESULTS AND DISCUSSION

The OCP trend of specimens in inhibited solution
(50 ppm) is shown in Figure 2, in which, as a
comparison, the OCP for a blank test is also reported.
OCP curves of tests in inhibited solution showed a
clear ennoblement from the first hour of immersion.
No relevant differences were detected between
inhibitors A and B. After 4 hours, OCP kept a constant
value in the range between -650 and -640 mV (Vs
AgCl) for inhibited tests, while the blank test settled
at about -710 mV.

Polarization curves were performed at the same
condition. Figure 3 reports polarization curves of tests
with inhibitor A at 50 ppm, immediately after the
immersion and after 2 and 6 hours. Polarization

-640

= 0B ' 3
¢ Iim-A -5
_-660 Sdeeeen 2
O B L. -
2 1 i : : -
> -680 oot e R —
RN T e R
L e S ARt
................................. No_In. 3
_72() ﬁ.<1;llllillII%IIIiiI!i!E
0 ] 2 3 4 5 6

Time (h)

Fig. 2. OCP as a function of immersiontime (Inhibitor
concentration: 50 ppm).
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Fig. 3. Polarization curves for inhibitorA at 50 ppm, at different
immersion time.

curves show an OCP shift towards anodic direction
and the concurrent increase of both anodic () and

cathodic (=) Tafel slopes with time, typical of

adsorption inhibitors. Within the anodic part of curves
collected after 2 and 6 hours of immersion, a slope
variation can be detected, indicated by the arrow in
Figure 3. This behaviour reveals the potential at which
the film breakdown takes place and it is usually called
desorption potential (E )"!.

A slight increase of E with time can be detected
(from —584 to -557 mV). Data of polarization curves
taken after 6 hours for both the inhibitors are
summarised in Table 2,

Table 2. -« and E after 6 hours

Blank Inhibitor A

Inhibitor B

a(mV) 93 130 129
«c(mV) 318217 89
Ed (mV) - - 557 -439

Inhibitor B shows an increase of E , stronger than
that observed for inhibitor A, thus indicating a higher
film stability with respect to inhibitor A.

The results of LPR measurements, shown in
Figure 4, demonstrate that corrosion rate for inhibitor

{)5 L L I T T 77 ! I'T &1 | T 7 F T | ¢ 5 &__
0.4 f------ ' :— & A25ppm

— ;  —®— ASOppm -
2 o3ekat ..., —t—B.l5ppm -
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5 02] e N R SN N
= ] ' =
0.1 e _E

(} P11 ‘:

25
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Fig. 4. Corrosion rates by LPR.

A at 25ppm settled at 0.15 mm/y after about 12 h of
immersion, while for the same inhibitor at a
concentration of 50 ppm reached a corrosion rate of
0.10 mm/y in a shorter time. The same
measurements for inhibitor B showed corrosion rates
lower than 0.02 mm/y after only 5 hours for both
concentrations. LPR tests for blank tests gave an
average corrosion rate of 1.40 mm/y.

EIS measurements were performed in three
different conditions: without inhibitor and in the
presence of inhibitors A and B at the concentrations
of 25 and 50 ppm.

The analysis of EIS data, acquired during blank
tests, shows that this system is described by a simple
RC parallel equivalent circuit, as reporied in Figure
5a, being R the electrolyte resistance, R  the charge
transfer resistance and CPE the double layer
capacitance., No circuit element that can be related
to the presence of any protecting film on metal
surface was detected. No contribution from diffusion
(Warburg impedance) was also detected, since the
oxygen concentration within the cell was negligible.
The equivalent circuit has been developed using
Constant Phase Element (CPE) instead of real
capacitance because of the semiarc depression in
the Nyquist plot. The contribution of CPE to total
impedance is givenby Y2=Y (j&)" inwhichY is
the admittance and n a parameter associated to the
semiarc depression with respect to real axis. If n =
1, CPE contributes as an ideal capacitance.

R values for blank test varied in the range
between 10 and 20 Ohm, thus confirming the high
corrosion rate V_measured by LPR. C was high,
in the range 4-6 mF, due to the presence of a high
charge concentration on electrode surface.

EIS spectra acquired in inhibitor A solution were
described by the equivalent circuit of Figure 5b, in
which two additional elements are present: the film
resistance (Rf) and capacitance (CPE ). This is a

Rs Ret
‘ CPEdI
. a)
Rs Rf Rt
AV —
CPEdI
}_
il
o b)

Fig. 5. Some of the equivalent circuits used in this paper.
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generally accepted equivalent circuit to describe
the corrosion behaviour of film-coated metals,
where the metallic substrate is exposed to the
electrolyte through the permeable defects (e.g.
pores) present in the film"-',

The use of this equivalent circuit permitted a good
simulation of the EIS data as shown in Figure 6 fora
spectrum related to a test with inhibitor A at 50 ppm.
The f?test and Weighted Sum of Squares (WSoS)
values were respectively 4.2 10 and 3.6 102 for
circuit 5b, thus confirming good fitting.

The use of equivalent circuits with NLLS-fit (an
extension of least squares regression method)
permitted to calculate the charge transfer and film
parameters during test. According f? test (the square
of the standard deviation between the original data
and the calculated spectrum) and WSoS values, the
error associated to circuit element estimation was
always < 5 %. The first EIS spectra acquired few
minutes after the immersion indicated only one
semiarc that, on the basis of capacitance values, can
be ascribed to charge transfer reaction. With
increasing of immersion time, charge transfer
characteristic moved towards low frequency and a
strong increasing in total resistance was observed.
After few hours of immersion, a second time constant
was observed in the high frequency region (indicated
by the arrow in Figure 6). This new time constant
can be attribute to the imidazoline film formation.
Figure 7 reports R and R trend for a typical test in
inhibitor A at 50 ppm.

R, and R have very similar trends characterized
by a marked increase in the first part of the test,
confirming that the film formation is fast. After 10
hours, R _ settled at a constant value of about 1350
Ohm whereas the trend of R, was still increasing.

Figure 8 reports, the trend of C » and C, for the
same test as Figure 7. C, and C, show an inverse
trend, with strong decrease for C in the very first
part of the test and a slight increase for C, during the
first 20 hours of the test. After that, both capacitances
become constant and very close to a value of about
870 AF.
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Fig. 6. Fitting of a typical Nyquist plot for a test with inhibitor
A, using the equivalent circuit in figure 5h.
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Fig. 8. C, and C trend as a function of time for a test in
inhibitor A at 50 ppm.

EIS spectra, acquired on tests with inhibitor B,
showed a more complex outline. Circuit in Figure 5b
did not allowed to have good fit, thus suggesting a
more complex film-metal interface structure with
respect to inhibitor A. For this reason, the analysis of
EIS data on inhibitor B required the addition of a
new RC circuit as shown in Figure 9. This new RC
circuit, whose parameters have been labeled R, and
C,, can be ascribed to the effect of thioglycolic acid
to film build up.

Rs Rz Rtc RF
CPEdI CPEf
>_
Cz
| L

Fig. 9. Equivalent circuit used to fit EIS spectra on inhibitor B.

Resistance values as a function of immersion time
are shown in Figure 10. R, and R, have the same
trend since both of them are related at the film
formation. R, is about one order of magnitude higher
with respect to that of inhibitor A. As a consequence
of this, R reached a steady value of 3500. R gave
a poor contribution to the total resistance (about 159)
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Fig. 10. R, R, and R, as a function of time for a test in inhibitor
B at 50 ppm.

and is essentially independent on time. As a first
assumption, thioglycolic acid seems to be inaccessible
by solution, acting as an inner layer and the very low
R, suggesting that it is not protective itself. Itis well
known that thioglycolic acid decompose in the
presence of heavy metal to produce hydrogen sulfide
and an FeS precipitation could be hypothesized.

C, has a trend very similar to that of inhibitor A:
after a slight decrease, reached a constant value of
500 AF. On the other hand, C_decreases during first
hours of immersion, probably because of the
increasing of film thickness since the capacitance is
inversely proportional toit.

C, contribution is small and approximately
unaffected by immersion time as well as R.. It can
be assumed that its effect takes place in the very
first part of the film build up (Fig. 11).

As a general remark, EIS data suggest that the
presence of thioglyc olic acid or of sulphides, coming
from its decomposition, can influence the kinetic of
imidazoline adsorption on metal surface, thus resulting
in an improvement of activity. The role played by
thioglycolic acid is not clear. Tt could adsorb or
chemisorb on metal surface, by means of mercapto
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Fig. 11.C L. C and C, as a function oftime for a test in inhibitor
B at 50 ppm.

(HS") group or decompose to form FeS that can form
an inner layer on which imidazoline can bond heavily.
Surface analysis such as FTIR and XPS will be
performed to clarify this point.

CONCLUSION

The present paper reports results of the evaluation
of the activity of two formulations of imidazoline-
based inhibitors for oil field environment.

Data have shown a positive effect of thioglycolic
acid on inhibition mechanism. Polarization curves
indicated the formation of a protective film, whose
desorption potential increase with immersion time and
moving from inhibitor A to B. The use of inhibitors
permitted reduction of corrosion rates from 1.40 to
0.02 mm/y.

EIS data have been evaluated by three equivalent
circuits that permitted the determination of film and
charge transfer contribution to total resistance. Two
different action mechanisms were detected.
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Integrated Methodology for Mineral Scale Inhibitor Squeeze Treatments

B. Bazin, N. Kohler and A. Zaitoun’
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Abstract: Mineral scale deposition often occurs
not only in surface facilities and well tubing but
also in the near well bore reservoir area. Sulphate
scale formation is usually the result of poor
compatibility between injected seawater and
formation brine. Carbonate scales are mainly
generated by abrupt pressure and temperature
variations to which production fluids are
submitted between reservoir and surface and the

* Petroleum Research Centre, P.O. Box 6431, Tripoli, Libya.

simultaneous loss of CO,. The precipitation of
both mineral deposits may create significant
permeability impairments due to plugging of pore
throats and consequently induce large well
productivity loss. In most cases, scale formation
cannot be avoided and preventive treatments are
recommended. One of the most efficient techniques
to prevent mineral scale deposition is the squeeze
into the formation of a specific scale inhibitor.
This paper presents an integrated methodology
applied by IFP in order to define the best chemical
inhibitor formulation for a specific squeeze
treatment and to optimize its implementation into
the corresponding reservoir. Both experimental
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and numerical approaches are used to select the
inhibitors, to evaluate their performance in bulk
and in core conditions, and to define the best
strategy for the squeeze process. Laboratory tests
include classical inhibitor selection methods
based on static Jar Tests and dynamic Tube
Blocking Tests in order to determine the Minimum
Inhibitor Concentration (MIC) to prevent scale
formation. The properties of current scale
inhibitors, i.e. phosphonates, as well as those of
new environmentally friendly products are
compared. Core flooding experiments are
performed to evaluate inhibitor adsorption /
desorption properties at reservoir conditions and
the risks of production impairments. Numerical
simulations of the treatment are finally performed
using a specific reservoir simulator to upscale the
squeeze life time of the treatment from the
laboratory to the reservoir level.

INTRODUCTION

Scale inhibitor squeeze treatments provide one of
the most common and efficient methods to prevent
the formation of mineral scales in producing wells.
Scaling is an undesirable precipitation caused by either
mixing of incompatible waters or rapid changes of
the thermodynamic conditions during fluid production.
The nucleation and growth of salt crystals can oceur
both in the production system or in the near wellbore
formation. One of the most valuable techniques to
prevent or to fight the scale formation is to inject, i.e.
squeeze, a scale inhibitor directly into the formation.

A typical squeeze treatment consists of injecting
a slug of the chemical formulation into the reservoir
followed by the shut-in of the well. During the shut-
in period, the inhibitor is retained into the formation.
When production is resumed, the inhibitor is released
back into the produced water and prevents scale
formation. The success of the treatment depends on
how long the inhibitor concentration in the flowing
water is efficient to prevent scale precipitation. This
concentration has, in fact, to exceed the Minimum
Inhibitor Concentration (MIC).

The focus of this paper is to review the
methodology which contributes to a successful
squeeze treatment, starting with the scale
identification, followed by a laboratory study in
reservoir conditions for the selection of the best
inhibitor to prevent scale formation and ending with
the design of the well treatment. Laboratory tests

include the classical inhibitor selection methods based
on Jar Tests and Tube Blocking tests. The purpose
of these tests is to select the inhibitor on the basis of
its MIC in the critical formation water/injection water
mixture. Core floods are then carried out in order to
obtain the inhibitor dynamic adsorption isotherms.
Numerical simulations of the treatment are performed
using a specific reservoir simulator to design the
squeeze life time of the treatment, based on
laboratory determinations of the inhibitor MIC and
adsorption values. This integrated methodology
extending from the laboratory testing to the treatment
design is illustrated on a case study where the scale
consists essentially of calcium carbonate deposition
at the producing well.

The paper is organized as follows. The first section
is a presentation of the scaling problem. The second
part describes the different experimental methods
used for the MIC determination and the core flood
tests. In the third section, we focus on the numerical
simulations for the design of the treatment.

PRESENTATION OF THE SCALING
PROBLEM

In the case study presented here, scaling is due
to the change in the thermodynamic conditions when
well fluids are produced, the actual formation water
being unstable in surface conditions. A particular
procedure must then be applied to prepare the critical
formation water/injection water mixture. We
reconstruct this water by mixing two simplified
waters containing respectively twice the precipitating
cation concentration or the precipitating anion
concentration. The 50/50 mixture of both cation-
rich and anion-rich waters will then have the same
composition as the produced water (Tables 1 and 2).

The identification of the precipitating salts is
performed with the PHREEQ!" software. Two types
of calculations are performed:

Table 1. Reconstruction of both cation-rich and anion-rich
waters.

Salt Cation-rich Water | Anion-rich water

(ppm) (ppm)
CaCl,.2 H,O 59 134 0
MgCl,.6H,O 17 131 0

KCl 1 484 1 484

NaCl 70 000 70 000

NaHCO, 0 3162
Final pH (25°C) 6.83 8.6




Table 2. Ionic compositions of the different waters (ppm).

Integrated Methodology for Mineral Scale Inhibitor Squeeze Treatments 75

Cation-rich Anion-rich 50/50
Salt ;

water (ppm) water (ppm) | mixture
Na© 27251 28387 27954
K 777 777 777
Mg™ 2048 0 1024
Ca®* 16090 0 8045
Cr 77037 42620 59828
HCOy 0 2296 1148
TDS 123473 74080 98776

e Evaluation of the risk of precipitation for the
50/50 mixture of cation-rich/anion-rich waters
at the reservoir temperature and saturated
with CO,;

e Evaluation of the risk of precipitation for the
same 50/50 water mixture but at the
atmospheric CO.,,.

The saturation index is defined as:

SI =log IP/SP

where, IP is the ionic product, i.e. the product of
the anion and cation concentrations, and SP is the
thermodynamic solubility product at the desired
temperature. If SI is positive the salt is likely to
precipitate, if SIis negative or nil, the mineral is soluble
and the solution is expected to be stable.

The results of the computer calculations are given
in Table 3. Carbonate salts (aragonite, calcite and
dolomite) are likely to form during formation water
degassing in the well.

Table 3. Calculated saturation indexes at 65°C.

_ Cation-rich Anion-rich 50/50

Salt .
water (ppm) water (ppm) | mixture
Na® 27251 28387 27954
K” 777 777 777
Mg™* 2048 0 1024
Ca™* 16090 0 8045
cr 77037 42620 50828
HCOy 0 2296 1148
TDS 123473 74080 98776

EXPERIMENTAL STUDIES

Laboratory work consists mainly of the determination
of MIC by both Jar Tests and dynamic Tube-Blocking
Tests (TBT) and of the adsorption/desorption of the
tested inhibitor during core flood experiments. Several
products are usually comparatively evaluated. Results
presented below in some detail will concern principally
a commercial organo-phosphonate, but data obtained

with other potential inhibitors such as another
phosphonate, a polyacrylate and representatives of two
families of new inhibitors!? claimed as being
environmentally friendly, are also given for comparison
purposes (Table 4).

Determination of the MIC

The Minimum Inhibitor Concentration (MIC) is
determined by two different methods: the static Jar
Test or Becher Tests and the dynamic Tube Blocking
Test (TBT).

The Jar Tests are conducted following the
NACE"™ Standard Test Method 0374-20013.
According to this Test Method cation-rich and anion-
rich waters are prepared with the inhibitor
incorporated in the anion-rich water at twice its
testing concentration. Final 50/50 water mixtures are
stored in an oven at reservoir temperature and
saturated with CO,. They contain 0, 5, 10 and 15
ppm active matter of the inhibitor. For the commercial
organic phosphonate no precipitation is observed for
the 3 inhibitor concentrations, meaning that even a
5 ppm concentration of this inhibitor is sufficient for
preventing the scale formation. Thus MIC for this
inhibitor is less than 5 ppm in the 50/50 water mixture
at reservoir temperature.

For the TBT measurements, the 50/50 water
mixture is injected at constant flow rate (3 ml/min)
by using two pumps, (one for the anion-rich water,
the other one for the cation-rich brine) into an 8 meter
long stainless steel capillary tube (internal diameter
0.5 mm) (Fig. 1). The pressure drop across the
capillary is continuously measured as a function of
time since the start of injection. A blank test is first
run with the 50/50 water mixture. Then, the inhibitor
is dissolved in the anion-rich brine at twice the desired
testing concentration. The results show that for the
blank test, the capillary is blocked in ~ 25 minutes, In
presence of the commercial organo-phosphonate, the
blocking time increases above the blank time with
increasing inhibitor concentration (Fig. 2). A long term
inhibition in tube blocking is observed for less than 5
ppm of this inhibitor. A concentration of about 2.5
ppm (active matter) is taken as the MIC for the
inhibitor in these testing conditions (about 5 times the
blank time is reached before blocking). It is concluded
that a very good agreement exists in the determination
of the MIC value by either the Jar Test or the Tube
Blocking Test.

The inhibitors of Table 4 were comparatively
tested in the same experimental conditions. Figure 3
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Table 4. Experimentally tested inhibitors.

Commercial name Chemical formula Tested formulation Characteristics
L,S AM % M, M, IP
Phosphonate (HEDP)| 1-Hydroxyethylidene (1-1 diphosphonic
acid): HEDP I 60 206
Dequest 2010
Polyacrylate (PA4) | Carboxylate copolymer L 53 st | siitio "
Romax 7200
Green Products Polyaspartate L/S 40/90 |[1740 |4810 2.8
Baypure DS 100
(PASP)
Polyaspartate S 90 3200 | 7400 23
MS 10 ter (lab 1FP) )
Carboxymethylated Polysaccharides
CMPS 14625 SD:2.5 PD: 10 L/S 20/90 (1730 | 5300 3
SD:2.5 PD:24 S 90 4900 | 7300 1.5
Dequest PB (CMPS) | c\ips 14620 SD:2.0 PD: 10 L/S 20190 |2160 [6130 | 2.8
SD:2.0 PD:24 S 90 3400 | 6000 1.8
CMPS 14615 SD:1.5 PD: 10 L/S 20/90 |[1760 | 4810 2.7

L = Liquid; S = Solid; AM = Active matter (weight %); SD= Substitution degree; PD = Polymerization degree; M,
= Average molecular weight (Size exclusion chromatography); M,, = Average molecular weight (Light scattering).
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Fig. 1. Experimental device for the tube blocking test (TBT).
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Fig. 2. MIC determination by the TBT method.

and Table 5 show the results obtained with these
inhibitors. It can be seen that based on TBT results
the inhibiting efficiency of green inhibitors is usually
lower than that of phosphonates or polyacrylates.

Determination of Squeeze Lifetimes

Core flood experiments aim at defining the retention
of the inhibitor during the injection of the inhibitor slug

Table 5. Comparative MIC of tested inhibitors.

Inhibitors MIC CaCO; (ppm)
Phosphonate <4

Dequest 2010 (HEDP)

Polyvacrylate 2<MIC<5
Romax 7200

Polvaspartates 5

Baypure DS 100 25

MS 10 ter (lab IFP)
Polysaccharides Dequest 5<MIC<10

PB 7.5<MIC <10
CMPS 2.5DP 10 <10

! DP 24 7.5

CMPS 2.0 DP 10 10

DP 24

CMPS 1.5DP 10
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and then the release of the product when the produced
water is flushed into the core. The squeeze lifetime is
determined from the released concentration and is
defined as the number of pore volumes (PV) of water
that can be flooded while keeping the inhibitor
concentration higher than the MIC.

The squeeze lifetime measured in the experiment
will be scaled to the well situation by numerical
simulation (see below). To run the near wellbore
simulations the inhibitor adsorption isotherm is
required. The adsorption isotherm is calculated from
the results of the core flood experiment performed at
100% water saturation,

The core flood involves mounting a reservoir core in
a Hassler type flow cell placed in an oven at reservoir
temperature (Fig. 4). The core is saturated with synthetic
brine whose composition is representative of the
produced brine. However, to avoid the precipitation of
calcium carbonate and possible sulphates in the core,
bicarbonate and sulphate ions are replaced by chloride
ions. The sequence of injection involves the following
steps: (1) injection of several pore volumes of the
produced water for core conditioning and permeability
measurement; (2) injection of three pore volumes of
the inhibitor solution, at 10 g/1 (active matter) dissolved
in the injection water followed by overnight shut—in for
inhibitor adsorption; (3) formation water back-production
until the inhibitor concentration drops below the MIC
(2.5 ppm active content). During the flood the differential
pressure across the core and the pH are continuously
recorded. The inhibitor concentration in the effluents is
measured with the Hach method for the organo-

= 5 ppm, 50/50 water mixture, 60° C).

Tharmaly regulatad avan
Solution
of N2 ’
inhibitor
+ ] [
h Cora sample
Pump I

Fraction
cellacior

Fig. 4. Experimental device for core flood tests.

phosphonate and the ferrocyanide method for the
polyacrylate!*l,

Figures 5 and 6 show the inhibitor return with the
produced water for the organo-phosphonate and the
polyacrylate respectively. For the organo-
phosphonate, the concentration in the effluents rapidly
declines to 10 ppm active after ~ 80 pore volumes of
brine injected, followed by a long tail region. The
concentration drops to the MIC after ~ 300 PVs are
injected but remains higher than 1 ppm active after
800 PVs of production. For the polyacrylate, the
laboratory squeeze life time is much shorter than for
the organo-phosphonate. The MIC is reached after
the injection of only 40-110 PV of produced water.

Evaluation of Formation Damage

The formation damage is evaluated from the
pressure difference across the core. Strong formation



78 B. Bazin, N. Kohler and A. Zaitoun
Desorption - Organo-phosphonate
10000 e 8
e = — E =
o~ P
- —
— Injected ——
T— concentration ==~
S 1000 f—— T _ e L7
£ : —#— concentration
.E .'1 —m— pH
@ s
£ A (delta P)/5 w
2 100 g4 6T
k] St &,
E — - = Y
s - v _ delta P = 25.2 bar =
= | ; Z . =
g gl o
E 10 . ¥
8 — N — — e o
< | Minimum Inhibitor Concentration |
Q
S — .
£ 1 e delta P = 19.6 bar \_’—4\. 4
c P —
r— 'I
0 ‘ ; 3
0 100 200 300 400 500 600 700 800 900

pore volume PV
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Fig. 6. Results of the core flood experiment: Inhibitor concentration in the effluent during water back-production,
pH and AP as function of PVs injected. The inhibitor is a polyacrylate.

damage is observed with the organo-phosphonate
whereas no damage at all occurs with the
polyacrylate inhibitor. These differences are supposed
to be due to the precipitation of the organo-
phosphonate as explained below'™7\. During the
desorption stage of the organo-phosphonate (Fig. 3),
the differential pressure rises significantly after 100

PV and then slowly declines. The increase of the
differential pressure corresponds to the increase of
the pH at values higher than neutrality. This feature
is probably due to an unexpected precipitation of the
phosphonate inhibitor during the early stage of back
production. The precipitation behaviour is suspected
to be due to the low solubility of the organo-
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phosphonate at neutral pH and/or to the formation of
an inhibitor/calcium complex with calcium cations
released by carbonate dissolution. Note that this
precipitation behaviour occurs at low inhibitor
concentrations, which is consistent with the limited
solubility of this type of product in the low
concentration range. The precipitate partly re-
dissolves during the flood, and the permeability after
~ 800 PV of back production is two thirds of the
permeability at the end of the inhibitor injection stage.

Summary of Laboratory Tests and Choice of the
Best Inhibitor Product

At this stage, the laboratory tests show that the
organo-phosphonate is the best inhibitor in terms of
squeeze lifetime: the low MIC and the high retention
capacity of the core makes the desorption profile
favourable with a slow release of the inhibitor
concentration. On the other hand, the polyacrylate has
alow retention capacity, although its MIC is of the same
order of magnitude. The only drawback for the organo-
phosphonate is the precipitation behaviour which causes
permeability reduction and formation damage. Remedial
treatment against formation damage is absolutely
necessary before re-squeeze of this product.

MODELLING OF THE TREATMENT

The organo-phosphonate is the inhibitor selected from
the laboratory tests. The procedure used for the
calculation of squeeze life time in the well is based on
core flood experiments. The current procedure consists
of the calculation of a dynamic adsorption isotherm'®.
Even if precipitation is observed, it is supposed that the
process almost certainly goes through an adsorption
stage. The level of inhibitor in the return curve is then
thought to be due to the desorption either by a chemical
or a physical mechanism.

The adsorption isotherm, I'(C), is calculated from
the propagation velocity V. at a given concentration:

Ve = Viide /(1 +(p/9)T /3c),))

The adsorption isotherm follows the Langmuir
form:

I'=T,, bc/(1+bc)

The calculated isotherm shows the classical low
concentration steeply-rising curve (Fig. 7). Once the
isotherm has been derived, it can be validated by
modelling the core flood (Fig. 8). The reasonable
agreement between the calculated and the
experimental results shows the validity of the
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Fig. 7. Dynamic adsorption isotherm calculated from the results
of the core flood experiment.
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modelling. The interpretation of the results shows that
in the threshold concentration region corresponding
to the MIC (2.5 ppm active content), the amount
adsorbed represents only 62 % of the inhibitor
quantity retained in the porous medium. This means
that 38% of the product remains available for a
subsequent treatment when the MIC is reached.

The wellbore scale modelling is done with an in-
house reservoir simulator SARIP®" P, The treatment
consists in the injection of the following sequences: (1)
apre flush to condition the near wellbore with the malce-
up brine for the inhibitor solution; (2) the inhibitor slug;
(3) a post flush to allow a deeper penetration of the
chemical into the formation; (4) a shut-in period for
inhibitor adsorption"”. The simulator does not calculate
stage (4) since adsorption is modelled as an equilibrium,
i.e. instantaneous, process.

Ahomogeneous radial 3-D model is used to simulate
fluid behaviour around the wellbore. Inputs of the
simulation are: (1) well geometry and petrophysics data,
(2) water and oil properties, (3) inhibitor properties, i.e.
MIC and adsorption isotherm, (4) rock type and
permeability data, (5) conditions at the beginning of the
treatment. During the well treatment, the fluid properties
are assumed to be constant. The treatment design is
optimised to reach a one-year lifetime given the MIC of
2.5 ppm active content. The duration of each of the
treatment sequence (pre-flush, slug, and post-flush) is
optimized given injection constraints.

The injection of 1000 bbl of inhibitor at 4000 ppm
active matter fulfils the MIC requirement (Fig. 9). The
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inhibitor concentration in the well effluents stays above
the MIC limit. The concentration profiles (Fig. 10) are
computed during the well production period. After a sharp
drop in inhibitor concentration right at the start of the
production (between 0.2 and 0.5 days), the concentration
profiles are stabilised and smoothly decrease with time.
The concentration profiles in the reservoir around the
wellbore show that the treatment protects about 1.5 m
around the well over the required one-year period.

In this paper, the simulation results presented are
based upon homogenous reservoir properties.
However, we recognise, in a complementary study,
the influence of permeability heterogenities on
squeeze inhibitor treatment,
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Fig. 9. Returned inhibitor concentration calculated at the
producing well.
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Fig. 10. Inhibitor concentration calculated by SARIP®! in the
near well-bore region.

CONCLUSIONS

An integrated methodology including laboratory
experiments and numerical simulations is presented
for the design of an inhibitor squeeze treatment, The
inhibitor efficiency is evaluated by Jar Tests and Tube-
Blocking Tests. The two methods give a good
agreement for the value of the MIC. The core flood
test shows that the inhibitor is retained by an
adsorption/precipitation mechanism for the organo-
phosphonate. Transient formation damage is
observed during the water back-production.
Formation damage is not observed with the

polyacrylate. However, the squeeze lifetime is very
short. The laboratory data are integrated in a reservoir
simulator for the modelling of the squeeze treatment
on the well, A one-year lifetime treatment is obtained
by the injection of a reasonable quantity of inhibitor.
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Demulsifying Power of Salts of Sulfated Ethoxylatated Nonylphenol and Their
Combination with Certain Petroleum Sulfonates
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Abstract:  The influence of the introduction of a
sulfate group into a molecule of nonylphenol
ethoxylate emulsifier on its demulsification activity
was studied. A great demulsifying power was
shown by sodium salts of the produced sulfated
ether. The feature of combining these salts with a
fow molecular weight petrolewm sulfonate,
obtained via sulfonation of a vacuum gas oil, is
discussed .

INTRODUCTION

The Efficiency of ethoxylated alkylphenols as
demulsifiers to break crude oil emulsion is a
function of both the alkyl side chain length and
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polyglycol chain length (number of ethylene oxide
groups - nEO)!"*). The greatest demulsifying power
was shown by the ethoxylated alkylphenols with
G = CI2 alkyl side chain of ( nEQ) of about 20.
The introduction of a sulfate group into two
molecules of an ethoxylated alkylphenols has a
significant effect on surface and demulsifying
activities. The sulfate group in its influence of
surface activity was found to be equivalent to
approximately five moles of ethylene oxide, while
in its influence on demulsifying activity was
equivalent to 7-10 moles of ethylene oxide
depending on crude oil naturef!,

In an investigation on the effects of crude oil
components on demulsifying efficiency!™, it was noted
that petroleum surfactants have marked effects on
demulsifying power of a block copolymer of ethylene
oxide .

The present work deals with the influence of
the introduction of a sulfate group into a molecules
of nonylphenol ethoxylate (NPE) emulsifier on its
demulsifying activity. The feasibility of formulating
a demulsifier combination containing a salt of
sulfated NPE together with a low-molecular weight
petroleum sulfonate, was studied as well .
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EXPERIMENTAL
The Sodium Salt of Sulfated NPE + H20

The preparation of this surfactant, starting with
NPE emulsifier, consists of two steps; sulfation of
NPE and neutralization of the sulfoether with caustic
sodal® according to the following reactions
RC, H, {OCH,CH,) OH+H,504 —RC, H, (OCH, CH, },080,0H + H,0
RC, H, (OCH,CH,)n 050, OH + NaOH —RC,H, (OCH,CH,), 050, ONa+ H,0

Thus, the sufation was carried out with
concentrated sulfuric acid taken in molar ratios of
1:1 -1:3 at a temperature of 40 °C for 2 hours . The
resulting sulfated mass was diluted with acetone and
neutralized with 30% caustic soda solution to
phenolphthalein end point.

The acetone solution of the sulfoether, together
with the sodium sulfate precipitated in the residue,
was dried with anhydrous sodium sulfate, after which
the sodium sulfate was filtered off, the acetone was
driven off from the filtrate, and the residue was
brought to a constant weight.

The Petroleum Sulfonate

This sulfonate product was prepared starting with
vacuum gas oil of Az zawiyah Refinery. The group-
chemical composition, determined by adsorptive
chromatography on silica gel, showed that it contains
47.5% by weight aromatic hydrocarbons. The gas-
oil was sulfonated with gaseous SO, , diluted with
nitrogen at 55°C. The amount of reacted SO, was
1.2% by weight of the gasoil, corresponding to
approximately 13% degree of sulfonation . The
sulfonated gasoil had a content of sulfenic acids of
7.5% by weight. After neutralization with 10%
aqueous caustic soda, the reaction mass was treated
with aqueous isopropyl alcohol to extract the
petroleum sulfonate .

Demulsification Properties

The change in emulsification properties of
surfactants was evaluated via determining the
stability of a direct emulsion, formed using toluene
and water in a ratio of 20:80 and containing same
concentration of different surfactants. The stability
was evaluated by measuring the time needed for
complete separation of the two phases at room
temperature!l.

RESULTS AND DISCUSSION

Tablel includes results of the influence of molar
ratio of NPE: concentrated sulfuric acid on the
content. A high degree of purity of sodium salts of
sulfated NPE was achieved using the molar ration
of 1:3.

Table 1. Sulfation of NPE by concentrated H,SO, at 40 "C.

NPE: H,LSOJ Contents of sulfated NPE
(molar ratio) in the products (wt.%)

1:1 55.1

1:3 95.2

The changes in emulsification properties of NPE,
due to introducing sulfate group in the molecule, can
be seen from the data of Table 2 .

Thus, in the presence of NPE as the surfactant, a
highly stable emulsion was formed. However, a partial
or complete replacement of this surfactant by the
sulfated one caused a great decrease in stability of
the direction of mono hydrophile surfactant.

Elucidation of the influence of incorporating the
petroleum sulfate in the demulsifier composition was
done using a product containing 65.4% by weight of
sodium sulfonate, the remaining being unreacted

Table 2. The changes in emulsification properties of NPE as a result of its sulfation.

Concentration of the Stability of 20:80
Surfactant surfactant in the (toluene\water emulsion )

aqueous phase (wt.%o) (hours)

NPE 0.5 >24.0

NPE 1.0 >24.0

70% NPE+30% salt of sulfated NPE. 1.0 6.0

30% NPE+70% salt of sulfated NPE. 1.0 1.8

Salt sulfated NPE 1.0 1.5
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gasoil, and having a surface activity value of 210 erg.
l/em? .g.

Results showed that a composition containing
80% of salt of sulfated NPE and 20% of the
petroleumn sulfonate exhibited higher demulsifying
power than showed by any of the component taken
separately.
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